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1. Introduction 

1.1  State-of-the-art 

Annually ~40.000 tonnes of extraterrestrial material accumulates on the Earth, predominantly in the form of 

micrometeorites (Love and Brownlee, 1993; Zolensky et al., 2006). Micrometeorites are extraterrestrial 

particles captured by the Earth, ranging in diameter between 10 and 2000 µm (Rubin and Grossman, 2010; 

Folco and Cordier, 2015). Micrometeoroids are transported to Earth through Poynting-Robertson drag (Wyatt 

and Whipple, 1950; Kral et al., 2017). Poynting-Robertson drag is the effect of the tangential component of 

the Sun’s radiation on particles in the size range of 1 to 1000s µm in the Solar System. This reduces the 

angular momentum of these small particles, which causes them to gradually spiral towards the Sun (Folco 

and Cordier, 2015). Micrometeorites originate from a different source area than macroscopic meteorites, with 

the former stemming from the proximate interplanetary dust cloud (Dermott et al., 1991; Flynn, 1992). 

Nesvorný et al. (2010) calculated the collisional lifetime of micrometeoroids in this so-called zodiacal cloud 

and derived a lifespan of ~105 years, implying that micrometeoroids in the zodiacal cloud are not primordial. 

As a quasi-constant state of the dust cloud has been observed, an influx of micrometeoroids into the 

interplanetary dust cloud is inevitable (Harwit, 1963; Dermott et al., 1991; Nesvorný et al., 2011). This inflow 

is primarily controlled by asteroidal particles from the Main Asteroid Belt and by evaporation of Jupiter Family 

Comets. These Solar System reservoirs thus likely represent the parent bodies of most recovered 

micrometeorites (Fig. 1; Dermott et al., 1991; Nesvorný et al., 2010; Folco and Cordier, 2015).  

Figure 1: The life cycle of micrometeoroids around the zodiacal cloud. Once 

released from their cometary or asteroidal source via collision or evaporation they 

can collide further or they can become trapped by the Earth (Kral et al., 2017). 
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Folco and Cordier (2015) compared the precursor bodies of micrometeorites to those of meteorites and 

demonstrated that micrometeorites in the 100-250 µm range primarily originate from carbonaceous 

chondrites, rather than from ordinary chondrites. In contrast, macroscopic meteorites are more likely to 

sample ordinary chondrites and rarely derive from carbonaceous chondrites. While micrometeorites mainly 

stem from the interplanetary dust cloud, ordinary meteorites generally originate directly from the Main 

Asteroid Belt (Zimmerman and Wetherill, 1973; Morbidelli and Gladman, 1998). Therefore, studies on 

micrometeorites are complementary to those on meteorites and provide valuable information about the 

structure, evolution and dynamics of the Solar System. 

Upon entering the Earth’s atmosphere, micrometeorites decelerate from velocities of kilometres per second 

to centimetres per second (Toppani et al., 2001; Genge et al., 2008). Deceleration can cause melting or 

evaporation by pulse heating of the incoming particle and effectively destroy or alter the original textures, 

chemical composition and isotopic ratios of the micrometeoroids. Particle size, velocity, chemistry, density 

and entry angle determine the extent of micrometeorite alteration during its entry (Love and Brownlee, 1991). 

A high entry angle (~horizontal), low density and velocity, and small particle size favour the preservation of 

the primary characteristics of an incoming particle (Flynn, 1992; Love and Brownlee, 1993). As a result, the 

most pristine micrometeorites are often recovered from the smallest size fractions. 

Based on the degree of melting, three groups of micrometeorites can be distinguished: (i) cosmic spherules, 

which are principally round and completely molten (Fig. 2). These particles have lost most of their initial 

textures and a substantial amount of their volatile element contents due to evaporation, while the isotopic 

ratios of moderately volatile elements such as O, Fe and Ni show varying degrees of fractionation. In 

representative collections (see below), cosmic spherules account for 70-90% of micrometeorites larger than 

100 µm (Maurette et al., 1991; Taylor et al., 2000; Genge et al., 2008). (ii) Scoriacious micrometeorites 

are partially melted, highly-vesicular particles, which often have an outer magnetite rim and a smooth surface 

(Fig. 2). This magnetite rim forms when micrometeoroids are heated and oxidized during atmospheric entry, 

which may lead to the subsequent crystallization of an Fe-rich envelope around the particle upon cooling 

(Toppani et al., 2001). If oxygen fugacity levels (OFL) are sufficiently high enough during atmospheric entry 

then a magnetite rim will indeed form, at lower OFL wüstite will preferentially crystallize. (iii) Unmelted 

micrometeorites or angular micrometeorites are characterized by porous textures, which can be fine to 

coarse-grained (Fig. 2). Since these micrometeorites experienced the lowest peak temperatures upon 

atmospheric entry, they have preserved most of their initial textures and geochemical properties. Similar to 

scoriacious micrometeorites, unmelted micrometeorites can also form a magnetite rim during atmospheric 

entry. Genge et al. (2008) subdivided these three micrometeorite classes further according to their chemical 

and textural characteristics (Appendix A). Cosmic spherules are separated into three chemical distinct 

varieties, the silicate-rich S-type, the iron-rich I-type and the G-type, representing a transitional group 

between S- and I-type I (Fig. 2). S-type cosmic spherules are the most abundant form of cosmic spherules, 

constituting 97% of all cosmic spherules in representative collections (Taylor et al., 2000; Genge et al., 2008).  
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S-type cosmic spherules are further subdivided according to their quench structures and chemical properties, 

i.e., the coarse-grained (CG), porphyritic olivine (Po), barred olivine (BO), cryptocrystalline (CC), glassy (V) 

and Ca-Al-Ti rich (CAT) subtypes (Fig. 3). Coarse-grained cosmic spherules are, unlike other S-type cosmic 

spherules, always derived from coarse-grained parent bodies, and may contain >25% coarse-grained relict 

grains. CG cosmic spherules and to a lesser extent CATs are often not mentioned in statistical comparisons 

between different collections, their relative abundances are therefore not well known. Taylor et al. (2012) 

analysed over 5000 cosmic spherules of different size ranges and concluded that CG cosmic spherules are 

Figure 2: Images taken by a ZEISS Discovery V20 binocular microscope. (a-b) Scoriacious and/or unmelted 

micrometeorites, distinction based on physical appearance alone is often not possible. (c) I-type or G-type cosmic 

spherule, both types have a similar appearance. I-types sometimes have a typical metallic lustre. (e) S-type cosmic 

spherule with a transparent appearance.  
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scarce in each size fraction. Porphyritic olivine spherules have a microporphyritic to porphyritic texture and 

often contain relict grains, mostly of forsterite-rich olivine (Fig. 3). On average, they endured the lowest peak 

temperature among the other subtypes upon atmospheric entry and are an intermediate form between 

scoriacious micrometeorites and cosmic spherules (Genge et al., 2008). Barred olivine spherules are often 

elliptical and are composed of parallel crystals of skeletal olivine in a glassy matrix (Fig. 3). Cryptocrystalline 

spherules consist of sub-micron crystallites of magnetite and olivine imbedded in glass (Fig. 3). There are 

two morphologies available: (i) a more fine-grained type of spherule where the olivine grew simultaneously 

in different areas creating a central zone with skeletal, feather-like olivine surrounded by a more Fe-rich 

phase. (ii) The second morphology forms when olivine grows from the surface inwards resulting in a knobbly 

or ‘turtle-back’ surface (Genge et al., 2008; Folco and Cordier, 2015). Glassy spherules are composed of 

silicate glass, they are often transparent and their colour is mainly determined by their Fe content (Alexander 

et al., 2002). Lastly, CAT spherules represent micrometeorites that, on average, experienced the highest 

peak temperatures (Genge et al., 2008). These spherules are milky-white and display barred olivine textures, 

high Ca, Al and Ti concentrations, and a low Si content relative to other cosmic spherules (Taylor et al., 

2016). The various textures of S-type cosmic spherules reflect different peak atmospheric heating 

temperatures (Taylor and Brownlee, 1991). They can be arranged from low to high peak temperatures in the 

following order: porphyritic olivine spherules, barred olivine spherules, cryptocrystalline spherules, glassy 

spherules and CAT spherules (Fig. 4; Taylor et al., 2000; Genge et al., 2008; Folco and Cordier, 2015). 

According to the classification of Genge et al. (2008), V-type cosmic spherules are a homogeneous subgroup 

of the S-type micrometeorites. More recently, Cordier et al. (2011a) subdivided V-type cosmic spherules into 

three chemical subgroups, i.e., ‘normal chondritic’ spherules, ‘CAT-like’ spherules and ‘high Ca-Al’ spherules 

(Fig. 5). The three subgroups show a progressive enrichment in refractory major element oxides (including 

CaO, Al2O3 and TiO2) and refractory trace elements (e.g., Zr and Rare Earth Elements) from ‘normal 

chondritic’ spherules, via ‘CAT-like’ spherules to ‘high Ca-Al’ spherules. This passive enrichment in refractory 

components is attributed to the loss of volatile and moderately refractory elements due to a substantial degree 

of evaporation during atmospheric entry (Cordier et al., 2011a). ‘Normal chondritic’ spherules are 

characterized by a variety of different colours based on their Fe content, with lower Fe-contents resulting in 

higher transparencies (Alexander et al., 2002). These particles have lost 40-50% of their mass due to 

atmospheric entry evaporation (Cordier et al., 2011a). The ‘CAT-like’ spherules are oblate, colourless to pale 

green, with low Fe content (Fe/Si < 0.06), high MgO content (Mg/Si > 0.9) and relatively high Ti (Ti/Si ~0.004) 

and CaO + Al2O3 abundances (> 5 wt.%). They have lost approximately 50-70% of their mass by evaporation. 

‘High Ca-Al’ spherules have been defined in Cordier et al. (2011a) as spherules with CaO + Al2O3 

concentrations > 9 wt.%, similar Ti contents as ‘CAT-like’ spherules, but higher Fe contents (Fe/Si > 0.06) 

and lower Mg abundances (Mg/Si < 0.9). These spherules have lost 80-90% of their original mass.  
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Figure 3: SEM images of different S-type cosmic spherules. (a) Porphyritic olivine subtype. (b) Barred 

olivine subtype. (c) A cryptocrystalline spherule with a knobbly turtleback appearance. (d) V-type cosmic 

spherule. 

A B 

C D 

Figure 4: A visual representation of how peak temperature influences the textures of micrometeorites 

(Adapted from Larsen, 2017). 
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Micrometeorites have been collected from various environmental settings in the past. The first considerable 

collections were recovered from deep-sea sediments (Murray and Renard, 1884; Fredriksson, 1956; Parkin 

et al., 1980), where low accumulation of terrestrial particles and long exposure times greatly increase the 

particle concentration (Brownlee, 1985). However, preferential weathering of S-type cosmic spherules and 

unmelted micrometeorites generate an overestimation of the relative abundance of resilient I- and G-type 

cosmic spherules (Parashar et al., 2010; Folco and Cordier, 2015). Although numerous micrometeorites from 

deep-sea sediments have been analysed, these collections are inadequate to study relative abundances of 

each micrometeorite type and incorrectly estimate the total flux of extraterrestrial particles towards Earth. 

Throughout the past few decades, micrometeorites have been sampled in a more wide variety of 

environments such as hot deserts (Fredriksson and Gowdy, 1963), swamps (Marvin and Einaudi, 1967), the 

Greenland ice cap (Maurette et al., 1987), South Pole Water Well (Taylor et al., 1998), Antarctic snow (Duprat 

et al., 2007), the Transantarctic (Rochette et al., 2008) and Sør Rondane Mountains (this study), and even 

directly in the upper atmosphere (Soberman, 1961). Due to the cold and dry climate, collections from polar 

regions show little evidence for alteration and weathering, furthermore the absence of anthropogenic 

contamination increases the relative abundance of micrometeorites in these areas. Due to the limited 

alteration and weathering, such collections are often regarded to be unbiased. Unbiased collections are 

characterized by a representative size-frequency, chemical composition and textural subtype distribution 

(Suavet et al., 2009). In order to investigate the representability of a collection a logarithmic cumulative size 

distribution is typically reconstructed, a table showing frequency by (sub)type is often adjoined as well (Table 

1; Taylor et al., 2000; Taylor et al., 2007a; Suavet et al., 2009; Goderis et al., 2019 submitted). Currently, the 

South Pole Water Well collection is regarded as one of the most unbiased collections recovered so far (Taylor 

et al., 2000). Goderis et al. (2019 submitted) reconstructed these distributions for the SRM collection, which 

were in agreement with those for the South Pole Water Well and Transantarctic Mountains collections. These 

collections contain abundant glassy spherules and unmelted micrometeorites relative to their biased deep-

Figure 5: images of V-type cosmic spherules taken with a ZEISS Discovery V20 binocular microscope. (a) 

Transparent ‘normal chondritic’ V-type spherule. (b) ‘CAT-like’ spherule with its typical milky-white colour. (c) High 

‘Ca-Al spherule’. 

A B C 
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sea counterparts (Taylor et al., 2007a; Suavet et al., 2009; Folco and Cordier, 2015; Genge et al., 2017; 

Goderis et al., 2019 submitted). Collections from the Transantarctic Mountains (TAM) and the Sør Rondane 

Mountains (SRM) were sampled from sediment traps that formed in cracks and pits through weathering of 

the surrounding host rock. In these sediment traps, extraterrestrial material was able to accumulate over a 

time span of at least ~2 Myr (Suganuma et al., 2014). Over the last 10 years, these Antarctic sedimentary 

micrometeorite traps have proven to be extensive and representative, which has significantly improved our 

understanding of the cosmic dust flux to Earth (Rochette et al., 2008; Van Ginneken et al., 2012; Soens et 

al., 2018; Goderis et al., 2019 submitted).  

 

During atmospheric entry cosmic spherules lose approximately 40-90% of their initial mass (Love and 

Brownlee, 1991; Cordier et al., 2011a). This loss of mass is attributed to evaporation and separation of 

immiscible phases (e.g., metallic Fe-Ni and sulphide beads). Fe-Ni beads form as the result of immiscibility 

of liquids during the melting of cosmic spherules. Due to the centrifugal forces in the spinning spherules, 

these liquids are transported to the outer sides where they can be ejected as beads (Genge and Grady, 

1998). Peak temperatures are positively correlated with evaporation and isotopic fractionation (Alexander et 

al., 2002; Rudraswami et al., 2012). Volatile elements such as K, Na and S are lost significantly, while 

moderately refractory elements such as Fe experience a more progressive evaporation and fractionation 

rate. Taylor et al. (2005) demonstrated that the ejection Fe-Ni beads lowers the Fe content of a 

micrometeorite, but it does not influence the δ values of Fe directly. Isotopic δ-values express the relative 

isotopic abundances of a sample compared to a certain reference material. They are calculated via the 

following formula: δiX = [(iX/rX)sample/(iX/rX)reference material -1] x 1000 (‰). Where iX represents a certain isotope 

of interest i of an element X and where rX is a reference isotope of the same element. 

 

Table 1: Reported abundances of S-type, G-type, I-type and V-type cosmic spherules from various collections 

(Goderis et al., 2019 submitted). Note that The V-subtype is part of the S-type group. ‘na’ indicates that data for this 

type was not available in literature. Distributions are given for the following collections: Widerøfjellet (WF), Frontier 

Mountain (FRO), Miller Butte (MIL), Larkman nunatak (LAR), Walcott Névé (WAL), South Pole Water Well (SPWW) 

and Indian Ocean (IO). 
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Investigation of oxygen isotope ratios is a well-established method to identify precursor bodies of 

micrometeorites (Taylor et al., 2005; Suavet et al., 2010; Cordier et al., 2011a). In order to determine the 

corresponding parent body of each micrometeorite a δ17O vs. δ18O plot (Fig. 6a), or the more commonly used 

Δ17O vs. δ18O diagram is applied (Fig. 6b), where Δ17O = 17O – 0.52 18O represents the deviation of the 

Terrestrial Fractionation Line (TFL; Thiemens et al., 1983; Rumble et al., 2007). This method is based on the 

principle that each type of parent body has a characteristic oxygen isotopic signature, which can be measured 

in micrometeorites (Clayton et al., 1976; Suavet et al., 2010). Three processes can modify the original oxygen 

isotopic signature of a micrometeorite. Firstly, mass-dependent fractionation relatively enriches the heavier 

oxygen isotopes, effectively shifting particles to the right on Δ17O vs. δ18O graphs (Suavet et al., 2010). 

Secondly, mixing with atmospheric oxygen during atmospheric entry modifies the oxygen isotope ratios 

towards atmospheric values (δ17O ≈ 11.8‰ and δ18O ≈ 23.5‰; Thiemens et al., 1995). Lastly, terrestrial 

alteration can also influence the original isotope ratios. Since all spherules selected for this research were 

extracted from the Antarctic SRM, the alteration induced a change in the isotope ratios favouring light 

isotopes (Goderis et al., 2019 submitted).  

Mass-dependent fractionation can occur in two manners, either as kinetic fractionation and through 

equilibrium processes. Equilibrium fractionation is a quantum mechanical effect caused by the lower zero-

point energies and vibrational frequencies of heavier isotopes in a molecule. Equilibrium fractionation takes 

place when there is chemical equilibrium between two different phases e.g., a fluid melt of a particle and the 

gaseous atmosphere or a solid phase and the surrounding melt. It always strives towards a minimal total 

energy of the system (Young et al., 2002; Schauble, 2007). In contrast, kinetic fractionation occurs due to 

different reaction speeds of isotopes with a different mass (Gussone et al., 2003). Generally heavier isotopes 

are mobilized more slowly than lighter isotopes, therefore a residual particle often has heavier isotopes than 

an initial fragment. It is the second process, which is mostly cited as the cause of mass-dependent 

fractionation in cosmic spherules (Young et al., 2002; Taylor et al., 2005; Pack et al., 2017). 

On Figure 6b four groups are marked, typically oxygen isotope values of micrometeorites fall in one of those 

groups. Goderis et al. (2019 submitted) noted that ‘Group 1’ and ‘Group 2’ are most likely one continuous 

group of various carbonaceous chondrites while ‘Group 3’ represents the ordinary chondrites (Suavet et al., 

2010). Enstatite chondrites (EC) and CI chondrites are always classified as ambiguous as their oxygen 

isotopes can always be linked to several, diverse precursor bodies. Lastly, ‘Group 4’ is a small cluster of 

micrometeorites of which the parent body remains undiscovered. They have a δ18O, which is significantly 

larger (~40‰) than every other known chondritic group (Fig. 6b) and most likely derive from a single parent 

body type (Suavet et al., 2010). 
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  A 

B 

Figure 6: (a) δ17O vs. δ18O diagram with all precursor bodies plotted. (b) A Δ17O vs. δ18O graph which is more practical 

and better visualizes the influence of different processes than the δ17O vs. δ18O diagram. Suavet et al. (2010) firstly 

introduced this type of plot. The high Δ17O R-field is indicative for the rare Rumuruti-type of meteorites, H, L and LL 

are the three subtypes of ordinary chondrites. Enstatite chondrites (EC) are a group of chondrites with Δ17O values 

close to the TFL, terrestrial materials all fall on the terrestrial fractionation line (TFL). MFL indicates the Martian 

Fractionation Line while the eucrite (an achondritic meteorite group thought to derive from asteroid 4 Vesta) 

fractionation line is denoted by EFL. The CI, CR, CM, CO and CV fields all indicate where the initial oxygen isotope 

ratio fields of the most prominent carbonaceous chondrites are situated. 
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1.2  Research objectives 

This work aims to better constrain the processes that lead to the formation of fully melted micrometeorites, 

also known as cosmic spherules, and to identify the parent bodies of these particles as well as the source 

regions in the Solar System from which these derive. The focus here is placed on glassy cosmic spherules 

because of their vitreous texture and relatively homogeneous nature, so that mineralogy is not a factor that 

influences the measurements of bulk geochemistry and isotope ratios. 

The first goal of this work is to understand the effects of atmospheric passage on the bulk chemical 

composition of meteoritic particles. This chemical information can be used to divide the particles in their 

respective subgroups (i.e., normal, Calcium-Aluminium-Titanium-like and high Calcium-Aluminium, as 

demonstrated in Cordier et al. (2011a)). The properties of individual spherules are subsequently compared 

to the chemical and morphological characteristics typical for their subgroup. Major and trace geochemistry 

can also be used as a first estimate for the extent of evaporation during atmospheric entry of the precursor 

particle. 

Secondly, oxygen isotope ratios of cosmic spherules are widely used to correlate micrometeorites with their 

appropriate precursor body. Oxygen isotope ratios are however commonly modified during atmospheric entry 

through mass-dependent fractionation and mixing with atmospheric oxygen. After the particle has quenched 

and is deposited in a sedimentary trap, its oxygen isotope ratios can also be altered by Antarctic weathering 

processes. Despite these three effects, the oxygen isotope ratios of a cosmic spherule can often still be 

linked to its parent body.  

While the Fe-content of the precursor particle is lowered by both metal bead ejection and evaporation during 

atmospheric passage (40-90% loss of initial mass), the Fe isotope ratios of a micrometeorite are only 

modified by mass-dependent fractionation during volatilization. This makes it possible to calculate the 

fractions lost by both processes experienced by a micrometeorite upon atmospheric entry. By doing so, this 

quantification improves our knowledge on the relative importance of different atmospheric entry processes. 

It also effectively enhances the reconstruction of the original chemical characteristics of the studied 

extraterrestrial particles which can give valuable information of precursor bodies. 

If iron isotope fractionation can be quantified, then it becomes possible to reconstruct the extent of oxygen 

isotope fractionation endured. Based on such estimates, the degree of mixing with atmospheric oxygen can 

also be calculated, which is essential to quantitatively constrain the processes that cosmic spherules undergo 

during atmospheric passage. 

Over the last few decades, advances in the field of analytical chemistry have led to significant improvements 

allowing fairly low sample sizes to be analyzed at high-precision. The precision of Fe isotope measurements 

progressed from 10‰ to 0.2‰. Past experiments often have yielded results with considerable analytical 

uncertainties, which rendered the interpretation of results ambiguous at best. These studies can now be 
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confirmed and built upon with a higher level of confidence, refining the conclusions that were made 

previously.  

In conclusion, the combination of both Fe and O isotope data with chemical information leads to a significant 

step forward in understanding the effects that take place on the chemical and isotopic compositions of cosmic 

spherules during atmospheric passage and helps to precisely identify micrometeorite parent bodies, which 

may include previously unsampled 16O-poor solar system reservoirs.  
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2. Geological setting 

All samples investigated during this study were collected during the 2012-2013 MICROMETA sampling 

mission (Claeys et al., 2015; Imae et al., 2015). Sediment was obtained from Mount Widerøfjellet in the Sør 

Rondane Mountains (SRM) of Dronning Maud Land, East Antarctica (Fig. 7; Stevens and D’Haese, 2014). 

In order to reconstruct the geological history of the SRM, a series of whole rock and mineral formation ages 

has been investigated. Dating of mineralogical and lithological phases, including zircon crystals using the U-

Pb system and both K-Ar and Ar-Ar dating of gneisses and metadolerites, has led to the conclusion that the 

SRM formed during several stages (Asami et al., 1992). Firstly, an older metamorphic terrane characterized 

by amphibolite-facies rocks formed ~1 Ga. Around 630 Ma, a second, granulite-facies terrane formed, which 

overthrusted the first terrane around 550 Ma. Contemporarily, a series of volcanic rocks intruded this 

metamorphic basement and induced another metamorphic phase on the host-rocks (Asami et al., 1992; 

Adachi et al., 2013; Osanai et al., 2013). Currently, the older amphibolite-facies terrane is found in the SW , 

while the younger granulite-facies is located in the NE parts of the SRM (Fig. 7b). Widerøfjellet is located ~25 

km south of the Princess Elisabeth Antarctica Research Station and is part of the Nils Larsen tonalitic intrusive 

body (Fig. 7b; Li et al., 2003; Osanai et al., 2013).  

Loose material was collected from sediment traps (Fig. 8) in weathered pits and joints of the tonalitic 

basement rocks found at the summit of Mount Widerøfjellet. These traps formed on glacially eroded summits 

of felsic to intermediate, plutonic massifs (Rochette et al., 2008). To estimate the accumulation period of 

these traps, cosmogenic nuclide dating of nearby surfaces is commonly performed. Unfortunately, on 

Widerøfjellet no adequate surface was encountered during the expedition. Therefore, data of the nearby 

Figure 7: (a) The location of the Sør Rondane Mountain range in East Antarctica (Stevens & D’Haese, 2014). (b) The 

position of Widerøfjellet inside the Sør Rondane Mountains (adapted from Li et al., 2003). 

A B 
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Mount Walnumfjellet (slightly north of Lunckeryggen) has been taken on the same height, as both Mount 

Widerøfjellet and Mount Walnumfjellet are assumed to have a similar deglaciation history (Fig. 7b; Suganuma 

et al., 2014; Goderis et al., 2019 submitted). Surface exposure ages for Walnumfjellet at 2488 masl yielded 

an estimated age of 1.9 ± 0.2 Ma (Suganuma et al., 2014). The sediment traps in the SRM are similar to 

those recovered in the TAM, typically 5-15 cm deep and 10-50 cm wide. The traps in the TAM only 

sporadically contained loose, fine-grained loess-like material with a high-micrometeorite content (Rochette 

et al., 2008). In contrast, the sediment traps in the SRM have a high sediment yield. Figure 8 depicts two 

different simplified mechanisms by which sediments can become trapped. The pits themselves are formed 

by disaggregation or weathering of basement rock. The traps have a coarsening upwards infill, protecting 

fine-grained particles from being blown away by wind activity. During periods of reduced wind activity, fine-

grained particles will fall downward vertically between the gravel and will be captured. Particles transported 

by winds will also be redeposited into the existing traps. During periods of increased wind activity, particles 

will fall downward under a large angle and no deposition will occur. When the trap is covered in snow, 

accumulation is generally limited (Rochette et al., 2008). It is important to emphasize that these mechanisms 

represent simplifications of the real situation, and that research is currently ongoing to improve our 

understanding of micrometeorite accumulation in sedimentary traps. 

Sedimentary traps do not only contain extraterrestrial particles, but may also include material from the 

surrounding basement rock and volcanic glasses. On a visual scale, the differences between basement rocks 

and micrometeorites are notable, yet this is not the case when extraterrestrial particles and volcanic material 

are compared. Micrometeorites can be discriminated from volcanic material based on their high Ni 

abundances and their lower volatile element contents (Scott and Krot, 2003). As a result, micrometeorites 

can be investigated with an XRF instrument to detect the presence of Ni and verify their extraterrestrial origin. 

Figure 8: Different types of sediment traps in pits and joints (Adapted from Rochette et al., 

2008). 
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3. Materials and methods 

3.1 Sample preparation 

All of the samples analysed during this study were extracted from the Widerofjellet 2B deposit collected 

during the 2012-2013 MICROMETA expedition. The sediments were weighed and subsequently wet-sieved 

in a column composed of six different sieve sizes, i.e., >2000 µm, 2000-800 µm, 800-400 µm, 400-200 µm, 

200-125 µm and <125 µm. Compared to dry-sieving, wet-sieving has the advantage of being less time-

consuming, more efficient in physically separating the clay and silt fraction from larger particles, and it 

removes the dust fraction from the spherules enhancing the identification of their textures. The sieved 

fractions were then placed individually in a drying oven (50-60°C) for 24h. Due to oxidation of Fe upon 

atmospheric entry, micrometeorites often (~60%) contain magnetite, which has magnetic properties. 

Therefore, a magnetic separation was performed by moving an Fe or Nd hand magnet over subsamples of 

individual size fractions. The different size fractions were spread out on a larger surface to efficiently extract 

the magnetic elements from the sedimentary deposit. The magnet was covered with a tissue to facilitate the 

removal of the magnetic fraction from the magnet. As V-type spherules cool down rapidly, the crystallization 

of magnetite is inhibited. As a consequence, V-types seldomly contain magnetite crystals and are thus not 

efficiently recovered during magnetic separation. However, V-type spherules may sporadically contain an 

Fe-Ni bead, which allows them to be found in the magnetic fraction. The magnetic and non-magnetic fractions 

were subsequently studied under a binocular microscope, and all potential micrometeorites were handpicked 

with a pair of titanium tweezers and placed on a glass slide with double-sided sticky-tape. The majority of V-

type cosmic spherules was recovered from the non-magnetic fraction, where they can easily be recognized 

due to their distinct spherical morphology and transparent appearance.  

A series of cosmic spherules were selected based on Secondary Electron Microscope Energy-Dispersive X-

ray Spectroscopy (SEM-EDS) images (Fig. 9) that were acquired using a JEOL JSM IT-300 instrument of 

the SURF research group at Vrije Universiteit Brussel (VUB). The selected particles were then mounted on 

a one-inch plastic stub covered with double-sided sticky tape. An open cylinder was placed on top and put 

into vacuum after this cylinder was filled with epoxy. The vacuum ensures that no air bubbles are trapped in 

the epoxy. The mount was placed under a fume hood for 24h to let it dry and to remove all toxic gasses 

safely. This process was applied to two mounts, the ‘A-mount’ or ‘NanoSIMS-mount’ that contains thirteen 

glassy cosmic spherules and the ‘V-mount’ or ‘SIMS-mount’ holding twenty-five V-type spherules. LA-ICP-

MS was applied to obtain the major and trace elemental concentrations of the V-mount and the trace element 

data of the A-mount. Major element concentrations of the A-mount were collected through electron 

microprobe analysis (EMPA). Both LA-ICP-MS and EMPA measurements were conducted before the start 

of this study and will thus not be discussed further into detail. Their results are given in Appendix B. 
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3.2 (Nano)SIMS 

To investigate the triple-oxygen isotope composition of micrometeorites in the two mounts, NanoSIMS and 

SIMS was operated at Open University (Milton Keynes, UK) and CRPG (Nancy, France), respectively. 

NanoSIMS data was acquired in February 2017, well before the start of this thesis. The concept of 

(Nano)SIMS is simple: a focused Cs+ or O- ion beam is used to sputter the sample surface, which releases 

ions from the outer layers of the sample that are subsequently transferred to a mass spectrometer (Nuñez et 

al., 2018). Both SIMS and NanoSIMS operate in a quasi-identical manner, with the most obvious difference 

between the two instruments being the beam-size. NanoSIMS has a smaller spot size i.e., up to 50 nm vs. a 

few microns for SIMS, resulting in smaller sputtered surfaces and a lower quantity of sputtered material 

(Nuñez et al., 2018). While this is particularly useful for the investigation of heterogeneous materials on a 

micro- or even nanoscale, the restricted spot size has a negative impact on the uncertainty of the 

measurements relative to SIMS (Peres et al., 2008; Yang et al., 2012). Typical analytical uncertainties (2SD) 

of NanoSIMS range around 2-4‰ for δ17O, while this is usually limited to 0.3-1.5‰ for SIMS measurements 

(Kita et al., 2009; Lee et al., 2013; Rudraswami et al., 2015; Simon et al., 2016). 

Figure 9: Images taken with a JEOL JSM IT-300 SEM instrument. (a-b) Secondary electron images of particles 

A09 and A19. These were taken after the EMPA and LA-MC-ICP-MS measurements. (c-d) Backscattered 

electron (BSE) images of particles V6-12 and V5-5. The hole in image (d) is the result of a large vesicle. 

A B 
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In the (Nano)SIMS instrument, a beam of primary ions is directed at a spot or raster in a high-vacuum 

chamber. When measuring cations, O2- is used as primary ion while Cs+ is preferred when investigating 

anions. Cs- and O-ions are chosen specifically due to their high reactivity, as this leads to enhanced ionization 

and release of ions (Fayek, 2009; Stevie, 2016). The Cs-ion beam is generated in a primary ion source, 

where CsCO3 is ionized by a heated tungsten tablet (Fig. 10a; Stevie, 2016). The ionized beam is then 

transferred to a primary ion column where contaminants are excluded and the desired species, i.e., Cs+ is 

selected. The beam is focused by electrostatic lenses and apertures and subsequently directed at the 

analysis position (Stevie, 2016). The sample is then bombarded in the high-vacuum sample chamber by the 

primary ion beam where sputtering of the surficial layers is induced (Fig. 10b; Fayek, 2009). This 

bombardment with cations may charge the sample and therefore an electron gun is used to counteract this 

process. The released secondary ions are collected in a secondary ion column where their trajectory is 

altered by a chain of electrostatic lenses and deflectors. Two oppositely charged plates sort the ions based 

on kinetic energy, while slits and apertures further filter the secondary ions. A strong bending magnet sorts 

the remaining particles according to their mass-to-charge ratio where detectors count the quantity of each 

fraction (Fayek, 2009; Stevie, 2016).  

Figure 10: (a) Schematic depiction of a Cs primary ion source (Stevie, 2016). (b) During the sputtering process, the 

primary ion beam disrupts the upper few atomic layers of the sample which releases atoms, ions and electrons. 

These are then captured in a secondary column and simultaneously filtered and transported towards a mass 

spectrometer (Fayek, 2009). 

A B 
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The CAMECA NanoSIMS 50L (Fig. 11) at the Open University (Milton Keynes, UK) was operated to measure 

the triple-oxygen isotopic composition of the first mount of glassy micrometeorites. Pre-sputtering was 

accomplished over a raster of 7 x 7 µm with a beam current of 100 pA for 150 s. The Cs+ primary ion beam 

operated at an electric potential of ~16 kV. Each V-type cosmic spherule was measured five times for 200 s 

each over a raster of 5 x 5 µm with a beam current of 100 pA and automatic peak-centring throughout the 

analyses. Secondary ions were measured in multi-collection mode, with a Faraday cup measuring 16O and 

electron multipliers monitoring 17O, 18O, 30Si, 24Mg16O, 40Ca16O and 56Fe16O. The mass resolution of the 

instrument is set at 10 000 (CAMECA NanoSIMS definition), which is sufficient to resolve the peaks of 16OH- 

and 17O-. Interference from 17OH- with 18O- is negligible since 16O accounts for 99.76% of the oxygen isotopes, 

whereas 17O attributes only for 0.04% (de Laeter et al., 2003). An electron gun was employed to establish 

charge compensation and instrumental mass fractionation was accounted for by calibrating the 

measurements using a San Carlos Olivine reference material (SCOL). Oxygen isotopes are presented in 

standard δ values relative to the Vienna Standard Mean Ocean Water (V-SMOW). δ17O values are calculated 

as δ17O = [(17O/16O)sample/(17O/16O)V-SMOW -1] x 1000 (‰), and a similar calculation is used for δ18O. 

Figure 11: Schematic representation of the CAMECA NanoSIMS 50L at the Open University (Adapted from Nuñez 

et al., 2018). The Cs+ ion source provides the primary ions, which are directed at the samples in the vacuum sample 

chamber. The produced secondary ions are then transported via a series of filters towards the mass spectrometer 

where six movable electron multipliers measure isotopic ratios and one fixed Faraday cup determines the 16O counts. 
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The oxygen isotopic compositions of the V-mount of glassy cosmic spherules were measured using a 

CAMECA IMS 1270 instrument at the CRPG (Nancy, France) (Fig. 12). A Cs+ ion beam with a spot size of 

~15 µm and a beam current of ~2.5 nA was directed under a physical angle of 10-15° at the samples. The 

triple-oxygen isotopes (16O-, 17O- and 18O-) were measured simultaneously in multi-collection mode using 

three Faradays cups. The 16O and 18O signals were measured in off-axis Faraday cups on exit slit 1 with a 

mass resolution of 2500, while 17O was counted in an axial Faraday cup with adjusted entrance and exit slits 

to obtain a mass resolution of 7000, ensuring that no interference from 16OH- influenced the 17O- count rate. 

Each micrometeorite was measures three times for 275 s, pre-sputtering included. Instrumental mass 

fractionation of the oxygen isotopes has been corrected by measuring three reference materials five times 

before and after measuring the cosmic spherules. These reference materials included MORB glass CLDR01, 

diopside JV1 and SCOL. The latter has a matrix similar to V-type cosmic spherules and is therefore a 

representative reference material for matrix effect corrections.  

 

Figure 12: A schematic representation the IMS 1270 SIMS set-up (Adapted from Storm, 2017). A primary Cs ion 

beam is aimed at the samples in a vacuum chamber where an electron gun compensates charging of the surface. 

The sputtered material is led to a secondary column where the isotopes of interest are allowed to pass and everything 

else is disregarded. The oxygen ions are then moved towards a mass spectrometer where each isotope is counted 

concurrently in three separate Faraday cups. 
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3.3 (ns-)LA-MC-ICP-MS 

Nanosecond laser ablation multi-collector inductively coupled plasma mass spectrometry (ns-LA-MC-ICP-

MS) is a hyphenated analytical technique, combining ICP-MS and laser ablation, which can obtain both 

elemental concentrations and isotope ratio data. Ns-LA-MC-ICP-MS was used to obtain the Fe isotopic 

composition for both mounts. In a (ns)-LA-MC-ICP-MS instrument, a polished sample is ablated by a pulsed 

laser in a vacuum sample chamber (Lin et al., 2016; Sylvester and Jackson, 2016). This produces an aerosol, 

which is transported via a carrier gas (He) towards an ICP, where the aerosol is vaporized and ionized. 

Through sampler and skimmer cones, the ions are transported from the argon plasma towards the mass 

spectrometer, where they are separated based on their mass-to-charge ratio (Lin et al., 2016; Sylvester and 

Jackson, 2016). 

In-situ Fe isotope ratio determination was performed using a ns-LA-MC-ICP-MS set-up using an Analyte G2 

193 nm ArF*excimer-based LA-system (Teledyne Photon Machines Inc., Bozeman, MT, USA; Fig. 13), 

equipped with a COBALT ablation cell, connected to a Thermo Scientific Neptune MC-ICP-MS instrument 

(Fig. 13) at Ghent University (Ghent, Belgium). An internal standard solution of Ni (500 ng mL-1) was 

continuously aspirated and introduced to the mass spectrometer using a T-piece for internal doping, 

instrumental mass fractionation for Ni and Fe are analogous. Using an additional standard-sample bracketing 

approach, Fe isotope ratios were measured in the BCR-2G natural glass reference material. Both internal 

doping and standard-sample bracketing approach were performed to achieve instrumental mass bias 

correction. The BCR-2G was ablated using a circular spot size of 15 µm diameter, laser energy density of 

1.74 J cm-2 and a laser repetition rate of 20 Hz. To assure an adequate correction relative to the Fe reference 

material (BCR-2G), the Fe intensities for the cosmic spherules had to be matched to those obtained for BCR-

2G. Therefore, the spot size (10-30 µm) and laser repetition rate (25-45 Hz) were adjusted so that a similar 

intensity was obtained for each cosmic spherule. A flow rate of 0.36 L min-1 He carrier gas transported the 

LA produced aerosol via a 1 mm ID PEEK tubing to a glass T-piece (5 mm ID; Fig. 13). Via a separate 

entrance, the pneumatic nebulized Ni-standard aerosol was continuously added to the T-piece. Both aerosols 

produced by LA and pneumatic nebulization were effectively mixed in the T-piece and carried further towards 

the inlet of the ICP torch. 53Cr, 54Fe, 56Fe, 57Fe, 58Ni and 60Ni were measured simultaneously in an array of 

six Faraday cups at a medium mass resolution of 6000. 53Cr was monitored to correct for the isobaric 

interference of 54Cr on 54Fe, applying the natural abundances of Cr. Results are reported as δ values, these 

are reported relative to the IRMM-014 standard reference material. δ56Fe numbers are calculated as δ56Fe = 

[(56Fe/54Fe)sample/(56Fe/54Fe)IRMM-014 -1] x 1000 (‰), δ57Fe values are derived in a similar manner. 
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Figure 13: The set-up of the ns-LA-MC-ICP-MS instrument. Firstly, a laser (1) is guided towards the vacuum sample 

chamber (2) where it produces an aerosol, which is guided towards the T-piece (3). The internal Ni-standard (4) is 

transported via a PERIMAX instrument (5) towards a spray tower (6) where the internal standard is nebulized and 

further transported to the T-piece where it is mixed with the aerosol from the sample chamber if any has been 

produced. The mixture then continues towards the ICP (7) and is eventually guided towards the MS. The internal 

standard is measured continuously on the background even when no aerosol is produced in the sample chamber. 
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4. Results 

4.1 Major and trace element geochemistry 

To investigate the (a)chondritic nature of meteoritic material, the atomic ratios of Fe/Mn and Fe/Mg can be 

compared (Goodrich and Delaney, 2000). Originally used to characterize macroscopic meteorites, this 

approach can be extended to micrometeorites as well, following a few minor considerations (Taylor et al., 

2007b). Due to their small appearance, the initial Fe/Mn and Fe/Mg ratios of cosmic spherules can (slightly) 

be altered by evaporation and the ejection of Fe-Ni metal beads. Based on isotopic measurements, 

Alexander et al. (2002) demonstrated that evaporation of Mg remains fairly limited. In addition, Taylor et al. 

(2005) showed that Mn generally behaves as a refractory element, except when evaporation is persistent. In 

contrast, Fe may be lost through the ejection of Fe-Ni metal beads or evaporation and should thus be 

accounted for. Figure 14 depicts the Fe/Mn and Fe/Mg ratios for the cosmic spherules of the V and A mounts. 

On this diagram, the loss of Fe shifts spherules towards the origin. On the other hand, extensive evaporation 

will shift a particle to the left since Mg is more refractory than Mn. The majority of the spherules plot within or 

close to the chondritic field, in contrast to stony meteorite types which typically have lower Fe/Mn ratios 

compared to chondrites (Goodrich and Delaney, 2000). Seven micrometeorite particles studied here are 

characterized by higher Fe/Mn or lower Fe/Mg ratios compared to those observed for chondrites.  

  

Figure 14: Fe/Mn ratios vs. Fe/Mg ratios of all spherules. The A-mount is represented in white while the black 

spherules belong to the V-mount. Particles originating from 4 Vesta, Mars or the Moon will plot onto their 

corresponding lines below the chondritic field. 
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Another way of examining the nature of cosmic spherules is to look at their REE-patterns when normalized 

against CI-chondritic values (McDonough and Sun, 1995; Cordier et al., 2011a; Cordier et al., 2011b). The 

CI-normalized REE-pattern for chondritic particles displays a flat shape, which is often characterized by a 

negative Ce-anomaly and/or a negative or positive Eu-anomaly. Due to the refractory nature of the REEs, 

most of these elements will not experience evaporation during atmospheric entry, thus preserving the original 

REE pattern of the precursor material (Cordier et al., 2011a). Most REE-patterns of the selected spherules 

can be categorized into pre-existing groups made by Cordier et al. (2011a) (Fig. 15). Since Ce and Eu can 

have multiple oxidation states (Ce4+ and Eu2+ in addition to the 3+ valence state), both elements are more 

easily subjected to fractionation (Trail et al., 2012). For instance, Ce4+ is particularly volatile during the 

oxidation stage of the precursor material, which is commonly reflected by negative Ce-anomalies in REE-

patterns from the resulting micrometeorite. 

Figure 15: The various REE-patterns observed in both mounts. (a-b) Flat patterns from the A-mount and V-mount 

respectively. (c) A LREE-enriched pattern for spherule A17 with a small negative Eu peak. (d) LREE-enriched trends 

for particles V4-4 and V6-5 with negative Ce and Eu peaks. (e) (L)REE-depleted patterns with a positive Eu peak for 

spherules A12, A19 and A39. (f) Particles A17, V2-1, V3-11, V4-5 and V6-13 have irregular REE-depleted patterns. 
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Cordier et al. (2011a) introduced a new classification for V-types, based on their relative degree of 

evaporation. This classification applies the CaO + Al2O3 concentrations and Fe/Si ratios to subdivide glassy 

cosmic spherules. As refractory major element oxides CaO and Al2O3
 are appropriate parameters to study 

degrees of evaporation. The majority of the selected spherules belong to the ‘normal chondritic’ group (Fig. 

16). Nine out of thirteen A-mount spherules are regarded as ‘normal chondritic’, while this is the case for 24 

out of 25 samples from the V-mount. Spherules A10 and A48 are the only ‘CAT-like’ spherules of both 

mounts, although they both lack the typical milky-white appearance of ‘CAT-like’ spherules. Spherules A01, 

A20 and V5-3 are regarded as ‘high Ca-Al’ spherules. However, particles A20 and V5-3 plot at the ‘high Ca-

Al’/’normal chondritic’ border (9 wt% CaO + Al2O3) and distinctive characteristics for the ‘high Ca-Al’ group 

might be absent as a result. Spherule A01 and V5-3 both display a pale green colour typical of the ‘high Ca-

Al’ subgroup, this is not observed for particle A20, which is black. Spherule V5-5 lies close to the triple-

junction of the three respective fields but classifies as a ‘normal chondritic’ spherule that is colourless and 

completely transparent. Particle V6-11, which is reported as part of the ‘normal chondritic’ group, plots close 

to the ‘normal chondritic’/’high Ca-Al’ border and shows intermediate characteristics, such as a pale green 

colour. Four out of five ‘high Ca-Al’ and ‘CAT-like’ spherules stem from the A-mount which are larger in 

diameter (478-828 µm) but smaller in number (n = 13) than the particles in the V-mount (diameter range of 

215-348 µm and n = 25).  

Figure 16: CaO + Al2O3 vs. Fe/Si plot of both mounts. Cordier et al. (2011a) firstly introduced this type of diagram to 

differentiate ‘CAT-like’, ‘high Ca-Al’ and ‘normal chondritic’ spherules. 
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In order to estimate the total extent of evaporation, major and trace elements are often normalized against 

their corresponding CI chondrite values (Fig 17). In the A-mount, one spherule (A01) is characterized by a 

pattern that is significantly different from all other particles in that mount. A21 has a CI-normalized U-anomaly 

which is more than one order of magnitude higher than the other spherules in that mount. Two spherules of 

the V-mount (V4-4 and V6-5) exhibit abnormal behaviour for La, Pr, and U, as their CI-normalized ratios are 

one to two orders of magnitude higher than the average calculated for the V-type cosmic spherules studied 

here (Fig. 17b).  

 

Figure 17: Diagrams of CI-normalized ratios of cosmic spherules, the elements are arranged from left to right according 

to their increasing volatility. (a) The average CI-normalized pattern of all spherules except A01, V4-4 and V6-5 is given 

in black while the minima and maxima for each element are given gray for each element. (b) The CI-normalized patterns 

for A01 (green), V4-4 (red), V6-5 (blue) and the average of all other spherules (black). Values for the CI-normalization 

are compiled in McDonough and Sun (1995). 
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During imaging of the V-mount particles using a SEM instrument, a single high-density phase was observed 

in spherule V6-13 (Fig. 18a). The chemical properties of this phase were further analysed using EDS and 

are summarized in Figure 18b. This shows that the high-density phase is made out of 53.8 wt% Cr2O3, 29.6 

wt% FeO, 6.8 wt% MgO, 4.3 wt% Al2O3, 3.7 wt% TiO2 and 1.1 wt% SiO2. 

 

  

High-density 

phase 

Figure 18: (a) SEM image of spherule V6-13, the high-density phase is significantly brighter than its surrounding. (b) 

EDS spectra of the high-density particle, including a table with the relative abundances of its constituents in ox%. 
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4.2 Oxygen isotope ratios 

Twelve out of thirteen spherules present in the A-mount, varying in size between 478 and 828 µm, were 

studied for their oxygen isotopic compositions. Triple-oxygen isotope measurements on these cosmic 

spherules were acquired using the NanoSIMS instrument at the Open University in Milton Keynes, UK. The 

V-mount holds 25 samples with particle sizes ranging between 215 and 348 µm. Tables 2 and 3 provide the 

average δ17O, 18O and Δ17O values of each spherule analysed during this study. The individual oxygen 

isotopic measurements can be consulted in Appendix C. The δ17O results range from 0.01‰ to 34.81‰ with 

an external reproducibility (2SD) of 1.08‰ for the NanoSIMS measurements and 1.33‰ for the SIMS values. 

18O values plot between 5.90‰ and 64.24‰ with an external reproducibility (2SD) of 0.74‰ for the 

NanoSIMS results and 2.25‰ for the SIMS-mount. Δ17O values range from -5.02‰ to 1.8‰ with an external 

reproducibility (2SD) of 1.14‰ for the A-mount and 0.55‰ for the V-mount. In Figure 19, Δ17O values are 

plotted against their corresponding δ18O values for all spherules while the complete oxygen isotopic dataset 

is summarized in Tables 2 and 3. 

Table 2: General information and results of the NanoSIMS measurements of the A-mount. A24 was not measured 

for oxygen isotope ratios. The only features that were observed in this mount were vesicles, which are marked as ‘V’. 

The majority of the spherules has been measured five times, due to various problems (e.g., charging issues and peak 

shifting) some spherules were only measured two to three times.  

Sample Name Diameter (µm) Colour 
 17O ± 2SE 

(‰) 

 18O ± 2SE 

(‰) 

 17O ± 2SE 

(‰) 
Features 

A01 630 Pale green 6.3 ± 0.25 9.0 ± 0.04 1.7 ± 0.22 / 

A04 506 Black 5.5 ± 0.62 10.8 ± 0.76 -0.1 ± 0.62 V 

A05 615 Pale brown 15.2 ± 0.34 32.9 ± 1.14 -1.9 ± 0.55 V 

A09 548 Black 4.6 ± 0.50 13.2 ± 0.41 -2.3 ± 0.51 V 

A10 828 Pale green 0.1 ± 0.59 6.1 ± 0.41 -3.1 ± 0.64 / 

A12 525 Black 9.1 ± 0.50 17.3 ± 0.35 0.1 ± 0.62 V 

A17 798 Black 8.4 ± 0.53 17.6 ± 0.61 -0.8 ± 0.85 V 

A19 715 Black 11.3 ± 0.52 23.6 ± 0.68 -0.9 ± 0.49 / 

A20 603 Black 11 ± 0.63 24.0 ± 0.27 -1.7 ± 0.75 / 

A21 560 Black 9.4 ± 0.21 14.7 ± 0.51 1.8 ± 0.07 V 

A24 699 Black / / / / 

A39 478 Black 6.5 ± 0.95 13.7 ± 0.42 -0.6 ± 0.80 / 

A48 507 Dark brown 4.0 ± 0.27 15.1 ± 0.33 -3.9 ± 0.41 V 
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  Table 3: Sample designation and results of the SIMS measurements on the oxygen isotopic ratios of the V-mount. Several 

features observed in the spherules include: ‘V.’- vesicles, ‘MB’- metal bead, ‘SB’ -sulphide bead and ‘UDO’ -unidentified dense 

object. The oxygen isotopic ratios of each spherule were measured three times. The analytical uncertainties are given as two 

times the standard error of the mean. 

Sample name Diameter (µm) Colour 
δ17O ± 2SE 

(‰) 

δ18O ± 2SE 

(‰) 

Δ17O ± 2SE 

(‰) 
Features 

V1-1 265 Dark brown 9.21 ± 1.89 16.90 ± 2.72 0.42 ± 0.55 V 

V1-2 229 Dark brown 11.59 ± 3.92 23.46 ± 7.78 -0.61 ± 0.69 V & MB? 

V2-1 217 Dark brown 5.44 ± 1.22 13.72 ± 1.94 -1.69 ± 0.24 MB 

V2-6 315 Green/transparent 11.46 ± 1.18 20.97 ± 1.82 0.56 ± 0.24 / 

V2-7 220 Green/brown 3.68 ± 1.16 6.51 ± 0.93 0.29 ± 0.73 MB 

V2-10 290 Dark green 10.18 ± 2.25 21.89 ± 3.56 -1.21 ± 0.54 V 

V2-11 335 Pale green 34.81 ± 0.34 64.24 ± 0.47 1.40 ± 0.48 / 

V3-5 252 Transparent 0.01 ± 0.56 5.90 ± 0.91 -3.06 ± 0.25 V & MB 

V3-7 253 Green 7.28 ± 3.48 21.87 ± 6.08 -4.10 ± 0.39 V 

V3-11 262 Green/brown 7.63 ± 1.61 13.49 ± 3.47 0.62 ± 0.40 V 

V4-4 348 Yellow 12.04 ± 2.99 22.64 ± 5.27 0.26 ± 0.35 V 

V4-5 348 Orange 19.92 ± 2.05 40.95 ± 4.46 -1.38 ± 0.29 V 

V4-10 208 Green/Brown 7.42 ± 0.92 12.46 ± 1.71 0.94 ± 0.03 V 

V4-11 223 Transparent 10.98 ± 1.34 20.41 ± 2.17 0.37 ± 0.23 V 

V5-1 302 Pale green 9.09 ± 1.61 23.13 ± 2.51 -2.93 ± 0.38 / 

V5-2 251 Pale green 9.92 ± 0.68 17.17 ± 0.64 0.99 ± 0.50 / 

V5-3 253 Pale green 3.09 ± 1.39 10.27 ± 2.37 -2.25 ± 0.21 MB 

V5-5 303 Transparent 3.40 ± 0.90 8.60 ± 1.25 -1.07 ± 0.32 V & MB 

V5-6 262 Light brown 6.42 ± 0.90 14.93 ± 2.13 -1.35 ± 0.29 V & SB? 

V5-9 222 Brown 21.86 ± 0.52 39.50 ± 1.32 1.32 ± 0.56 V & UDO 

V6-5 215 Transparent 4.23 ± 1.20 17.77 ± 1.72 -5.02 ± 0.52 Alteration 

V6-9 301 Dark brown 6.50 ± 1.39 14.08 ± 2.40 -0.82 ± 0.17 / 

V6-11 229 Pale green 19.32 ± 0.71 38.19 ± 0.79 -0.54 ± 0.51 MB 

V6-12 287 Light green 8.66 ± 1.84 14.97 ± 3.82 0.87 ± 0.18 V & MB 

V6-13 239 Dark brown 4.69 ± 0.56 7.13 ± 0.71 0.98 ± 0.21 V 
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Figure 19: The Δ17O vs. δ18O diagram is used to correlate cosmic spherules with their corresponding precursor body. 

In the legend, the external reproducibility is calculated as two times the standard deviation of the reference material 

(San Carlos olivine and CLDR MORB glass for the NanoSIMS-mount and SIMS-mount respectively). 
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4.3 Iron isotope ratios 

The Fe isotope ratios of both mounts were measured using a ns-LA-MC-ICP-MS instrument at the 

Department of Chemistry, Ghent University in Ghent, Belgium. The results are presented in Tables 4 and 5. 

For the NanoSIMS-mount, 56Fe values range from 0.25‰ to 24.99‰, δ57Fe results vary between 0.38‰ 

and 37.11‰. Measurements of the V-mount resulted in a δ56Fe of 0.17-37.01‰ and δ57Fe values of 0.31-

55.68‰. Based on fifteen measurements in several separate analytical sessions of BCR-2G reference 

material, the external reproducibility (2SD) of both mounts is 0.10‰ and 0.14‰ for δ56Fe and δ57Fe, 

respectively. Figure 20 depicts the δ57Fe vs. δ56Fe values for each spherule, except for V6-13 which has 

erroneous results and as such its Fe isotope values were excluded. 

  

 

Table 4: Results of ns-LA-MC-ICP-MS measurements on the A-mount, where all thirteen samples present in the mount were 

measured three times each for a total of 30 seconds in line-scanning mode.  

Sample Name δ56Fe ± 2SE (‰) δ57Fe ± 2SE (‰) FeO (wt. %) CaO + Al2O3 (wt. %) Fe/Si (atomic) Type Type 

A01 1.23 ± 0.12 1.59 ± 0.18 3.878 49.935 0.082 High Ca-Al High Ca-Al 

A04 0.29 ± 0.03 0.43 ± 0.10 12.15 6.991 0.216 Normal Normal 

A05 24.99 ± 0.18 37.11 ± 0.29 3.718 5.078 0.074 Normal Normal 

A09 4.76 ± 0.20 7.08 ± 0.14 8.862 5.131 0.157 Normal Normal 

A10 5.13 ± 0.06 7.67 ± 0.13 1.642 8.920 0.028 CAT-like CAT-like 

A12 3.92 ± 0.06 5.61 ± 0.07 17.92 4.523 0.333 Normal Normal 

A17 3.56 ± 0.13 5.24 ± 0.33 15.09 1.639 0.263 Normal Normal 

A19 12.82 ± 0.03 18.88 ± 0.18 12.06 4.799 0.230 Normal Normal 

A20 14.16 ± 0.09 21.16 ± 0.23 9.035 9.362 0.173 High Ca-Al High Ca-Al 

A21 0.25 ± 0.09 0.38 ± 0.17 18.82 6.700 0.338 Normal Normal 

A24 3.16 ± 0.10 4.87 ± 0.23 8.432 5.491 0.140 Normal Normal 

A39 0.93 ± 0.05 1.35 ± 0.08 18.37 4.848 0.340 Normal Normal 

A48 16.38 ± 0.14 24.48 ± 0.22 0.856 8.680 0.015 CAT-like CAT-like 
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  Table 5: The results of the ns-LA-MC-ICP-MS measurements on the V-mount. Each spherule was measured two times in 

line-scanning mode for 30 seconds. 

Sample Name δ56Fe ± 2SE (‰) δ57Fe ± 2SE (‰) FeO (wt. %) CaO + Al2O3 (wt. %) Fe/Si (atomic) Type 

V1-1 3.38 ± 0.18 5.02 ± 0.15 24.51 2.61 0.466 Normal 

V1-2 2.88 ± 0.13 4.28 ± 0.17 18.57 3.45 0.353 Normal 

V2-1 1.87 ± 0.14 2.85 ± 0.17 13.12 1.67 0.217 Normal 

V2-6 1.83 ± 0.12 2.83 ± 0.17 12.46 6.30 0.203 Normal 

V2-7 0.17 ± 0.16 0.31 ± 0.13 13.64 7.42 0.210 Normal 

V2-10 4.29 ± 0.12 6.56 ± 0.15 13.26 5.43 0.226 Normal 

V2-11 29.14 ± 0.19 43.23 ± 0.22 15.66 4.75 0.283 Normal 

V3-5 3.87 ± 0.11 6.04 ± 0.16 12.62 5.84 0.222 Normal 

V3-7 3.24 ± 0.16 4.95 ± 0.18 12.62 3.67 0.246 Normal 

V3-11 0.62 ± 0.10 1.04 ± 0.14 16.81 3.46 0.253 Normal 

V4-4 16.01 ± 0.19 24.15 ± 0.19 8.99 4.71 0.140 Normal 

V4-5 37.01 ± 0.25 55.68 ± 0.31 3.59 0.99 0.069 Normal 

V4-10 1.62 ± 0.17 2.39 ± 0.11 21.12 4.56 0.414 Normal 

V4-11 6.49 ± 0.13 9.82 ± 0.21 9.88 4.58 0.165 Normal 

V5-1 14.51 ± 0.16 21.88 ± 0.24 6.66 5.59 0.116 Normal 

V5-2 3.96 ± 0.09 6.11 ± 0.20 14.17 5.53 0.218 Normal 

V5-3 1.25 ± 0.13 1.89 ± 0.14 8.49 9.29 0.154 High Ca-Al 

V5-5 3.81 ± 0.22 5.40 ± 0.15 4.74 8.02 0.068 Normal 

V5-6 2.64 ± 0.13 3.93 ± 0.07 13.41 5.38 0.229 Normal 

V5-9 1.02 ± 0.14 1.61 ± 0.12 24.34 3.95 0.454 Normal 

V6-5 9.45 ± 0.11 14.57 ± 0.22 8.65 3.63 0.117 Normal 

V6-9 3.52 ± 0.16 5.34 ± 0.19 12.49 3.85 0.201 Normal 

V6-11 4.31 ± 0.13 6.54 ± 0.20 18.27 8.38 0.347 Normal 

V6-12 1.56 ± 0.10 2.38 ± 0.14 13.65 2.59 0.196 Normal 

V6-13 / / 15.65 2.68 0.220 Normal 
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Figure 20: Plot of δ57Fe against δ56Fe, the trendline is calculated via a maximum likelihood model (Vermeesch, 2018). 

Spherules that experienced the highest degrees of fractionation will plot the furthest away from the axis intercept. 

2SE error bars are given for each spherule. Chondrites which lack any signs of isotopic fractionation will plot at the 

origin. MSWD (Mean Square Weighted Deviation) is a measure of goodness of the fit, a theoretical perfect model 

has a MSWD of 1. 
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5. Discussion 

5.1 Observed chemical variations 

The CI-normalized trends for refractory and moderately volatile elements indicate that the spherules 

generally exhibit the same pattern, confirming a chondritic heritage. Importantly, this is also the case for 

spherules V2-11 (cf. Chapter 5.5) and V5-9. Since V5-9 clearly belongs to ‘Group 4’ micrometeorites based 

on triple-oxygen isotopic ratios (Fig. 19), its precursor body should thus be chondritic as well. Therefore, we 

propose for the first time, that ‘Group 4’ micrometeorites represent fragments of an unknown parent body 

with chondritic composition. Furthermore, three cosmic spherules display trends which are significantly 

different than the others (Fig. 17b). Particle A01 has CI-normalized ratios typical of spherules that 

experienced a high degree of chemical fractionation. This particle has been classified as ‘high Ca-Al’ which, 

according to the Cordier et al. (2011a) classification, experienced the highest degree of evaporation of all 

glassy subtypes (80-90%). Spherules V4-4 and V6-5 display positive Sr, La, Pr, and U anomalies, while the 

remaining REEs are also slightly enriched compared to the average composition of glassy spherules. These 

anomalies can most likely be attributed to chemical alteration in the Antarctic sedimentary traps (Bland et al., 

2006; Pourkhorsandi et al., 2017). This hypothesis is further supported by the observation that alteration was 

previously observed on the exterior of spherule V6-5, as summarized in Table 3. 

To visualize the extent of evaporation that particles experienced during atmospheric entry, a CaO + Al2O3 

vs. Sc+Y+Hf+Zr diagram has been constructed. Sc, Zr, Y and Hf are four of the most refractory lithophile 

elements present in cosmic spherules (see Fig. 17), largely identical for all types of chondritic precursor 

bodies, and can be applied to estimate the extent of evaporative processes. On average, chondritic parent 

bodies have a combined concentration of ~10-18 ppm of these lithophile elements (Sanloup et al., 2000; 

Henderson and Henderson, 2009; Braukmüller et al., 2018). In Figure 21, particle A01 has a CaO + Al2O3 of 

ca. 49.9% and a total Sc+Y+Hf+Zr content of ca. 157 ppm and plots on the extreme upper end of the diagram. 

Based on the chemical signatures for the A-mount observed in Figure 21, we conclude that particles A01, 

A05, A10, A20 and A48 have experienced the highest degree of evaporation (70-99%), while particles A12 

and A17 exhibit chondritic values. In the V-mount, spherules V2-6, V2-7, V4-4, V5-1, V5-3, V5-5, and V6-5 

clearly display signatures effected by evaporation (>70%), while spherules V1-1, V1-2, V2-1, V3-11, V5-2, 

V6-9, V6-12 and V6-13 should have experienced only a minor degree of evaporation. 

Cordier et al. (2011a) calculated average Si/Al and Mg/Al atomic ratios for each subtype of the glassy cosmic 

spherules in their study. ‘Normal chondritic’ spherules display average Si/Al ratios of 14.6 and Mg/Al ratios 

of 14.2, while the Si/Al ratios and Mg/Al ratios for ‘CAT-like’ spherules were 9.8 and 9.9, respectively. Thirdly, 

the ‘high Ca-Al’ group comprised the lowest ratios with an average Si/Al ratio of 6.6 and Mg/Al ratio of 8.0. 

Here, we report similar values for each group, where the ‘normal chondritic’ particles typically displays 

average Si/Al ratios of 20.3 and Mg/Al ratios of 20.8. ‘CAT-like’ spherules are characterized by average 
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values of 8.6 and 10.7 for Si/Al and Mg/Al, respectively. Lastly, the ‘high Ca-Al’ group shows average values 

of 7.6 for Si/Al and 9.2 for Mg/Al. Although our results do not completely overlap with those of Cordier et al. 

(2011a), similar trends are observed: the Si/Al and Mg/Al ratios progressively decreases from the ‘normal 

chondritic’ group through the ‘CAT-like’ spherules, and finally to the ‘high Ca-Al’ particles. Cordier et al. 

(2011a) argue that this decreasing trend reflects prolonged evaporation during atmospheric entry of the 

precursor material. 

The REE-patterns described in Figure 15 can be used to study the mineralogical characteristics of the 

precursor bodies of those spherules. Flat patterns are thought to be typical of fine-grained chondrites, while 

LREE-depleted patterns with a positive Eu-anomaly possibly originate from a precursor body rich in Mg-poor 

Ca-rich pyroxenes (Cordier et al., 2011a). 

5.2 Oxygen isotopic variability  

Figure 19 indicates that eight out of twelve spherules (67%) of the NanoSIMS-mount plot in or to the right of 

the carbonaceous chondrite (CC) field, well below the TFL. Two spherules A01 and A21 (17%) plot above 

the TFL, in between the ordinary chondrite (OC) and Rumuruti (R) fields. The NanoSIMS results display 

relatively large analytical uncertainties on the y-axis (Δ17O). As such, the three spherules (A17, A19 and A39) 

plotting in the upper part of the carbonaceous chondrite field, and one spherule in the lower part of the 

Figure 21: Diagram of CaO + Al2O3 vs. Sc+Y+Hf+Zr, Spherules which have experienced the highest extent of 

evaporation should plot further away from the intercept than those that did not. As spherule A01 shows extraordinary 

behaviour it has not been included in this diagram. 
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ordinary chondrite field (A12), are classified as ‘ambiguous’ since their parent body cannot be identified with 

certainty. Similarly, spherule A04 plots between the extensions of the OC and CC fields and, given the 

associated analytical uncertainty, is regarded as ambiguous. Considering the uncertainty of the Δ17O, the 

two spherules plotting in the lowermost part of the R-field (A01 and A21) are likely to be OC since Rumuruti 

chondrites are extremely rare (0.3% of meteorites recovered globally; Meteoritical Bulletin Database: 

http://www.lpi.usra.edu/meteor/metbull.php, accessed 4 May 2019) and will be regarded as OCs. Taking into 

account the analytical uncertainty (2σ) of the SIMS measurements, eleven out of twenty-five spherules (44%) 

from the SIMS-mount are identified as CC. Cosmic spherule V1-1 plots within the CI field and could thus be 

CI, OC or EC. As such, V1-1 is considered here as ambiguous, together with two spherules (V1-2 and V6-

11) plotting close to the TFL. One spherule (V5-9) can be categorized as ‘Group 4’, while V2-7 falls within 

the EC field, and eight samples are clearly OCs (32%). Spherule V2-11 plots outside of any known group or 

field and is therefore unidentified, it could however be an evaporated variety of ‘Group 4’ as it has a similar 

Δ17O value.  

5.3 Mass-dependent Fe isotopic fractionation 

Figure 22 depicts two extreme pathways through which a particle with an initial Fe-content and 57Fe can 

arrive at a final (i.e., the observed) Fe-content and 57Fe. Upon bead-ejection, only the Fe-content of a 

micrometeoroid decreases, while 57Fe values of a particle are not altered during this process. Evaporation 

lowers the Fe-content and increases the 57Fe of an incoming micrometeoroid. Because of these effects, the 

amounts of evaporation and ejection may be calculated according to two pathways (Figure 22). Based on a 

series of previous calculations published in Alexander et al. (2002) and Taylor et al. (2005), it is possible to 

calculate the amount of Fe that was lost, as well as the hypothetical minimum and maximum amounts of 

Figure 22: A diagram presenting two extreme pathways a particle can take to arrive at a certain 

Fe-content and δ57Fe values (Taylor et al., 2005). 
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evaporation and ejection that a particle experienced during atmospheric passage. The results for these 

calculations on our dataset were often not satisfactory. However, those that have proven to be meaningful 

are provided in Table 6. Here we find that our V-type cosmic spherules lost 0-74% of their Fe through 

evaporation and that 19-99% of their initial iron mass escaped through the ejection of Fe-Ni beads. 

The results of the Fe isotopes allow to investigate the nature of the fractionation processes taking place on 

cosmic spherules. According to Young et al. (2002), the slope of the linearized δ’ three isotope plot is more 

adequate to study the exact nature of mass-dependent fractionation processes than the ordinary delta three 

isotope plot. The normal delta three isotope plot is shown in Figure 20, while the linearized δ’ three isotope 

plot is depicted below in Figure 23. δ’ values for Fe are calculated with the following formula: 

𝛿′𝑖𝐹𝑒 = 1000 ∗ 𝐿𝑁[( 𝐹𝑒/ 𝐹𝑒 𝑆𝑎𝑚𝑝𝑙𝑒 
54
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𝑖 )] 

Where iFe represents 56Fe or 57Fe, the slope for the δ’ plot is 1.486, while kinetic fractionation and equilibrium 

fractionation have estimated slopes of 1.488 and 1.475, respectively. The δ’ three isotope plot indicates that 

kinetic fractionation is the main contributor to mass-dependent fractionation and not equilibrium fractionation. 

Thus our results support the hypothesis that kinetic fractionation is the main process of mass-dependent 

fractionation in cosmic spherules. 

Table 6: Parameters calculated with the formulas of Alexander et al. (2002) and Taylor et al. (2005). 

 a Fraction of the initial Fe retained in the particle, the Rayleigh evaporation law: f = (φ/1000 * (Y-A) + 1)(1/(1/α-1)) was 

implemented to calculate these results. φ equals δ57Fe/(Y-A) with Y the atomic mass of 57fe and A the atomic mass 

of 54Fe. α is 57Fe/54Fe and equals 1.0274 (Wang et al., 1994).  

b Fraction of the initial Fe retained in the particle, calculated from the measured Fe/Al (mass/mass) ratio and the initial 

Fe/Al ratio if assumed that the precursor body was CM-like. 

c Fraction of the lost Fe which evaporated (Fe) or was lost via ablation/ejection (Fa) when evaporation precedes 

ablation entirely. 

d Fraction of the lost Fe which evaporated or was lost via ablation/ejection when ablation precedes evaporation. 

Sample 
name 

δ57Fe (‰) fret
a fret

b Fec Fac Fed Fad 

A01 1.59 0.942 0.944 0.06 0.93 0.00 0.99 

A05 37.11 0.255 0.264 0.74 0.19 0.21 0.72 

A10 7.67 0.751 0.757 0.24 0.73 0.01 0.96 

A48 24..48 0.404 0.414 0.59 0.40 0.02 0.96 

V5-1 21.88 0.444 0.591 0.41 0.43 0.11 0.73 

V5-3 1.89 0.932 0.956 0.04 0.81 0.01 0.85 

V5-5 5.40 0.817 0.870 0.13 0.78 0.01 0.90 
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Fe isotopic values of the particles studied here indicate that some of the glassy cosmic spherules experienced 

a significantly larger degree of isotopic fractionation than others. However, many other spherules also display 

low δ values for Fe, indicating that glassy micrometeorites go through a wide range of isotopic fractionation 

during atmospheric entry. The large variations in degree of isotopic fractionation are presumably caused by 

varying atmospheric entry parameters e.g., speed, angle, density, etc. We have also looked at the isotopic 

behaviour of each subgroup, where the δ57Fe averages for each subgroup do not show an increasing trend 

from ‘normal chondritic’ through ‘CAT-like’ spherules and the ‘high Ca-Al’ subgroup. In contrast, the ‘high Ca-

Al’ subgroup has the lowest average δ57Fe of the three subgroups (8.21‰). ‘CAT-like’ spherules show the 

largest average δ57Fe value (16.08‰), while this value lies around 9.93‰ for the ‘normal chondritic’ group. 

We conclude that the increasing trend in isotopic fractionation from ‘normal chondritic’ spherules, through 

‘CAT-like’ spherules to the ‘high-Ca-Al’ subgroup cannot be observed in our results. 

Figure 23: The δ’57Fe vs. δ’56fe diagram with 2SE shown for each spherule. Its slope is similar to that of 

kinetic fractionation. 
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We also analysed the spread of the δ57Fe values and compared it to the histograms published in Taylor et 

al. (2005). Before this comparison could be made, the δ57Fe values from their study needed to be converted. 

The δ57Fe values reported in Taylor et al. (2005) are relative to BHVO reference material instead of the IRMM-

014. Furthermore, the δ57Fe values have been calculated with 56Fe as reference isotope, in contrast to our 

study where 54Fe was used. Figure 24 shows both the results from Taylor et al. (2005) and from this work. 

While most glass spherules in Taylor et al. (2005) fall between -5 and +5‰, our results are somewhat higher 

with δ57Fe values typically between 0 and 10‰. From this comparison it is clear that glass cosmic spherules 

mostly experience moderate isotopic fractionation but that a wide range of δ57Fe values can be reported. It 

is important to realize that the CATs depicted in Figure 24 do not refer to the ‘CAT-like’ spherules mentioned 

earlier in this work. As Taylor et al. (2005) predates the classification made in Cordier et al. (2011a), CATs 

are here defined as milky-white cosmic spherules with a barred olivine texture. We conclude that both ejection 

and evaporation can cause significant depletions of Fe, with the former process being more prevalent based 

on the data obtained during this study and from literature.  

Figure 24:Histograms showing the frequency of δ57Fe values published in Taylor et al. (2005) and 

from this study. Both the data from literature and from this work suggest that V-type cosmic 

spherules can experience a wide range of isotopic fractionation. 
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5.4 Consistency between chemical and isotopic compositions 

Comparison of iron and oxygen isotope ratios shows that for most spherules a positive correlation exists 

between the two isotope systems (Fig. 25). This correlation is mainly influenced by two processes, i.e., mass-

dependent fractionation and mixing with atmospheric oxygen. Mass-dependent fractionation will increase 

both δ18O and δ57Fe, while mixing with atmospheric oxygen only positively influences the δ18O values. It is 

important to remark that precursor δ18O values for the different types of chondritic bodies span a broad range 

from -5‰ up to +10‰ (Fig. 19). However, the majority of chondritic fields has initial δ18O of 0 to 5‰, which 

narrows this range down significantly. Theoretically, mixing with atmospheric oxygen can also lower the δ18O 

of a cosmic spherule, if it surpasses ~23.5‰. This can happen through mass-dependent fractionation or due 

to a 16O-poor precursor body e.g., ‘Group 4’. On Figure 25, two trends are observed: (i) trend A consists of a 

wide spread of data points that predominantly experienced fractionation over mixing, and (ii) trend B which 

is characterized by spherules that have low δ57Fe values and a δ18O of ~12-23‰, indicating that mixing is the 

main process modifying the δ18O of these spherules. The isotopic ratios of spherule V6-11 (δ18O of ~38‰ 

and δ57Fe of ~5‰) cannot be explained by the combination of fractionation and mixing, most likely an 

unknown third process has influenced this particle. From this plot, it is possible to estimate the extent of 

mixing or fractionation a particle experienced. This is particularly useful in the reconstruction of precursor 

bodies as we are now able to roughly reconstruct the pathway a particle followed on the Δ17O vs. δ18O 

diagram depicted in Figure 19.   
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As we estimated evaporation based on major and trace element compositions, we can now compare this 

data with the Fe isotope ratios and investigate the relationship between chemical and isotopic fractionation. 

Of the twelve particles which have experienced considerable chemical fractionation, only six (A05, A20, A48, 

V4-4, V5-1 and V6-5) are considered isotopically fractionated (δ57Fe > 10‰). Of the ten particles that were 

marked as most pristine based on their major and trace elements, only four (V1-2, V2-1, V3-11 and V6-12) 

have δ57Fe values lower than 5‰ and are considered as isotopically unfractionated. However, four spherules 

also marked as pristine based on their major and trace elements have δ57Fe values between 5 and 6‰ and 

thus plot outside of the low fractionation group. Spherule A01 is identified as the particle that experienced 

the strongest chemical fractionation, but surprisingly lacks any sign of isotopic fractionation. In contrast 

particle V4-5, which has experienced the highest extent of Fe isotope fractionation, remained fairly chondritic 

in composition. Based on these results, it is not possible to estimate isotopic fractionation by studying 

chemical fractionation as both appear to be unrelated to one another. As chemical fractionation might be 

influenced by various processes, e.g., precursor composition, mineral phase expulsion, etc, we argue that 

isotopic fractionation is a more representative proxy to estimate the total extent of evaporation than chemical 

fractionation. 

Glassy micrometeorites are commonly regarded as one of the subtypes of S-type cosmic spherules that 

experienced the highest peak temperatures upon entry (Taylor et al., 2000; Genge, 2008; Cordier et al., 

2011a). Evaporation and isotopic fractionation is associated with these high peak temperatures (1700-2000K; 

Rizk et al., 1991; Alexander et al., 2002; Genge, 2007). Results from the Fe and O isotope ratios confirm that 

it is indeed possible for V-type cosmic spherules to undergo extensive evaporation and isotopic fractionation, 

although this is no prerequisite. Numerous glassy spherules studied during this project show little to no signs 

of isotopic or chemical fractionation (Tables 2-5).  

Figures 19 and 26 visualize the fractionation patterns of ordinary and carbonaceous chondrites. From these 

diagrams it is possible to conclude that CCs appear to be more prone to fractionation than OCs. OCs all plot 

relatively clustered, close to their original field when compared to CCs. Spherules V2-11 and V5-9 were not 

taken into account when investigating these properties as spherule V5-9 probably plots close to its parent 

body field (Group 4), while V2-11 is further discussed in Chapter 5.5. 
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5.5 Refining precursor bodies of V-type cosmic spherules and additional 

observations 

Tables 7 and 8 provide an overview of the most important data for each V-type cosmic spherule characterized 

in this work. 

Cordier and Folco (2014) previously observed a direct correlation between the size of cosmic spherules and 

their respective precursor bodies. A 1:1 ratio between CC and OC has been found around particle sizes of 

ca. 450 µm (Fig. 27). These observations can simply be explained by the reduced physical resistance of CC 

(i.e., hydrous) compared to OC (i.e., non-hydrous) (Flynn et al., 2009). As a result, CC will effectively break 

down in smaller particles compared to OC. While the A-mount does not contain a statistical representative 

amount of samples (n = 7), the V-mount contains a slightly higher number of cosmic spherules with identified 

parent body (n = 19), which allows some preliminary conclusions to be made. The V-mount contains eight 

OC and eleven CC particles within a size distribution of 200-350 µm, indicating that the 1:1 ratio most likely 

lies around particle diameters <450 µm. Similar observations were made by Goderis et al. (2019 submitted). 

Figure 26: Diagram of δ57Fe vs. Δ17O indicating that CCs commonly display a much wider range of isotopic 

fractionation than OCs. Spherules V2-11 and V5-9 are not included in this plot as spherule V5-9 stems from a parent 

body with higher δ18O, V2-11 is further discussed in Chapter 5.5.  
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The ‘Group 1’ and ‘Group 2’ spherules are CCs, with the majority of these spherules displaying ‘normal 

chondritic’ major and trace element signatures. However, both ‘CAT-like’ particles and two out of three ‘high-

Ca-Al’ spherules belong to these groups as well. They mostly originate from fine-grained precursor bodies 

and generally experienced more isotopic fractionation than OCs (1.89-55.68‰ δ57Fe). 

The ‘Group 3’ spherules originate from OC precursor bodies, which all display ‘normal chondritic’ major and 

trace element signatures, except for particle A01, which belongs to the ‘high Ca-Al’ subgroup. On average, 

this group experienced considerably less isotopic fractionation (0.38-24.15‰ δ57Fe) than the ‘Group 1’ and 

‘Group 2’ cosmic spherules. 

The ‘Group 4’ cosmic spherules are hypothesised to represent an undiscovered parent body (Suavet et al., 

2010; van Ginneken et al., 2017). In our dataset at least one particle (V5-9) belongs to ‘Group 4’ 

micrometeorites. To further strengthen the hypothesis that this ‘Group 4’ effectively represents a separate 

cluster, the Fe isotopic data of spherules V5-9 and V2-11 is discussed here. Spherule V5-9 has δ56Fe and 

δ57Fe values of 1.02‰ and 1.61‰, respectively, implying that the chemical and isotopic composition has not 

been affected significantly by evaporation. Spherule V2-11 on the other hand shows extremely fractionated 

Fe isotopes (δ56Fe = 29.14‰ and δ57Fe = 43.23‰), with a δ18O of 64.24‰ relative to the average 40-45‰ 

for ‘Group 4’. This particle most likely represents a ‘Group 4’ cosmic spherule, which experienced a 

considerable amount of mass-dependent fractionation during atmospheric passage. 

Analysis of the chemical concentrations of the high-density phase present in particle V6-13 indicates that the 

high-density phase is a chromite (Fig. 18b). Schmitz et al. (2017) compiled a classification scheme linking 

the Δ17O vs. TiO2 content of chromites to more specific precursor bodies within the ordinary chondrite group. 

Figure 27: Correlation between parent body and cosmic spherule diameter, 

indicating a 1:1 relationship between CC and OC related spherules around 450 

µm (Cordier and Folco, 2014). Note that each size fraction  depicted in the image 

was not subdivided further during comparison and that the reconstructed 

trendline is not precise. 
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The TiO2 content is approximately 3.7 wt%, while we assume that the Δ17O of the chromite is more or less 

identical to the Δ17O of the bulk spherule. Although EDS data only provides semi-quantitative results at best, 

this classification indicates that spherule V6-13 likely originates from a LL-chondrite parent body (Schmitz et 

al., 2017).  

The main exception to the classification scheme above is posed by the major and trace element geochemistry 

of spherule A01, which indicates that this particle experienced a substantial degree of chemical fractionation, 

even though the oxygen and iron isotope ratios both show little isotopic fractionation. Ad hoc no validated 

hypothesis can be reconstructed to explain the observed characteristics of this particle. One could argue that 

A01 was a Calcium-Aluminium rich Inclusion (CAI) or a refractory mineral, yet this does not explain why all 

refractory elements are enriched in the particle. A CAI would also have a Δ17O which is considerably lower 

than the values determined for A01 (Young, 1998; Guan et al., 2000; Simon et al., 2011).  

Figure 28: Classification scheme for chromites, by combining Δ17O and TiO2 it is possible to link a chromite to its 

parent body, which is the same as the spherule’s precursor body (Schmitz et al., 2017). The red dot represents 

the chromite recovered from spherule V6-13. 
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Table 7: Summarizing Table for the A-mount, the ‘Fractionation’ parameter is based upon δ57Fe values. Low indicates a δ57Fe 

of 0-5‰, Moderate values fall between 5-10‰ while High fractionation means that a particle has a δ57Fe > 10‰. For the 

‘Evaporation’ parameter the ‘SC+Y+Zr+Hf’ concentrations are used to divide the spherules into three classes. If a particle has 

a SC+Y+Zr+Hf of 10-18 ppm then it was marked as Low, Moderate values fall between 18-30 ppm while High values are 

SC+Y+Zr+Hf concentrations of over 30 ppm. Spherules with concentrations of SC+Y+Zr+Hf lower than 10 ppm were not placed 

in any existing class as this concentration is lower than the initial concentration of OCs and CCs and thus another process 

altered their SC+Y+Zr+Hf concentrations or they originate from a SC+Y+Zr+Hf-depleted precursor body. 

Sample 

Name 

δ18O ± 2SE 

(‰) 

Δ17O ± 2SE 

(‰) 

δ57Fe ± 2SE 

(‰) 
Evap. Fract. Mineralogy Type 

Parent 

body 

A01 9.0 ± 0.04 1.7 ± 0.22 1.59 ± 0.18 High Low Fine-gr. High Ca-Al OC 

A04 10.8 ± 0.76 -0.1 ± 0.62 0.43 ± 0.10 Moderate Low Fine-gr. Normal Amb. 

A05 32.9 ± 1.14 -1.9 ± 0.55 37.11 ± 0.29 High High Fine-gr. Normal CC 

A09 13.2 ± 0.41 -2.3 ± 0.51 7.08 ± 0.14 Moderate Moderate Fine-gr. Normal CC 

A10 6.1 ± 0.41 -3.1 ± 0.64 7.67 ± 0.13 High Moderate Fine-gr. CAT-like CC 

A12 17.3 ± 0.35 0.1 ± 0.62 5.61 ± 0.07 / Moderate 

Mg-poor 

Ca-rich 

pyroxenes 

Normal Amb 

A17 17.6 ± 0.61 -0.8 ± 0.85 5.24 ± 0.33 / Moderate / Normal Amb 

A19 23.6 ± 0.68 -0.9 ± 0.49 18.88 ± 0.18 Moderate High 

Mg-poor 

Ca-rich 

pyroxenes 

Normal Amb 

A20 24.0 ± 0.27 -1.7 ± 0.75 21.16 ± 0.23 High High Fine-gr. High Ca-Al CC 

A21 14.7 ± 0.51 1.8 ± 0.07 0.38 ± 0.17 Moderate Low Fine-gr. Normal OC 

A24 / / 4.87 ± 0.23 Moderate Low Fine-gr. Normal / 

A39 13.7 ± 0.42 -0.6 ± 0.80 1.35 ± 0.08 Moderate Low 

Mg-poor 

Ca-rich 

pyroxenes 

Normal Amb 

A48 15.1 ± 0.33 -3.9 ± 0.41 24.48 ± 0.22 High High Fine-gr. CAT-like CC 
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   Table 8: Summarizing Table for the A-mount, the ‘Fractionation’ parameter is based upon δ57Fe values. Low indicates a δ57Fe of 0-

5‰, Moderate values fall between 5-10‰ while High fractionation means that a particle has a δ57Fe > 10‰. For the ‘Evaporation’ 

parameter the ‘SC+Y+Zr+Hf’ concentrations are used to divide the spherules into three classes. If a particle has a SC+Y+Zr+Hf of 

10-18 ppm then it was marked as Low, Moderate values fall between 18-30 ppm while High values are SC+Y+Zr+Hf concentrations 

of over 30 ppm. Spherules with concentrations of SC+Y+Zr+Hf lower than 10 ppm were not placed in any existing class as this 

concentration is lower than the initial concentration of OCs and CCs and thus another process altered their SC+Y+Zr+Hf 

concentrations or they originate from a SC+Y+Zr+Hf-depleted precursor body. 

Sample 

name 

δ18O ± 2SE 

(‰) 

Δ17O ± 2SE 

(‰) 

δ57Fe ± 2SE 

(‰) 
Evap. Fract. Mineralogy Type 

Parent 

body 

V1-1 16.90 ± 2.72 0.42 ± 0.55 5.02 ± 0.15 Low Moderate Fine-gr. Normal Amb 

V1-2 23.46 ± 7.78 -0.61 ± 0.69 4.28 ± 0.17 Low Low Fine-gr. Normal Amb 

V2-1 13.72 ± 1.94 -1.69 ± 0.24 2.85 ± 0.17 Low Low / Normal CC 

V2-6 20.97 ± 1.82 0.56 ± 0.24 2.83 ± 0.17 High Low Fine-gr. Normal OC 

V2-7 6.51 ± 0.93 0.29 ± 0.73 0.31 ± 0.13 High Low Fine-gr. Normal EC 

V2-10 21.89 ± 3.56 -1.21 ± 0.54 6.56 ± 0.15 Moderate Moderate Fine-gr. Normal CC 

V2-11 64.24 ± 0.47 1.40 ± 0.48 43.23 ± 0.22 Moderate High Fine-gr. Normal Gr. 4 

V3-5 5.90 ± 0.91 -3.06 ± 0.25 6.04 ± 0.16 Moderate Moderate Fine-gr. Normal CC 

V3-7 21.87 ± 6.08 -4.10 ± 0.39 4.95 ± 0.18 Moderate Low Fine-gr. Normal CC 

V3-11 13.49 ± 3.47 0.62 ± 0.40 1.04 ± 0.14 Low Low / Normal OC 

V4-4 22.64 ± 5.27 0.26 ± 0.35 24.15 ± 0.19 High High / Normal OC 

V4-5 40.95 ± 4.46 -1.38 ± 0.29 55.68 ± 0.31 / High / Normal CC 

V4-10 12.46 ± 1.71 0.94 ± 0.03 2.39 ± 0.11 Moderate Low Fine-gr. Normal OC 

V4-11 20.41 ± 2.17 0.37 ± 0.23 9.82 ± 0.21 Moderate Moderate Fine-gr. Normal OC 

V5-1 23.13 ± 2.51 -2.93 ± 0.38 21.88 ± 0.24 High High Fine-gr. Normal CC 

V5-2 17.17 ± 0.64 0.99 ± 0.50 6.11 ± 0.20 Low Moderate Fine-gr. Normal OC 

V5-3 10.27 ± 2.37 -2.25 ± 0.21 1.89 ± 0.14 High Low Fine-gr. High Ca-Al CC 

V5-5 8.60 ± 1.25 -1.07 ± 0.32 5.40 ± 0.15 High Moderate Fine-gr. Normal CC 

V5-6 14.93 ± 2.13 -1.35 ± 0.29 3.93 ± 0.07 Moderate Low Fine-gr. Normal CC 

V5-9 39.50 ± 1.32 1.32 ± 0.56 1.61 ± 0.12 Moderate Low Fine-gr. Normal Gr. 4 

V6-5 17.77 ± 1.72 -5.02 ± 0.52 14.57 ± 0.22 High High / Normal CC 

V6-9 14.08 ± 2.40 -0.82 ± 0.17 5.34 ± 0.19 Low Moderate Fine-gr. Normal CC 

V6-11 38.19 ± 0.79 -0.54 ± 0.51 6.54 ± 0.20 Moderate Moderate Fine-gr. Normal Amb 

V6-12 14.97 ± 3.82 0.87 ± 0.18 2.38 ± 0.14 Low Low Fine-gr. Normal OC 

V6-13 7.13 ± 0.71 0.98 ± 0.21 / Low / / Normal OC (LL) 
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6. Conclusions 

The main goal of this Master dissertation is to gain further insights into the processes affecting 

micrometeoroids during atmospheric passage. This is achieved through the combination of major and trace 

element information, as well as iron and oxygen isotopic data. Based on our Fe isotopic data, kinetic 

fractionation has been identified as the predominant process which causes mass-dependent isotopic 

fractionation in micrometeoroids during atmospheric entry. Mass-dependent fractionation of V-type cosmic 

spherules may range from <1‰ to >50‰ δ57Fe. Furthermore, the relationship between chemical fractionation 

and isotopic fractionation was investigated. Comparison of Sc+Y+Hf+Zr concentrations with δ57Fe values 

shows that no significant correlation between the two processes exists, implying that both isotopic 

fractionation and chemical evaporation are controlled by different mechanisms. A number of literature models 

was applied to estimate the amounts of Fe lost through Fe-Ni-bead ejection and evaporation, in order to 

obtain quantitative measures of these competing processing at play.  

A second goal was to link cosmic spherules to their appropriate precursor body. Based on major (Fe/Mn vs. 

Fe/Mg) and trace elements (REE-patterns), all studied micrometeorites are found to be chondritic in nature. 

By studying the oxygen isotope ratios of glass cosmic spherules on a modified three oxygen isotope plot 

(Δ17O vs. δ18O), we could link most of the particles to either OCs or CCs. Significant error bars on the A-

mount did hamper the classification of several spherules in this mount. A single chromite was observed in 

one spherule while imaging the V-mount using SEM-EDS, and this composition helped to narrow down the 

precursor body of V6-13 from ordinary chondrite to LL-chondrite. Importantly, the REE-patterns and Fe/Mn 

vs. Fe/Mg plot indicate that the undiscovered ‘Group 4’, 16O-depleted spherules are chondritic in nature, while 

the measured Fe isotope ratios confirm that they represent an actual Solar System reservoir and cannot be 

the result of alteration of a known precursor group. 

The last goal was to study the behaviour of the chemical subgroups of V-type cosmic spherules. Despite the 

large number of particles studied, only two ‘CAT-like’ spherules and three ‘high Ca-Al’ particles were present 

in both mounts. However, an attempt was still made to characterize some of their properties. Through the 

comparison of Si/Al and Mg/Al ratios published in literature, we concluded that the three groups did show an 

increasing degree of chemical fractionation from ‘normal chondritic’ spherules through ‘CAT-like’ spherules, 

and finally ‘high Ca-Al’ particles. Unfortunately no trends in isotopic fractionation patterns were observed 

amongst the three subgroups. Further study is required to confirm whether these groups represent varying 

degrees of evaporation or solely reflect chemical fractionation processes.  
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8. Appendix 

 

  

Appendix A. Classification of micrometeorites as presented in Genge et al. (2008). 
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Appendix B. The first table shows major element data of the NanoSIMS-mount, the data was acquired via EMPA and 

is expressed as oxide weight percent. In the second table the trace element data is given in ppm of the NanoSIMS-

mount. The major element data of the SIMS-mount is depicted in the third table as oxide weight percentages while 

the last two tables provide trace element information about the SIMS-mount in ppm. ‘<DL’ indicates that an element 

was below detection limit. 

 
A01  A04  A05  A09 A10  A12  A17 A19  A20  A21  A24  A39  A48  

SiO2 39.70 46.96 42.19 47.30 49.85 45.01 48.06 43.89 43.64 46.62 50.48 45.13 46.29 

TiO2 0.322 0.115 0.165 0.166 0.238 0.091 0.045 0.098 0.214 0.142 0.166 0.082 0.240 

Cr2O3 0.066 0.127 0.007 0.067 0.039 0.013 0.093 0.020 0.014 0.146 0.035 0.126 0.005 

Al2O3 31.28 3.095 4.117 2.965 4.781 3.324 0.861 2.034 4.996 3.218 2.974 2.862 4.690 

FeO* 3.878 12.15 3.718 8.862 1.642 17.92 15.09 12.06 9.035 18.82 8.432 18.37 0.856 

MnO 0.044 0.380 0.073 0.361 0.245 0.345 0.522 0.290 0.182 0.341 0.358 0.359 0.171 

MgO 3.726 31.35 48.51 36.91 37.89 30.57 33.55 36.12 36.84 24.68 34.20 29.34 42.57 

CaO 18.66 3.896 0.961 2.166 4.139 1.199 0.778 2.765 4.366 3.482 2.517 1.986 3.990 

Na2O 0.022 0.138 0.009 0.009 0.004 0.017 0.002 0.002 0.010 0.121 0.016 0.001 0.001 

K2O 0.006 0.026 0.003 0.009 0.007 0.004 0.003 0.005 0.006 0.011 0.004 0.002 0.003 

P2O5 0.013 0.025 0.011 0.011 0.010 0.007 0.005 0.004 0.012 0.029 0.001 0.014 0.011 

V2O3 0.013 0.019 0.011 0.005 0.024 0.009 0.037 0.007 0.020 0.024 0.032 0.011 0.027 
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 A01 A04 A05 A09 A10 A12 A17 A19 A20 A21 A24 A39 A48 

Li 3.2 2.6 <DL <DL <DL 0.5 0.7 <DL <DL 1.3 1.0 1.4 <DL 

Sc 8.7 16.5 17.7 11.6 16.6 6.3 3.1 12.7 18.5 12.8 11.4 10.4 18.3 

V 10.2 62.2 16.7 45.1 34.5 16.7 44.1 9.89 16.2 59.0 45.6 46.7 9.00 

Cr 328 733 2.28 350 170 99.0 593 5.33 8.58 633 286 762 10.1 

Co 4.72 4.66 0.20 18.7 0.27 131 8.84 3.51 0.32 109 12.99 34.0 0.42 

Ni 7.38 136 <DL 38 0.66 3187 3.49 1.00 0.66 957 20.3 187 0.72 

Cu 0.11 <DL 0.10 0.10 0.06 0.05 <DL <DL <DL 0.35 0.10 <DL 0.07 

Zn 0.65 0.29 0.54 0.29 0.51 0.27 0.56 0.37 0.42 0.76 0.35 0.25 0.55 

Rb 0.09 0.19 <DL <DL <DL <DL <DL <DL <DL 0.18 2.02 <DL <DL 

Sr 161 13.8 2.78 9.97 24.0 14.7 4.45 9.98 26.51 14.1 13.1 14.0 22.8 

Y 26.1 1.96 2.42 2.59 4.30 0.66 0.39 1.25 4.41 2.37 2.36 1.06 4.19 

Zr 120 7.78 10.8 6.9 11.9 2.71 1.04 8.71 11.55 8.23 6.47 6.56 11.7 

Nb 6.68 0.535 0.894 0.582 0.946 0.316 0.212 0.581 0.815 0.519 0.518 0.458 0.891 

Cs 0.02 <DL <DL <DL 0.04 <DL <DL <DL <DL <DL <DL <DL <DL 

Ba 80.4 5.75 1.40 3.81 7.39 4.91 1.89 3.21 7.75 4.73 3.69 4.97 7.55 

La 9.18 0.260 0.566 0.434 0.801 0.103 0.103 0.120 0.834 0.517 0.401 0.133 0.780 

Ce 23.4 0.749 1.238 1.108 1.910 0.262 0.552 0.304 1.623 1.180 1.040 0.392 1.606 

Pr 3.15 0.118 0.205 0.156 0.275 0.039 0.043 0.051 0.284 0.171 0.149 0.056 0.287 

Nd 14.0 0.664 1.021 0.749 1.448 0.228 0.192 0.225 1.419 0.831 0.738 0.322 1.407 

Sm 4.16 0.217 0.295 0.242 0.487 0.064 0.065 0.102 0.434 0.279 0.245 0.101 0.420 

Eu 1.00 0.100 0.104 0.095 0.183 0.103 0.034 0.068 0.193 0.110 0.089 0.097 0.193 

Gd 4.36 0.319 0.411 0.389 0.634 0.072 0.067 0.176 0.655 0.372 0.327 0.120 0.629 

Tb 0.74 0.051 0.072 0.073 0.106 0.016 0.011 0.029 0.113 0.065 0.058 0.031 0.115 

Dy 4.57 0.373 0.464 0.435 0.733 0.111 0.071 0.218 0.800 0.460 0.399 0.188 0.747 

Ho 0.94 0.080 0.093 0.102 0.160 0.025 0.019 0.042 0.170 0.101 0.089 0.044 0.161 

Er 2.91 0.250 0.309 0.299 0.510 0.079 0.045 0.155 0.514 0.314 0.277 0.146 0.533 

Tm 0.38 0.036 0.044 0.044 0.077 0.014 0.006 0.026 0.076 0.051 0.041 0.023 0.080 

Yb 2.40 0.243 0.283 0.304 0.507 0.096 0.060 0.181 0.502 0.303 0.283 0.166 0.535 

Lu 0.335 0.042 0.043 0.048 0.079 0.017 0.007 0.037 0.086 0.045 0.045 0.030 0.080 

Hf 2.76 0.223 0.393 0.198 0.351 0.068 0.033 0.282 0.339 0.229 0.171 0.201 0.324 

Ta 0.26 0.026 0.059 0.030 0.048 0.013 0.003 0.027 0.043 0.022 0.023 0.024 0.037 

W 0.06 0.039 0.018 0.043 0.003 0.057 0.018 0.010 0.043 <DL <DL 0.022 <DL 

Re <DL <DL <DL <DL <DL 0.0005 0.0037 0.0003 <DL 0.0005 <DL <DL <DL 

Ir <DL 0.004 0.004 <DL <DL <DL 0.002 <DL <DL 0.013 <DL 0.002 <DL 

Pt <DL <DL <DL 0.004 <DL <DL <DL 0.003 <DL 0.005 <DL 0.003 <DL 

Au <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Pb <DL 0.018 <DL <DL 0.061 <DL <DL 0.018 <DL 0.072 <DL <DL <DL 

Th 1.28 0.054 0.096 0.057 0.093 0.022 0.011 0.037 0.097 0.095 0.049 0.036 0.101 

U 0.142 0.0028 0.0027 0.0017 0.0008 <DL 0.0006 <DL <DL 0.032 <DL 0.0028 <DL 
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V1-1 V1-2 V2-1 V2-6 V2-7 V2-10 V2-11 V3-5 V3-7 V3-11 V4-4 V4-5 V4-10 

Na2O <DL <DL <DL <DL 1.08 <DL 0.0024 <DL 0.0098 <DL 0.086 <DL <DL 

MgO 28.23 33.40 34.11 29.07 22.78 31.72 32.42 33.24 40.43 23.58 31.71 51.35 31.02 

Al2O3 1.30 1.97 0.92 2.24 3.68 2.89 2.52 3.25 2.24 1.99 2.72 0.50 3.00 

SiO2 43.94 43.97 50.48 51.41 54.30 49.01 46.21 47.53 42.83 55.53 53.88 43.85 42.67 

P2O5 0.032 0.014 0.019 0.0072 0.0096 0.012 0.011 0.0025 0.033 0.026 0.18 0.0013 0.016 

K2O <DL <DL <DL <DL 0.15 <DL <DL <DL <DL <DL 0.040 <DL <DL 

CaO 1.31 1.48 0.76 4.06 3.74 2.53 2.23 2.59 1.43 1.47 1.98 0.49 1.57 

TiO2 0.18 0.10 0.11 0.13 0.15 0.14 0.13 0.14 0.13 0.12 0.14 0.056 0.12 

MnO 0.37 0.44 0.16 0.36 0.36 0.40 0.62 0.40 0.22 0.38 0.26 0.15 0.34 

FeO 24.51 18.57 13.12 12.46 13.64 13.26 15.66 12.62 12.62 16.81 8.99 3.59 21.12 

 

 

V4-11 V5-1 V5-2 V5-3 V5-5 V5-6 V5-9 V6-5 V6-9 V6-11 V6-12 V6-13 

Na2O <DL <DL <DL <DL <DL <DL 0.017 0.16 <DL <DL <DL 0.74 

MgO 34.91 39.43 25.48 35.47 28.09 31.47 25.76 24.86 31.23 28.76 25.05 20.41 

Al2O3 2.41 3.45 3.54 4.96 4.55 2.79 2.42 1.82 2.15 3.90 1.24 1.79 

SiO2 50.12 48.05 54.29 46.05 58.29 48.97 44.82 62.12 52.01 44.03 58.17 59.51 

P2O5 0.0052 0.0044 0.0019 0.0040 <DL 0.069 0.059 0.086 0.0050 0.028 0.0034 0.0064 

K2O <DL <DL <DL <DL <DL <DL 0.0024 0.076 <DL <DL <DL 0.075 

CaO 2.17 2.14 1.98 4.33 3.47 2.59 1.53 1.81 1.71 4.48 1.35 0.89 

TiO2 0.13 0.22 0.15 0.21 0.20 0.16 0.14 0.25 0.13 0.17 0.12 0.16 

MnO 0.36 0.055 0.34 0.23 0.60 0.50 0.45 0.15 0.25 0.24 0.39 0.35 

FeO 9.88 6.66 14.17 8.49 4.74 13.41 24.34 8.65 12.49 18.27 13.65 15.65 
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  V1-1 V1-2 V2-1 V2-6 V2-7 V2-10 V2-11 V3-5 V3-7 V3-11 V4-4 V4-5 

Li <DL <DL 1.87 0.49 0.98 <DL 1.11 1.30 <DL 1.74 0.58 <DL 

Be 0.18 <DL 0.25 0.19 0.08 0.17 0.03 <DL 0.50 0.59 0.062 <DL 

S3 1.98 1.87 2.40 2.51 3.81 2.86 2.41 2.71 1.96 3.00 3.17 1.56 

Sc 9.8 9.0 12.2 19.3 21.1 14.2 14.5 13.6 12.8 8.8 10.6 2.5 

V 51.0 50.1 102.5 60.1 76.9 45.2 83.2 63.4 65.9 54.2 15.2 4.6 

Cr 1252 588 3239 605 1005 386 1926 2130 575 822 102 <DL 

Co 6.6 10.7 98.6 44.6 13.3 2.6 37.2 39.9 22.2 34.3 0.2 <DL 

Ni 16 <DL 160 2028 114 3 41 160 <DL 50 <DL <DL 

Cu 0.12 <DL <DL 0.24 0.33 0.16 <DL <DL 1.95 <DL 5.64 0.30 

Zn 0.14 <DL 0.44 0.35 3.20 <DL <DL 0.55 0.55 <DL 3.18 0.22 

Ga <DL 0.40 0.53 1.46 3.20 <DL 1.00 0.29 0.82 1.49 0.21 0.08 

Ge <DL <DL 0.05 <DL <DL 0.03 <DL <DL <DL <DL 0.24 <DL 

As 0.20 0.04 0.14 0.04 0.11 0.09 0.05 0.12 0.03 <DL 0.86 0.03 

Rb <DL <DL <DL <DL 4.23 <DL <DL <DL <DL <DL 0.52 <DL 

Sr 5.4 12.4 <DL 11.7 20.2 15.8 7.1 16.0 14.5 11.9 33.0 3.1 

Y 5.69 1.65 1.09 2.29 1.21 3.00 2.94 3.33 3.05 1.25 12.41 <DL 

Zr 1.94 5.23 2.55 12.14 13.71 7.04 5.05 7.21 6.54 4.53 5.88 0.65 

Nb 0.26 0.58 0.20 0.95 0.64 0.58 0.57 0.56 0.63 0.49 0.61 0.30 

Mo 0.07 0.14 <DL 0.13 0.14 0.08 0.18 0.04 <DL <DL <DL <DL 

Sn 0.25 0.23 0.18 0.19 0.14 0.19 0.04 0.11 0.16 0.19 0.29 0.21 

Sb 0.02 <DL 0.05 0.04 0.03 0.06 <DL 0.05 3.69 0.02 0.05 0.01 

Cs <DL <DL 0.00 <DL 0.10 <DL <DL 0.00 0.03 0.01 0.11 0.01 

Ba 2.01 4.15 0.16 3.47 7.63 5.21 2.09 5.65 4.96 5.64 7.39 2.40 

La 0.88 0.39 0.11 0.30 <DL 0.50 0.29 0.49 0.57 0.32 4.86 <DL 

Ce 2.34 1.17 0.32 0.84 <DL 1.24 0.75 1.43 1.19 0.56 0.74 0.80 

Pr 0.33 0.16 0.06 0.12 0.04 0.24 0.11 0.18 0.22 0.14 1.21 0.06 

Nd 1.67 0.63 0.30 0.54 0.30 1.06 0.66 1.07 1.09 0.52 6.43 0.04 

Sm 0.53 0.21 0.10 0.17 0.13 0.25 0.41 0.42 0.27 0.35 1.20 0.11 

Eu 0.07 0.06 0.03 0.09 0.13 0.12 0.09 0.18 0.10 0.11 0.30 0.05 

Gd 0.86 0.26 0.08 0.29 0.17 0.32 0.40 0.48 0.42 0.06 1.55 0.11 

Tb 0.11 0.07 0.06 0.05 0.03 0.05 0.07 0.09 0.09 0.04 0.21 <DL 

Dy 0.99 0.50 0.23 0.41 0.18 0.43 0.52 0.71 0.48 0.29 1.18 0.06 

Ho 0.21 0.08 0.04 0.09 0.02 0.13 0.10 0.15 0.13 0.04 0.27 0.02 

Er 0.60 0.20 0.11 0.26 0.14 0.33 0.29 0.35 0.42 0.17 0.89 0.09 

Tm 0.10 0.03 0.02 0.05 0.03 0.07 0.06 0.04 0.06 0.04 0.07 <DL 

Yb 0.55 0.18 0.17 0.35 0.16 0.31 0.39 0.50 0.41 0.21 0.52 0.06 

Lu 0.11 0.03 0.02 0.04 0.05 0.06 0.02 0.07 0.05 0.03 0.09 0.01 

Hf 0.08 0.14 0.09 0.30 0.52 0.30 0.19 0.12 0.16 0.08 0.20 <DL 

Ta 0.03 0.03 0.02 0.04 0.02 0.06 0.07 <DL 0.04 0.03 0.04 0.02 

W <DL 0.07 0.13 0.11 <DL 0.11 <DL <DL 0.12 0.09 0.15 <DL 

Re <DL <DL 0.03 <DL <DL <DL <DL <DL <DL <DL <DL <DL 

Ir <DL <DL 0.08 <DL <DL <DL 0.11 <DL <DL <DL <DL 0.03 

Pt <DL <DL 0.04 0.05 0.03 0.01 0.03 <DL <DL 0.25 0.19 <DL 

Hg 0.10 0.09 0.07 0.08 0.12 0.11 0.14 0.06 0.05 0.06 0.08 0.09 

Pb 0.03 0.01 0.03 0.05 0.02 0.01 0.06 0.02 0.17 0.12 0.17 0.04 

Th 0.03 0.05 0.03 0.15 0.03 0.04 0.04 0.06 0.06 0.04 0.06 0.08 

U 0.01 <DL 0.01 0.03 0.01 0.01 0.02 0.01 0.01 0.01 0.93 <DL 

REE(total) 9.34 3.97 1.65 3.59 1.39 5.12 4.15 6.15 5.51 2.89 19.50 1.43 
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   V4-10 V4-11 V5-1 V5-2 V5-3 V5-5 V5-6 V5-9 V6-5 V6-9 V6-11 V6-12 V6-13 

Li 0.84 0.29 <DL 0.50 0.33 1.72 0.75 1.85 0.36 0.02 0.39 0.69 0.16 

Be 0.41 0.03 <DL <DL <DL 0.20 0.31 0.40 <DL 0.10 0.21 <DL 0.30 

S 2.38 2.28 2.17 3.43 2.25 3.01 2.66 3.57 3.39 2.63 2.77 3.67 3.97 

Sc 10.9 14.5 14.7 9.7 13.4 14.5 13.0 12.0 21.2 8.9 14.7 8.8 7.7 

V 66.2 24.5 23.8 46.0 86.4 37.9 67.9 106.4 50.9 67.0 76.0 40.2 51.3 

Cr 1308 132 33 468 2496 610 376 4324 203 316 1200 238 1108 

Co 56.4 2.6 3.3 11.7 21.2 13.4 7.9 110.5 1.9 23.1 31.7 13.2 219.1 

Ni 39 <DL 1 2 60 30 7 217 3 113 55 26 2999 

Cu <DL <DL 0.22 <DL 0.15 <DL <DL <DL 7.89 0.16 <DL 0.33 1.57 

Zn <DL <DL 0.76 <DL 1.16 1.60 0.33 0.55 8.05 0.52 0.58 0.81 3.44 

Ga 1.07 0.26 0.19 0.18 <DL <DL 0.81 0.86 0.73 <DL <DL 0.72 5.07 

Ge 0.09 0.17 0.23 <DL <DL <DL <DL 0.11 <DL <DL <DL <DL <DL 

As 0.04 0.05 <DL <DL 0.18 0.10 <DL <DL 1.06 0.10 <DL 0.07 <DL 

Rb <DL <DL <DL <DL <DL <DL <DL <DL 2.01 <DL <DL <DL 1.40 

Sr 15.6 11.4 22.9 20.5 27.7 26.1 17.6 6.8 67.9 11.4 36.2 7.6 8.7 

Y 3.20 1.38 4.45 2.25 4.81 4.75 3.98 2.99 6.80 1.89 3.85 1.52 0.65 

Zr 3.93 8.67 10.70 5.35 12.58 10.39 8.93 6.66 6.23 5.47 9.08 4.90 1.46 

Nb 0.35 0.88 0.60 0.65 1.20 0.93 0.67 0.65 1.02 0.53 0.81 0.79 0.41 

Mo <DL 0.10 <DL <DL <DL <DL 0.09 0.45 0.25 <DL 0.11 0.10 <DL 

Sn 0.14 0.16 0.22 0.21 0.05 0.19 0.28 0.21 0.24 0.30 0.16 <DL 0.21 

Sb 0.03 <DL <DL 0.01 0.10 0.04 0.04 0.07 0.05 0.07 0.00 <DL <DL 

Cs <DL 0.01 <DL <DL 0.01 0.02 0.04 <DL 0.81 0.00 0.00 0.01 <DL 

Ba 5.95 3.72 8.23 9.39 8.30 7.76 7.59 3.03 13.09 4.11 11.50 3.40 4.21 

La 0.58 0.21 0.66 0.46 0.83 0.80 0.62 0.32 3.85 0.30 0.91 0.29 <DL 

Ce 1.46 0.54 1.99 1.28 1.92 2.00 1.53 0.87 0.61 1.16 2.68 0.82 <DL 

Pr 0.20 0.11 0.32 0.14 0.37 0.32 0.22 0.14 0.98 0.16 0.30 0.17 <DL 

Nd 0.74 0.28 1.32 0.66 1.60 1.29 1.27 0.48 3.55 0.52 2.16 0.86 <DL 

Sm 0.27 0.14 0.48 0.34 0.60 0.75 0.42 0.24 0.83 0.35 0.64 0.14 0.11 

Eu 0.15 0.10 0.16 0.15 0.22 0.16 0.16 0.06 0.16 0.11 0.27 0.07 0.02 

Gd 0.27 0.23 0.63 0.44 0.63 0.60 0.52 0.30 1.04 0.38 0.59 0.26 0.13 

Tb 0.09 <DL 0.09 0.07 0.05 0.10 0.08 0.04 0.16 0.03 0.10 0.03 0.02 

Dy 0.50 0.28 0.80 0.45 0.64 0.74 0.51 0.47 1.12 0.52 0.66 0.24 0.15 

Ho 0.11 0.07 0.14 0.10 0.19 0.14 0.13 0.08 0.20 0.09 0.12 0.06 0.02 

Er 0.37 0.22 0.47 0.32 0.75 0.50 0.49 0.36 0.68 0.24 0.36 0.25 0.10 

Tm 0.05 0.02 0.06 0.05 0.11 0.07 0.08 0.05 0.10 0.02 0.04 0.04 0.02 

Yb 0.51 0.24 0.41 0.26 0.73 0.67 0.44 0.41 0.56 0.31 0.38 0.23 0.18 

Lu 0.08 0.02 0.05 0.03 0.08 0.08 0.09 0.03 0.06 0.03 0.07 0.05 0.04 

Hf 0.10 0.29 0.20 0.15 0.34 0.35 0.47 0.25 0.24 0.24 0.26 0.18 0.07 

Ta 0.02 0.04 0.05 0.04 0.03 0.06 0.05 0.03 0.04 0.05 0.04 0.04 0.02 

W 0.08 <DL 0.16 <DL <DL <DL 0.09 0.19 0.12 0.14 0.24 0.09 <DL 

Re <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.03 <DL <DL <DL 

Ir <DL 0.03 <DL 0.03 <DL 0.02 <DL 0.03 <DL <DL <DL <DL 0.03 

Pt 0.08 <DL <DL 0.06 0.03 0.09 0.03 0.15 0.11 0.05 <DL <DL 0.11 

Hg 0.13 0.08 0.11 0.10 0.08 0.04 0.08 0.10 0.09 0.12 0.15 0.09 0.14 

Pb <DL <DL 0.02 0.08 0.07 0.03 0.04 0.04 0.66 0.04 0.09 0.08 0.05 

Th 0.06 0.08 0.07 0.05 0.10 0.09 0.08 0.03 0.09 0.04 0.10 0.05 0.02 

U <DL <DL <DL <DL <DL 0.06 <DL 0.08 2.48 <DL 0.01 0.04 0.02 

REE(total) 5.38 2.47 7.60 4.74 8.73 8.21 6.55 3.88 13.88 4.21 9.29 3.52 0.78 

 

 



 Appendix  

59 
 

  Appendix C. All of the performed measurements on the A- and V-mount with NanoSIMS and SIMS respectively. The sigma 

represents :𝑆𝑖𝑔𝑚𝑎 =  √((𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑟𝑟𝑜𝑟)2 + (𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑒𝑟𝑟𝑜𝑟)2) where the external error is the standard deviation on the 

corresponding isotope (17O or 18O) of measurements on the reference material while the internal error is the Poisson error for 

δ17O and δ18O. The sigma for Δ17O was calculated as 2SE Δ17O for the A-mount and via the following formula for the V-mount: 

 √((𝑠𝑖𝑔𝑚𝑎 17𝑂)2 + (0.52 ∗ 𝑠𝑖𝑔𝑚𝑎 18𝑂)2). 

Sample δ17O (‰) 2σ δ17O (‰) 2σ Δ17O (‰) 2σ 

A01 @ 1 6.45 1.67 9.00 0.91 1.77 0.29 

A01 @ 2 6.20 1.66 9.09 0.91 1.47  

A04 @ 1 6.24 1.64 11.58 0.69 0.22 0.62 

A04 @ 2 5.22 1.64 9.39 0.69 0.33  

A04 @ 3 4.78 1.64 10.75 0.69 -0.82  

A04 @ 4 6.17 1.63 10.88 0.69 0.51  

A04 @ 5 4.96 1.63 11.37 0.68 -0.96  

A05 @ 1 15.29 1.92 34.04 1.00 -2.41 0.55 

A05 @ 2 15.46 1.92 32.56 1.00 -1.47  

A05 @ 3 14.89 1.83 32.16 0.97 -1.84  

A09 @ 1 4.43 1.66 13.57 0.70 -2.63 0.51 

A09 @ 2 4.80 1.67 13.65 0.70 -2.30  

A09 @ 3 5.45 1.66 13.02 0.70 -1.32  

A09 @ 4 4.00 1.67 13.02 0.70 -2.77  

A09 @ 5 4.25 1.66 12.53 0.70 -2.27  

A10 @ 1 -0.04 1.79 6.81 1.15 -3.58 0.64 

A10 @ 2 0.97 1.79 5.77 1.15 -2.04  

A10 @ 3 0.22 1.79 6.18 1.16 -3.00  

A10 @ 4 -0.88 1.79 5.82 1.15 -3.91  

A10 @ 5 -0.01 1.80 5.74 1.16 -3.00  

A12 @ 1 8.75 1.25 16.81 0.69 0.01 0.62 

A12 @ 2 9.80 1.26 17.03 0.69 0.95  

A12 @ 3 8.58 1.27 17.71 0.69 -0.63  

A12 @ 4 8.67 1.27 17.61 0.69 -0.49  

A12 @ 5 9.52 1.26 17.10 0.69 0.63  
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A17 @ 1 8.64 1.64 17.27 0.90 -0.34 0.85 

A17 @ 2 8.10 1.67 17.88 0.91 -1.19  

A19 @ 1 11.02 1.51 22.62 1.05 -0.75 0.49 

A19 @ 2 11.43 1.51 23.02 1.05 -0.54  

A19 @ 3 10.60 1.52 24.01 1.05 -1.89  

A19 @ 4 11.43 1.52 23.64 1.05 -0.86  

A19 @ 5 12.16 1.52 24.53 1.05 -0.60  

A20 @ 1 9.62 1.51 23.99 1.05 -2.86 0.75 

A20 @ 2 10.89 1.53 24.44 1.05 -1.82  

A20 @ 3 11.40 1.53 23.62 1.06 -0.88  

A20 @ 4 11.17 1.52 23.97 1.05 -1.29  

A20 @ 5 9.74 1.52 23.91 1.05 -2.69  

A20 @ 6 11.77 1.52 23.90 1.05 -0.66  

A21 @ 1 9.32 1.61 14.41 0.89 1.82 0.07 

A21 @ 2 9.30 1.62 14.54 0.90 1.74  

A21 @ 3 9.62 1.62 15.23 0.90 1.70  

A39 @ 1 7.68 1.26 14.35 0.69 0.21 0.80 

A39 @ 2 7.36 1.26 13.97 0.69 0.09  

A39 @ 3 5.53 1.26 13.53 0.69 -1.50  

A39 @ 4 6.67 1.26 13.24 0.69 -0.21  

A39 @ 5 5.30 1.26 13.32 0.69 -1.63  

A48 @ 1 4.03 1.36 15.01 0.72 -3.77 0.41 

A48 @ 2 4.19 1.36 15.20 0.73 -3.71  

A48 @ 3 4.07 1.36 14.57 0.73 -3.51  

A48 @ 4 3.43 1.36 15.61 0.73 -4.69  

A48 @ 5 4.05 1.36 15.14 0.73 -3.82  
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Sample δ17O 2σ δ18O 2σ Δ17O 2σ 

V1-1@1 10.58 0.46 19.13 0.51 0.63 0.53 

V1-1@2 9.66 0.44 17.11 0.52 0.76 0.52 

V1-1@3 7.39 0.45 14.45 0.52 -0.12 0.53 

V1-2@1 10.94 0.57 23.49 0.52 -1.27 0.63 

V1-2@2 15.26 0.48 30.18 0.52 -0.43 0.55 

V1-2@3 8.56 0.50 16.70 0.51 -0.12 0.57 

V2-6@1 11.73 0.52 21.46 0.50 0.57 0.58 

V2-6@2 10.33 0.59 19.21 0.53 0.34 0.65 

V2-6@3 12.33 0.53 22.24 0.50 0.76 0.59 

V2-10@1 11.88 0.53 24.11 0.50 -0.66 0.59 

V2-10@2 10.61 0.49 23.20 0.51 -1.45 0.56 

V2-10@3 8.05 0.54 18.37 0.54 -1.50 0.61 

V2-11@1 34.69 0.46 64.71 0.56 1.03 0.54 

V2-11@2 34.60 0.57 63.99 0.50 1.33 0.63 

V2-11@3 35.14 0.57 64.02 0.53 1.85 0.64 

V4-5@1 20.72 0.51 42.93 0.50 -1.60 0.58 

V4-5@2 21.15 0.56 43.42 0.54 -1.43 0.63 

V4-5@3 17.88 0.59 36.51 0.54 -1.10 0.66 

V4-4@1 11.67 0.54 22.44 0.51 0.00 0.60 

V4-4@2 14.79 0.56 27.31 0.55 0.59 0.63 

V4-4@3 9.65 0.51 18.19 0.54 0.19 0.58 

V3-11@1 7.64 0.52 12.80 0.55 0.99 0.59 

V3-11@2 9.02 0.58 16.78 0.52 0.30 0.64 

V3-11@3 6.23 0.55 10.90 0.55 0.56 0.62 

V3-7@1 9.20 0.52 25.57 0.53 -4.10 0.59 

V3-7@2 3.81 0.71 15.85 0.52 -4.43 0.76 

V3-7@3 8.82 0.68 24.19 0.52 -3.76 0.73 
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V3-5@1 -0.40 0.63 5.03 0.54 -3.01 0.69 

V3-5@2 0.54 0.62 6.55 0.54 -2.87 0.68 

V3-5@3 -0.12 0.63 6.11 0.56 -3.30 0.70 

V4-10@1 7.45 0.59 12.50 0.52 0.95 0.65 

V4-10@2 8.20 0.61 13.93 0.54 0.96 0.67 

V4-10@3 6.61 0.64 10.96 0.56 0.91 0.70 

V4-11@1 10.02 0.51 18.73 0.51 0.28 0.58 

V4-11@2 12.27 0.50 22.44 0.54 0.60 0.57 

V4-11@3 10.66 0.54 20.05 0.50 0.24 0.60 

V5-2@1 10.06 0.52 16.82 0.51 1.31 0.58 

V5-2@2 9.27 0.50 16.87 0.58 0.50 0.59 

V5-2@3 10.43 0.51 17.81 0.54 1.17 0.58 

V5-5@1 3.18 0.43 8.00 0.52 -0.98 0.51 

V5-5@2 2.75 0.49 7.96 0.51 -1.38 0.56 

V5-5@3 4.27 0.58 9.85 0.50 -0.85 0.63 

V5-6@1 6.34 0.44 15.18 0.51 -1.56 0.52 

V5-6@2 7.23 0.45 16.64 0.49 -1.43 0.52 

V5-6@3 5.68 0.68 12.97 0.48 -1.06 0.73 

V6-12@1 8.60 0.51 15.06 0.54 0.77 0.58 

V6-12@2 7.09 0.49 11.62 0.51 1.05 0.55 

V6-12@3 10.27 0.44 18.23 0.53 0.79 0.52 

V6-11@1 19.44 0.51 38.85 0.51 -0.76 0.57 

V6-11@2 18.65 0.47 37.48 0.53 -0.84 0.54 

V6-11@3 19.86 0.45 38.24 0.53 -0.03 0.53 

V6-9@1 5.29 0.58 12.06 0.53 -0.98 0.64 

V6-9@2 6.53 0.56 13.96 0.53 -0.73 0.62 

V6-9@3 7.69 0.68 16.22 0.52 -0.74 0.74 
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V6-5@1 3.03 0.50 16.12 0.56 -5.35 0.58 

V6-5@2 4.94 0.47 18.16 0.51 -4.50 0.54 

V6-5@3 4.71 0.65 19.03 0.50 -5.19 0.70 

V5-9@1 21.48 0.46 38.19 0.50 1.62 0.53 

V5-9@2 22.36 0.50 39.96 0.51 1.58 0.57 

V5-9@3 21.74 0.51 40.34 0.53 0.76 0.58 

V6-13@1 4.36 0.54 6.61 0.51 0.92 0.60 

V6-13@2 5.25 0.43 7.81 0.55 1.18 0.51 

V6-13@3 4.46 0.51 6.97 0.48 0.84 0.57 

V2-1@1 4.35 0.54 11.89 0.53 -1.83 0.61 

V2-1@2 5.53 0.62 14.09 0.52 -1.79 0.68 

V2-1@3 6.45 0.56 15.20 0.51 -1.45 0.62 

V5-1@1 10.51 0.49 25.13 0.52 -2.55 0.56 

V5-1@2 7.72 0.71 20.82 0.51 -3.11 0.76 

V5-1@3 9.05 0.68 23.44 0.56 -3.14 0.74 

V2-7@1 4.40 0.42 7.30 0.53 0.61 0.50 

V2-7@2 4.11 0.52 6.55 0.52 0.70 0.59 

V2-7@3 2.53 0.53 5.69 0.52 -0.43 0.60 

V5-3@1 4.24 0.42 12.08 0.51 -2.04 0.50 

V5-3@2 3.19 0.59 10.68 0.51 -2.36 0.64 

V5-3@3 1.84 0.53 8.04 0.53 -2.34 0.60 

 


