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Abstract 17 

We report the discovery of a partially altered microchondrule within a fine-grained micrometeorite. 18 
This object is circular, <10μm in diameter and has a cryptocrystalline texture, internal zonation and a 19 
thin S-bearing rim. These features imply a period of post-accretion parent body aqueous alteration, in 20 
which the former glassy igneous texture was subject to hydration and phyllosilicate formation as well 21 
as leaching of fluid-mobile elements. We compare this microchondrule to three microchondrules 22 
found in two CM chondrites: Elephant Moraine (EET) 96029 and Murchison. In all instances, their 23 
formation appears closely linked to the late-stages of chondrule formation, chondrule recycling and 24 
fine-grained rim accretion. Likewise, they share cryptocrystalline textures and evidence of mild 25 
aqueous alteration and thus similar histories. We also investigate the host micrometeorite’s petrology, 26 
which includes an unusually Cr-rich mineralogy, containing both Mn-chromite spinel and low-Fe-Cr-27 
rich (LICE) anhydrous silicates. Because these two refractory phases cannot form together in a single 28 
geochemical reservoir under equilibrium condensation, this micrometeorite’s accretionary history 29 
requires a complex timeline with formation via non-equilibrium batch crystallization or accumulation 30 
of materials from large radial distances. In contrast, the bulk composition of this micrometeorite and 31 
its internal textures are consistent with a hydrated carbonaceous chondrite source. This 32 
micrometeorite is interpreted as a fragment of fine-grained rim material that once surrounded a larger 33 
parent chondrule and was derived from a primitive carbonaceous parent body; either a CM chondrite 34 
or Jupiter family comet.  35 
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Introduction     40 

Micrometeorites are cosmic dust grains, <2mm in diameter, that originate from asteroids and comets 41 
(Kurat et al., 1994; Engrand and Maurette, 1998; Genge et al., 2008; Rubin and Grossman, 2010). Most 42 
particles are fragments of chondritic parent bodies and are, therefore, composed of either fine-43 
grained volatile-rich matrix or are coarse-grained aggregates containing anhydrous silicates. 44 
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Respectively, these represent samples of altered matrix from CM, CR, CI and ungrouped C2 parent 45 
bodies (Taylor et al., 2012; Suttle et al., 2018) as well as disintegrated chondrules with affinities to 46 
both ordinary and carbonaceous chondrites (Genge et al., 2005; Genge, 2008; van Ginneken et al., 47 
2012). The fine-grained micrometeorite class – to which the micrometeorite described here belongs 48 
– represent up to 75% of the flux (Taylor et al., 2012), are typically small (<250μm in size, at the lower 49 
end of the micrometeorite’s size range) and may originate primarily from the recently disrupted 50 
(~8.5Ma, Nesvorný et al., 2006) Veritas asteroid family.  51 

Fine-grained micrometeorites are dominated by clusters of Fe and Mg-bearing phyllosilicates (Noguchi 52 
et al., 2002; Sakamoto et al., 2010). However, these typically have experienced dehydroxylation, solid-53 
state recrystallization and potentially partial melting during their passage through Earth’s atmosphere. 54 
Thus, their matrices commonly appear as a fused, porous groundmass of micro-crystalline olivine. 55 
However, in most instances, this matrix preserves the pre-atmospheric texture of their parent body 56 
(Genge et al., 1997; Suttle et al., 2017a) whilst also retaining some unaltered relict crystals. 57 
Consequently, small (4-10μm) high-Mg olivine and pyroxene crystals are common (Imae et al., 2013) 58 
and may show fragmented angular morphologies or rounded residual morphologies, the latter of 59 
which attests to advanced aqueous alteration whilst on their parent asteroid (Suttle et al., 2018). 60 
Accessory Fe-oxides, Fe-sulfides and thermally altered organics are also common (Suttle et al., 2017a).  61 

Upon liberation from their parent body, cosmic dust rapidly (<10Ma) spirals into the inner solar 62 
system, losing angular momentum as radiation pressure exerts a force tangential to their orbit (Wyatt 63 
and Whipple 1950; Gonczi et al., 1982). This delivery mechanism, referred to as Poynting–Robertson 64 
(P-R) drag ensures that all mm-scale cosmic dust is ultimately either captured by the terrestrial planets 65 
or consumed by the Sun (Vokrouhlický et al., 2008). Thus, micrometeorites sample a large and 66 
significantly more diverse population of solar system small bodies – all those which are actively 67 
producing dust – meanwhile, their larger meteorite counterparts are transported to Earth by a 68 
restrictive set of mechanisms, including mean motion resonances with planets (Farinella et al., 1993) 69 
and by Yarkovsky drift (Vokrouhlický et al., 2000). This process means that they are derived from a 70 
limited number of parent bodies (~110-150, Greenwood et al., 2017). Consequently, the study of 71 
micrometeorites provides a diverse sample of extraterrestrial material both related to existing 72 
meteorite groups and including exotic materials that would otherwise remain unsampled and 73 
unstudied.  74 

Carbon-rich micrometeorites, characterised by extreme deuterium excesses (Duprat et al., 2010), and 75 
containing glass with embedded metal sulfides (GEMS) and primitive nebular condensates (Noguchi 76 
et al., 2017) are currently associated with distant cometary parent bodies, formed beyond the 77 
nitrogen snow line (Dartois et al., 2013; 2018). These particles are termed ultracarbonaceous Antarctic 78 
micrometeorites [UCAMMs] (Dobricǎ et al., 2009; Duprat et al., 2010; Imae et al., 2013; Noguchi et 79 
al., 2017; Yabuta et al., 2017) and provide a compelling example of how extraterrestrial dust has 80 
expanded our collective inventory of solar system materials. Likewise, unique micrometeorites with 81 
asteroidal affinities are also known; these include a fragment of basaltic crust derived from a 82 
differentiated protoplanet (Gounelle et al., 2009), a polycrystalline, fine-grained micrometeorite 83 
exhibiting evidence of flash heating and quench cooling whilst in space (Noguchi et al., 2013) and an 84 
unusually Ni-rich, oxidised and irradiated giant micrometeorite with possible affinities to the CK 85 
chondrite class (Cordier et al., 2018). 86 

Furthermore, a population of cosmic spherules with an unusual 16O-poor isotopic signature have also 87 
been described (Suavet et al., 2010; van Ginneken et al., 2017). These exotic micrometeorites may 88 
represent up to 12% of the micrometeorite flux at coarse size fractions (>300μm, van Ginneken et al., 89 
2017) and appear to sample a new chondrite class, potentially related to the ordinary chondrites, but 90 
currently lacking unmelted and well-characterised representatives.  91 

In this study we investigate a single fine-grained Antarctic micrometeorite from the Cap Prud’homme 92 
blue ice collection (CP94-050-182, Fig.1, ~100μm). This particle was recovered during the 1994 93 
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expedition (Maurette et al., 1991) and picked from filter residues by M. Genge and later analysed as 94 
part of M. Suttle’s PhD thesis (2014-2018). We selected this particle for a detailed study owing to the 95 
presence of a microchondrule (7μm diameter, Fig.1) – the first reported occurrence within a 96 
micrometeorite. To date, microchondrules within hydrated chondritic parent bodies are essentially 97 
unstudied and are, therefore, in need of characterisation and investigation. Consequently, we provide 98 
data from three microchondrules within CM chondrites (Murchison and EET 96029) for comparison. 99 
In addition, the host micrometeorite is also unusual with respect to its apparent Cr-enriched 100 
mineralogy, this is combined with textural features implying a significant period of parent body 101 
aqueous alteration and a diverse array of both high and low-temperature phases, requiring a complex 102 
geological history.  103 

Microchondrules, current perspectives: Chondrules are spherical igneous droplets, composed of 104 
anhydrous silicates, FeNi-sulfides, native metal and mesostasis glass (Hewins, 1997; Wasson, 1993). 105 
Their internal textures are porphyritic, single-crystal or cryptocrystalline and their exteriors may be 106 
mantled by successive fine or coarse-grained, concentric rims (Rubin, 1984). Microchondrules are a 107 
subset of chondrules which, by definition, are <40μm in diameter (Krot and Rubin, 1996; Krot et al., 108 
1997). They represent the predominant chondrule type among the unusual metal-rich CH chondrites 109 
(Krot et al., 2005a; 2007) whilst also being common components within the rims of larger chondrules 110 
and are especially abundant in the ordinary chondritic meteorites (Krot et al., 1997; Bigolski et al., 111 
2016). Furthermore, microchondrules are found within the anhydrous CO (ALH 77003, Kainsaz and 112 
Lancé) and CV (Vigarano and Allende) chondrites but as relatively minor components (Fruland et al., 113 
1978; Rubin et al., 1982). Finally, microchondrules have been reported from cometary materials, 114 
including the STARDUST mission samples (Zolensky et al., 2008) and in one UCAMM (Fig.5 in Noguchi 115 
et al., 2017). In contrast, the prevalence, and petrology of microchondrules in hydrated chondrites 116 
remains largely unstudied. To our knowledge no publication has yet examined microchondrules in CM 117 
chondrites and only a single study describes microchondrules from CR chondrites (Weisberg et al., 118 
1993) although using a different definition (<200μm) and providing limited petrographic details. Thus, 119 
the occurrence of microchondrules in hydrated chondrites remains largely unreported and this lack of 120 
study further extends to microchondrules in hydrated fine-grained micrometeorites.     121 

The formation mechanisms for microchondrules remain a matter of debate and likely involve several 122 
distinct processes. In the CB-CH chondrite clan microchondrule formation is, however, well-123 
constrained and appears to have occurred by crystallization from a vapour-melt plume after single 124 
high-energy planetesimal-scale collision (Krot et al., 2005a). In contrast, most microchondrules appear 125 
to have formed in the solar nebula through localized flash melting events, either by limited melting at 126 
chondrule margins or by wholesale melting of chondrules and shearing of droplets from the main 127 
body. In each case, resulting in the generation and capture of smaller molten droplets. This formation 128 
hypothesis is based on the co-occurrence of microchondrules within the fine-grained rims of normal-129 
sized chondrules and on the close geochemical and textural similarities between microchondrules and 130 
their host chondrule parents (Wasson et al., 1995; Krot et al., 1997; Krot and Rubin, 1997; Wasson and 131 
Rubin, 2009; Bigolski et al., 2016). Several transient heating mechanisms are currently suggested, 132 
including spallation within nebula shock waves (Bigolski et al., 2016), splattering events, occurring 133 
when molten chondrules collide (Dobrică et al., 2016) and electrical discharge sheets, generated by 134 
the thermal ionisation of alkali metals (Bigolski et al., 2016). Thus, most models propose that heating 135 
occurred within the solar nebula and assume that microchondrule formation and chondrule formation 136 
were synchronous. The later aqueous alteration of microchondrules whilst on their parent body has 137 
also gained interest recently with new studies describing the reprocessing of non-porous igneous glass 138 
microchondrules in LL3.0 Semarkona, resulting in oxidation without significant geochemical exchange 139 
(Dobricǎ et al., 2018).  140 

Methods 141 
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Geochemical analysis was conducted at the Natural History Museum (NHM), London in the Imaging 142 
and Analysis Centre. The micrometeorite was analysed using backscatter electron (BSE) imaging, 143 
standards-based energy dispersive X-ray (EDX) spectrometry and high-spatial resolution X-ray 144 
elemental mapping. Later, we performed high-resolution BSE imaging and standardless EDS spot 145 
analyses on features of interest within the particle’s matrix at the University of Pisa’s 146 
Interdepartmental centre for science and engineering (CISIM). Meanwhile, geochemical and textural 147 
data were collected on microchondrules within the CM chondrite’s Murchison and Elephant moraine 148 
(EET 96029) at the School of Geographical and Earth Sciences, University of Glasgow.  149 

Micrometeorite analysis: A Zeiss EVO 15LS scanning electron microscope (SEM) fitted with an Oxford 150 
Instruments’ 80mm2 X-Max silicon drift detector (SSD) energy dispersive spectrometer provided 151 
quantitative geochemical assays. All analyses were performed under high-vacuum and at a fixed 152 
working distance of 8.5mm (this being the optimal sample-to-pole-piece distance to maximise X-ray 153 
counts at the EDS detector on this instrument). An electron beam accelerating voltage of 20kV and 154 
beam current of 3nA were used, resulting in an output count rate of approximately 9kcps for silicate 155 
minerals. Spectra were acquired under process time ‘5’, with ~28% deadtime and at 60s acquisition 156 
time. The beam current was routinely monitored using the built-in Faraday cup to ensure analysis 157 
conditions remained stable. Prior to analysis, the EDX system was calibrated (for gain and energy 158 
channel) using a polished cobalt metal reference and the resulting EDX data processed using the 159 
Oxford Instruments INCA software. Standards-based quantification was performed using calibrated 160 
reference samples and applying standard XPP matrix correction routines (Wendt and Schmidt, 1978). 161 
Weight total were determined as oxide% by calculating “oxygen by stoichiometry” for each cation. The 162 
accuracy and precision for major rock-forming silicate cations were cross-checked against analyses on 163 
the Smithonian Kakanui augite reference standard, whose composition is known from dissolution. 164 
Element detection limits are on the order of 0.1-0.3wt%, while analytical uncertainties have a relative 165 
error dependent on the element’s concentration. For major elements (>10wt%) uncertainties vary by 166 
1-3wt%, for minor elements (>1-10wt%) uncertainties are ~10% and for trace elements (<2wt%) 167 
uncertainties are ~30-50%.  168 

X-ray microanalysis techniques can only quantify volumes of homogenous composition, using a matrix 169 
correction which corrects theoretical peak intensities for inter-element affects (atomic number, 170 
absorption, fluorescence). Quantification accuracies are therefore compromised where EDS analyses 171 
are conducted on an area of mixed phase composition (Dalton and Lane, 1996; Llovet et al., 2012). 172 
This is a long-standing problem for the use of EDS and EMPA on small and complex mineral 173 
assemblages and is especially problematic in planetary sciences where mineral phases in chondritic 174 
samples are commonly <10μm in size, heterogeneously mixed and, thus, form assemblages with large 175 
local variations in (atomic) density. Their analysis can result in secondary (X-ray) fluorescence effects 176 
leading to the generation of additional X-rays, within the interaction volume where the K, L and M-177 
lines of light elements are excited by X-rays emitted from elements which have previously been 178 
excited by primary interaction with the electron beam. In this study we attempted to analyse only 179 
homogeneous areas, however, this is not always possible where the size of the electron beam spot 180 
and the interaction volume within the sample is significantly larger than the phase under analysis. This 181 
is also unavoidable in the bulk analysis of the particle’s sub-micron-sized matrix (Table.1: A19-A22) 182 
but also for some spot analyses, such as on the Mn-chromite spinels (Table.1: A17, A18) which 183 
inevitably suffer from electron beam overlap and, therefore, carry higher analytical errors.  184 

To better identify micron-scale phases, embedded within the sample’s complex matrix, we used a FEI 185 
Quanta 650 field emission SEM, equipped with an annular Bruker Flat Quad EDS SDD. Initially, a 186 
hyperspectral imaging dataset that provided complete spectra for each pixel of the SEM image was 187 
acquired over the entire micrometeorite’s exposed cross section. This was ran for 60 minutes at 188 
0.18μm pixel resolution, ~28.9kcps and dead times of 5-10 % using an accelerating voltage of 12kV. 189 
The element identification was improved by use of the Maximum Pixel Spectrum function (Fig.4, Bright 190 
and Newbury, 2004). This function generates a synthetic spectrum, composed of the highest count 191 
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level for each spectrum energy channel in the hyperspectral imaging dataset and ensures detection of 192 
elements that occur even in only a single pixel of an element map (Bright and Newbury, 2004; Merlet 193 
and Llovet, 2012; Salge et al., 2017). Spatially-resolved elemental X-ray maps (Fig.2) and area spectra 194 
were extracted from this dataset. 195 

To further resolve the unusual micron-sized spherical inclusion (subsequently interpreted as a 196 
microchondrule) and its surrounding matrix geochemistry an ultra-high spatial resolution X-ray map 197 
was produced under experimental, intermediate-voltage conditions (Fig.3). An acceleration voltage of 198 
9kV was employed. At lower voltages, the interaction volume induced by the electron beam is 199 
significantly reduced. This has the effect of increasing the spatial resolution; allowing smaller features 200 
to be resolved (Merlet and Llovet, 2012; Burgess et al., 2013). Because the microchondrule in CP94-201 
050-182 has a diameter of just 7μm, and since the BSE data indicated geochemical variations within 202 
this object at a sub-micron scale, an experimental procedure was employed to resolve these features. 203 
At 9kV and an acquisition time of 16 hours and 19 minutes, an output count rate of ~6.2kpcs and 204 
deadtimes around 0% were achieved, generating a hyperspectral imaging dataset with a pixel size of 205 
just 22nm. Element maps in Fig.3 are displayed as net intensity maps, generated using an automatic 206 
routine which deconvolutes energy peaks with overlapping element lines (e.g. Fe-L, Cr-L) using a 207 
physical background subtraction (Wendt and Schmidt, 1978) and a least square fit with stored line 208 
profiles. However, we also independently estimated the effective depth of emitted X-rays and the 209 
associated radial resolution for the EDX map to determine how the electron beam interaction volume 210 
compares to the sampling resolution in the presented image. For this we used the CASINO software 211 
[v2.4.8.1] (Drouin et al., 2007) to model the beam-sample interaction. Here we defined a substrate 212 
using the bulk microchondrule composition obtained by the high voltage standards-based EDS 213 
analysis. (For further details see the supplementary material S1.) This model revealed a 400nm X-ray 214 
emission depth and a 100nm radial resolution. Since, the pixel size of an image should be at least twice 215 
as high as the spatial resolution (due to the Nyquist Limit) the pixel size used in the EDX map 216 
sufficiently oversamples the map’s true spatial resolution ensuring no data is lost (this is further 217 
explained in the supplementary materials).  218 

However, the use of intermediate acceleration voltages to obtain significantly higher spatial resolution 219 
ultimately also results in compromised quantification accuracies. This is because the optimum 220 
overvoltage ratio (U=E0/Ec) required to fully excite a given element line is approximately 2-3 times the 221 
critical energy (Ec) (Merlet and Llovet, 2012). Thus, the 9kV beam employed here carries insufficient 222 
energy to fully excite the K α-lines of elements with an atomic number Z>20 (Ca EcK=4.03keV (Merlet 223 
and Llovet, 2012). To counteract this problem the Bruker software uses a lower overvoltage ratio (1.4x 224 
the Ec), which can be applied to elements that have relatively high concentrations in the sample under 225 
analysis. In the present study, the (lower intensity) K-lines of Ti (EcK = 4.996 keV) and Cr (EcK = 5.989 226 
keV) were suitable for analysis, while the remaining transition elements (Mn, Fe and Ni) were analysed 227 
using their lower intensity L-line families. Using L-lines for quantification is, similarly, problematic 228 
owing to their lower peak-to-background ratios and the effects of peak overlap – where the L-lines of 229 
transition elements are partially obscured by the higher-signal K-lines of lighter elements (Merlet and 230 
Llovet, 2012). Thus, the quantification of the transition elements (at low and intermediate voltages) 231 
is, therefore, particularly challenging. For the lowest energy range (<1keV), L-line absorption edges lie 232 
within the bremsstrahlung background and, thus, the energy dependence of the efficiency and the 233 
uncertainties of absorption effects result in significantly higher errors (Pinard et al., 2015).  234 

The two geochemical analysis methods described above are critically evaluated in this study. We 235 
compare the calculated bulk compositions of the micrometeorite-hosted microchondrule determined 236 
using conventional high voltage standards-based EDS (collected on the Zeiss EVO) against the 237 
composition determined by intermediate voltage standardless EDS analysis from the hyperspectral 238 
imaging dataset (Fig.5 and Table.1: A1 & A2). Data obtained from the annular-Bruker SDD is highly 239 
sensitive to surface features, and under conditions in this study has a maximum penetration depth up 240 
to 670nm. By contrast, the estimated penetration depth of the high voltage standards-based EDS 241 
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(EVO) spot analysis is significantly deeper at ~3μm and therefore might be considered a more accurate 242 
approximation of the spherical inclusion’s (microchondrule’s) bulk composition. Furthermore, the 243 
spot analysis obtained by EDS, was performed under conventional operating conditions (as explained 244 
above) and therefore provided sufficient acceleration voltages to fully excite the K α lines of all 245 
elements. However, under long analysis times and/or high-voltage conditions, volatile alkali elements, 246 
such as Na and K, are susceptible to loss by migration, especially when hydrous silicate glasses are 247 
analysed. Therefore, both analyses may under-estimate the true concentrations of Na and K (Morgan 248 
and London, 1996; 2005). Thus, the discrepancy between the two datasets can be understood as a 249 
product of differing analytical times, electron beam conditions, interaction volumes and quantification 250 
procedures. Despite these many different variables, the two compositions we derive for the 251 
microchondrule (bulk) are very similar, suggesting that we are approaching close to the true 252 
composition.  253 

Mid-IR micro-spectroscopic data were collected at The Diamond Lightsource, synchrotron science 254 
facility, located in the Harwell Science and Innovation Campus, Oxfordshire, UK. A global mid-IR 255 
spectrum (Fig.6) was collected from CP94-050-182 using a rectangular aperture, whose slit size was 256 
altered to fit the geometry of the micrometeorite. Further details of the analytical conditions and post-257 
processing data handling are outlined in Suttle et al., (2017a).  258 

Analysis on CM chondrites: Two CM chondrites, Murchison and EET 96029, were also analysed for 259 
comparison. We searched their matrices for microchondrules and identified three objects. Two 260 
microchondrules in Murchison were analysed under SEM-EDS at the University of Pisa. The EET 92029 261 
microchondrule was studied by SEM and transmission electron microscopy (TEM) at the University of 262 
Glasgow. The SEM imaging used a FEI Quanta operated at 20kV. An electron-transparent sample of 263 
the microchondrule and associated fine-grained rim was prepared for TEM work using a FEI Duomill 264 
focused ion beam (FIB) instrument operated using 30kV Ga+ ions. Bright-field TEM images and selected 265 
area electron diffraction (SAED) patterns were then obtained from the ~100 nm thick sample using a 266 
FEI T20 TEM operated at 200kV. Further details of the FIB and TEM procedures, and the EET 96029 267 
meteorite, are provided in Lee et al. (2016). The two microchondrules from Murchison were analysed 268 
under SEM-EDS at the University of Pisa to obtain high-resolution BSE images and geochemical 269 
compositions.   270 

Results 271 

CP94-050-182: This particle (Fig.1) is a small (78x108μm), fine-grained Antarctic micrometeorite, 272 
containing a partial magnetite rim and no igneous rim. Dehydration cracks are common, appearing as 273 
long (>50μm), relatively wide (~3μm) voids, which are broadly orientated NE-SW (with respect to an 274 
arbitrary vertical “North”), or as many small (4μm) clustered cracks. The particle’s global mid-IR 275 
spectrum (Fig.6.) reveals only an olivine signature, implying that this micrometeorite contains a 276 
groundmass dominated by fine-grained olivine, although glass may also be present. 277 

The internal mineralogy is characterised by a heterogeneous mix of anhedral minerals (>2.5μm) and 278 
clustered mineral aggregates (<20μm, Fig.1C-F), suspended within a porous matrix (Fig.1I, 1J). This 279 
includes low-Fe (<2.5wt%), High-Ca (12-18wt%) pyroxenes (Fig.1C, Fig.7, Table.1: A3-A5) with diopside 280 
compositions and containing high trace element concentrations, Al (2.1-2.9wt%) and Ti (0.4-0.5wt%) 281 
but especially notable for their elevated Mn and Cr: Mn (0.8-1.7wt%) and Cr (consistently 1.4wt%). In 282 
addition, low-Ca pyroxene (enstatite, En67-71, Fs29-33, Wo0-1) were also identified (Fig.1D, 1I and 283 
Table.1: A6, A7), meanwhile, olivine is common (Fig.1E, 1G, 1H, 1L and 1M & Table.1: A8-A12) as both 284 
fayalite (Fo39-41) and forsterite (Fo67-88). Fayalites have detectable Na (<0.3wt%), S (0.2-0.3wt%) 285 
and Ti (<0.3wt%) as well as relatively high Al concentrations (2.0-2.8wt%). In contrast, forsterites 286 
contain detectable P (0.1-0.2wt%), Cl (<0.2wt%) Ca (0.1-0.2wt%) and Zn (0.8wt%) and have Cr 287 
concentrations up to 1.2wt% and Mn up to 0.4wt%. These anhydrous silicates are commonly 288 
surrounded by a thick irregular-shaped and coarse-grained phase with a non-stoichiometric Fe-rich 289 



[MAPS-2977.R1] 

 

composition (Table.1: A13, A14 & A19). In this micrometeorite, micron-scale Mn-bearing (Mn: 6.6-290 
7.8wt%) chromite spinels (Table.1: A17, A18 – Cr: 19-40wt%, Al: 0.4-1.0wt%) are an accessory phase. 291 
Their presence is unusual in fine-grained micrometeorites, where chromite and Cr-spinels are either 292 
absent or extremely rare (Genge et al., 2008).   293 
Elemental X-ray mapping (Fig.2) reveals the presence of a single Fe, Al, Ca and Ti hotspot with a broadly 294 
triangular shape (20x30μm in size) and with a two-phase non-stochiometric composition (Fig.1F, 295 
Fig.2D, 2E, 2H and Table.1: A13-A16). This region can be separated into an Fe-rich phase, with close 296 
similarities to the other Fe-rich regions described above that mantle the anhydrous silicates and a Ca-297 
Al-Ti-rich glass (Ca: 17.8-24.4wt%, Al:2.3-6.2wt% & Ti:0.8-1.4wt%). Such high concentrations of 298 
refractory elements represent early-formed, high-temperature CAIs (Ca-Al rich inclusions). Finally, the 299 
lower portion of this micrometeorite (Fig.1A, highlighted) is geochemically and textural distinct from 300 
the main mass (compare Fig.1I and 1J). This region has a Mg-enriched (13.7wt%), Al-depleted 301 
(~1.0wt%) composition (Table.1: A21 vs. A19, A20) abundant Cr-spinels and a greater proportion of 302 
the clustered, small dehydration cracks (Fig.1A, 1J). The contact between this domain and the rest of 303 
the micrometeorite is gradational over a width of 5μm.  304 

Although the bulk matrix composition is chondritic (Fig.5A, Table.1: A22), notable depletions and 305 
enrichments are observed. Both Ni and S are depleted, by approximately 1 order of magnitude relative 306 
to solar values. This trend is common among the Cap Prud’homme micrometeorites and reflects the 307 
leaching of highly mobile, soluble phases during interaction with terrestrial water (Kurat et al., 1994). 308 
Exposure could have occurred either during prolonged contact with Antarctic blue ice or during their 309 
extraction from the ice (Duprat et al., 2007). Additionally, a weak trend of increasing elemental 310 
abundance with increasing volatility is present, with progressive enrichments observed from Al to Zn 311 
(Fig.5A).        312 

CP94-050-182 contains a microchondrule (Fig.1B, 7μm in diameter), located near to its perimeter. This 313 
microchondrule has a chondritic and mildly volatile-enriched composition (Fig.2, Fig.5B, Fig.9 and 314 
Table.1: A1, A2) and a cryptocrystalline texture. There is a good agreement between the two bulk 315 
compositions analyses (high and intermediate voltage assays) for major elements (with abundances 316 
>2wt%). Refractory Al and Ca and the moderately refractory Mg, Fe, Cr and Si are present at chondritic 317 
abundances, while Na and K concentrations are elevated relative to chondritic compositions in both 318 
assays (Na: 6.50x and 1.43x, K: 16.90x and 2.68x respectively). However, the high voltage EVO analysis 319 
consistently overestimates the concentration of volatile and moderately volatile elements (Na, K, Cl, 320 
Mn and Zn) when compared to the standardless intermediate voltage analyses (Fig.5B and Table.1). 321 
Thus, relative to the CI Ivuna standard, Na, K and Cl concentrations are elevated by up to an order of 322 
magnitude above chondritic values although true values are likely to be closer to chondritic. The 323 
microchondrule’s internal texture is extremely fine-grained, composed of submicron crystals and 324 
contains geochemical heterogeneities (Fig.3). The microchondrule core is irregular in shape and EDX 325 
maps reveal moderate enrichment in Si, relative to the margin. In addition, several ~500nm size Ca-326 
rich phases are located in the core (Fig.3A). Conversely, the microchondrule’s margins are elevated in 327 
Fe and surrounded by a 300nm thick S-bearing rim (Fig.3B), resulting in a sharply defined contact with 328 
the matrix of the host micrometeorite.  329 

Microchondrules in CM chondrites: Three microchondrules were found within the fine-grained matrix 330 
of two CM chondrites (Fig.10). Each microchondrule is located within the rim of a coarse-grained 331 
component; either a CAI, as in EET 96029, or within chondrule rims or compound chondrule rims 332 
(Fig.10H), as in Murchison. They have diameters of 3.5-5μm and well-defined boundaries. The 333 
microchondrule in EET 96029 has a subtle internal zonation allowing a separate core and margin to be 334 
distinguished (Fig.10B). In contrast, the two microchondrules in Murchison have clear internal 335 
compositional variations with notable changes in mean atomic number outward from the core, to a 336 
marginal zone and finally to an outer rim (Fig.10I and J). A bulk chemical composition was collected 337 
for one of the Murchison microchondrules (Fig.5B, Table.1: B1, Fig.10I) showing a chondritic 338 
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composition with similar abundances of refractory and moderately refractory elements (Al, Ca, Si, Mg, 339 
Fe, Cr and Mn) to the microchondrule in CP94-050-182. Although the volatile budget for the CM 340 
microchondrule includes relatively high Na concentrations (1.2wt%), other volatile elements, such as 341 
K and Cl were not detected. However, this most likely reflects differences in the quality and analytical 342 
capabilities of the two different instruments used to measure the different microchondrules; with 343 
significantly less sensitive (higher) detection limits for the standardless intermediate voltage system 344 
(FEI 450) than for the standards-based high voltage Zeiss EVO.   345 
For the microchondrule in EET 96029, TEM imaging (Fig.10A-G) revealed a transitional boundary 346 
between the microchondrule and host matrix on the nano-scale (Fig.10E) and a poorly crystalline 347 
structure (Fig.10G). The SAED obtained from the microchondrule shows that it is composed of 348 
phyllosilicates that are poorly crystalline (i.e., with only short-range order) and randomly oriented. 349 

Discussion 350 

Micrometeorite identification: A magnetite rim, chondritic bulk composition, the presence of FeNi-351 
sulfides and dehydration cracks all confirm that this particle is a micrometeorite (Genge et al., 2008). 352 
As with all micrometeorites, atmospheric entry heating has partially overprinted the particle’s pre-353 
atmospheric petrography. Dehydration cracks imply the former presence of hydrated mineralogies 354 

(i.e., generated by the loss of water from extraterrestrial phyllosilicates; Genge, 2006), similar to those 355 
found in C2 Tagish Lake, CM, CR and CI carbonaceous chondrites (Hanowski and Brearley, 2001). 356 
However, in this particle hydrated phyllosilicates have completely recrystallized, forming a 357 
metamorphic nano-crystalline, porous groundmass - as inferred from the mid-IR spectroscopic data 358 
and explained in Suttle et al., (2017a). To resolve this micrometeorite’s geological history, we consider 359 
each of the main mineral assemblages or micro-textural features in turn.     360 

Refractory minerals, anhydrous silicates and Cr-bearing spinels: Analysis of large (>4μm) relict 361 
anhydrous silicates provides clues to the parent body affinities of micrometeorites (Steele, 1992; Kurat 362 
et al., 1994; Imae et al., 2013). In CP94-050-182, three distinct populations of anhydrous silicates exist, 363 
identified by their disparate trace element contents. They include:   364 
 365 
(1) A population of high-Ca pyroxenes (diopside) with low-Fe-Cr-enriched (LICE) [FeO/Cr2O5<1] and 366 
low-Fe-Mn-enriched (LIME) [FeO/MnO≈1] compositions (Fig.1C, Table.1: A3-5 [FeO/Cr2O3=0.4-1.1, 367 
FeO/MnO=0.6-1.4). LICE/LIME silicates are compositionally distinct from most anhydrous silicates 368 
found in carbonaceous and ordinary chondrites (Fig.7) and instead are associated with the extreme 369 
early solar system and commonly found as minor components in IDPs, Stardust samples (Dobricǎ et 370 
al., 2009) and refractory amoeboid aggregates (Sugiura et al., 2009). They survive as rare relicts in 371 
some chondrites (including LL3.0 Semarkona and CM2.6 Murchison, Klöck et al., 1989; Ebel et al., 372 
2012) and have been reported in <20 individual micrometeorites among the literature (Dobricǎ et al., 373 
2009; Imae, 2012).   374 
(2) In addition, we identified a group of high-Mg pyroxene (enstatite, Table.1: A6, A7) and olivine 375 
(forsterite, Table.1: A8, A9) grains with relatively high Mn and Cr contents – similar to the LIME/LICE 376 
silicates but with significantly higher Fe concentrations (up to 19wt%) and further united by their 377 
diverse lithophile trace element contents (minor P, S, Cl and Ca [each <1wt%]). Such similar 378 
compositions suggest that these two phases share a genetic relationship as part of a single 379 
crystallization sequence.  380 
(3) Finally, small fayalitic olivine grains (Table1: A10-A12) were also identified, containing moderate 381 
Na (<0.3wt%), S (0.2-0.3wt%) Ti (<0.3wt%) and relatively high Al (2.0-2.8wt%). Their unique and 382 
volatile-rich compositions are in stark contrast to the compositions of silicates 1 & 2.   383 

To resolve the chronology of formation, we must consider the environmental conditions required for 384 
each population. Modelling suggests that LIME/LICE crystal compositions (Fig.1C) form by 385 
condensation at high temperatures (~1200K) and under reducing conditions from a gas of solar 386 
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composition (Ebel et al., 2012). The absence of trace Ni and Co, which readily partition into silicates 387 
under oxidising conditions, supports a reducing formation environment since these elements would 388 
otherwise partition into metal phases at low oxygen fugacities (Leroux et al., 2003). Likewise, the high 389 
Ca content (12-15wt%) implies that these crystals formed simultaneously, and in equilibrium with CAIs 390 
(Sugiura et al., 2009) from a reservoir with Ca concentrations >20wt% (Pack and Palme, 2003). Thus, 391 
the LIME/LICE silicates in CP94-050-182 are interpreted as highly refractory condensation-crystalized 392 
components, representing some of the earliest solar system solids. To preserve these crystals, they 393 
must be isolated from the nebula shortly after formation, to prevent re-equilibration at lower 394 
temperatures (Ebel et al., 2012) and also avoid re-melting whilst on the parent asteroid or during 395 
atmospheric entry. However, they are resistant to aqueous alteration (Krot et al., 2005b; Sugiura et 396 
al., 2009) and have therefore survived later parent body processing in this micrometeorite.  397 

The condensation of LICE silicates can only occur if Cr-spinel is absent from the condensation 398 
sequence. This is because Cr preferentially partitions into oxides over silicates. As temperatures in the 399 
nebula dropped below 1200K, the onset of spinel growth would efficiently scavenged Cr from silicates 400 
(Sugiura et al., 2009). In contrast, if highly reducing conditions were maintained - for example by 401 
progressively increasing C/O ratios as oxygen condenses into silicates (Ebel and Alexander, 2005) - the 402 
condensation of spinel could be temporarily supressed. However, in CP94-050-182 both Cr-bearing 403 
anhydrous silicates and small Mn-chromite spinels (Fig.1B, Fig.3 and Table.1, A17, A18) coexist. Thus, 404 
a single equilibrium condensation sequence cannot explain the observed mineralogy. Instead, the two 405 
different Cr-bearing refractory phases are evidence of batch condensation, the addition of materials 406 
formed in distinct reservoirs (located at different distances and/or different epochs) and incorporated 407 
by large-scale radial mixing (Dobrică et al., 2012) or a later formation route for the Cr-spinels, such as 408 
by aqueous alteration.   409 
We rule out formation by precipitation from fluids because the morphology, size and composition of 410 
aqueously generated Cr-spinel, as described in CM chondrites (Tomeoka and Buseck, 1985) is 411 
inconsistent with the characteristics of the Cr-spinels observed here in CP94-050-054. Furthermore, 412 
the Al/Cr - Fe/Mg systematics of the Cr-spinels in CP94-050-182 (Fig.8) do not provide additional clues 413 
to their formation, since they have higher Al/Cr and lower Fe/Mg ratios that either ordinary or 414 
carbonaceous chondrites. Such anomalous compositions suggest that CP94-050-052 may not be 415 
related to any known chondrite group. 416 

After the LIME/LICE silicates, the high-Mg forsterite and enstatite population (2) would have formed 417 
under similar conditions but at lower temperatures. Although this population contains high Mn/Cr 418 
contents, this is coupled with the inclusion of volatile lithophile elements, such as P, S and Cl as well 419 
as significantly higher Fe concentrations. This strongly suggests that they formed later in the 420 
condensation sequence at lower temperatures and under rapid cooling rates (Kennedy et al., 1993). 421 
Alternatively, they could represent a second-generation of recycled silicates, formed by the 422 
reprocessing of LIME/LICE silicates in the presence of additional volatile phases, resulting in evolved 423 
Fe-rich and volatile-bearing compositions. Finally, the fayalitic olivines formed under distinctly 424 
different environmental conditions. Fayalite is associated with oxidising environments, where Fe 425 
forms Fe2+ cations that partition into silicates rather than metal (Ebel 2006). Within a condensation 426 
scenario this process requires unrealistically high dust enrichment factors (Fedkin & Grossman 2006). 427 
Therefore, an igneous history is more likely in which existing forsteritic olivine formed by melting, 428 
mixing and rapid recrystallization in the presence of Fe-metal and alkali-bearing glasses.  429 

Thus, the three anhydrous silicate populations found in this micrometeorite record a complex 430 
formation history with nebula condensates preserved alongside igneous silicates and formed in at 431 
least two separate stages of volatile addition, transient melting and mixing. This is analogous to the 432 
formation histories proposed for type II chondrules - reprocessed from type I chondrules (Wasson and 433 
Rubin, 2003).  434 
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Microchondrule formation: The exceptionally small size, cryptocrystalline texture and retention of 435 
volatile alkali elements strongly suggests that the microchondrule in CP94-050-182 formed by flash 436 
heating and subsequent quenching (at >500Khr-1, Bigolski et al., 2014). Likewise, the three 437 
microchondrules reported here from CM chondrites show similar sizes (with diameters <5μm, Fig.10) 438 
fine-grained textures and are either glassy or cryptocrystalline. They also share comparable bulk 439 
compositions, which are chondritic and mildly volatile enriched, with high Na concentrations of 1.2-440 
2.2wt%. Thus, all four microchondrules likely formed by the same mechanism and under similar 441 
conditions.  442 

Such rapid cooling rates are most easily explained by direct radiative cooling whilst residing in the cold 443 
solar nebula as free-floating objects (Bigolski et al., 2014; Dobrică and Brearley, 2013; 2016). 444 
Furthermore, the retention of volatile alkali elements requires a heating mechanism to inhibit 445 
significant evaporative loss, forcing the chondritic droplets to behave as closed systems. This can be 446 
achieved either by an extremely rapid heating cycle(s) or by maintaining dust-enriched systems, 447 
1000’s of times above solar compositions, during chondrule formation (Alexander et al., 2008). Shock 448 
waves as a viable heating source therefore seem unlikely given the prolonged pre-shock heating 449 
period associated with wave front migration (Morris et a., 2016). Likewise, vapour-melt plumes can 450 
be ruled out. Although they are capable of supporting sufficiently high dust densities to inhibit volatile 451 
(Na) evaporation, impact plumes would result in the instantaneous formation of all droplets 452 
(microchondrules and their large chondrule counterparts) whilst also producing a continuous 453 
distribution of droplet sizes. However, these features are inconsistent with the documented 454 
properties of chondrule-microchondrule aggregates which show clear evidence of repeated formation 455 
episodes and bimodal size distributions. Therefore, a different formation mechanism is required.  456 

The close association of microchondrules with a larger “parent” chondrule provides an important 457 
constraint on their formation. In addition, because microchondrules are almost always found within 458 
the fine-grained rims of chondrules/CAIs and rarely as isolated objects in fine-grained matrix, both 459 
chondrules and microchondrules most likely formed from single, related process. Furthermore, a 460 
genetic association between chondrules and microchondrules requires that microchondrule 461 
formation is a late-stage process directly associated with chondrule recycling (Bigolski et al., 2016), 462 
rim accretion and rim metamorphism. This view is supported by Dobrică and Brearley (2013; 2016) 463 
who recently identified a subclass of microchondrules within unequilibrated ordinary chondrites that 464 
have lobate protrusions extending from their surface and connecting them directly to a parent 465 
chondrule (Fig.9 in Dobrică and Brearley, 2016). This observation, when paired with the known close 466 
compositional similarities between chondrules and microchondrules (Krot et al., 1997) suggests that 467 
microchondrules are secondary melt products directly derived from larger chondrule parents. Their 468 
formation could therefore be in collisions between chondrules as favoured by Dobrică and Brearley 469 
(2016 and Rubin et al., 1982) or by electrical discharge sheets (Bigolski et al., 2016) within an accreting 470 
mesh network (Wasson and Rubin, 2009).  471 

The three microchondrules found in our CM chondrite samples are consistent with the above 472 
formation model, that is microchondrules in CM chondrites appear to be produced by localized 473 
melting at chondrule margins. In all instances, they are found within the fine-grained rims of 474 
chondrules (or a CAI) and have chondritic compositions close to a CI/CM bulk (Fig.5b), whilst also being 475 
distinct from ordinary chondrite compositions or microchondrules in ordinary chondrites (Fig.9). 476 
Furthermore, one of these microchondrules (Fig.10H and 10I, Fig.11) is contained within the fine-477 
grained rim of a large compound chondrule. This object is composed of at least three plastically 478 
deformed chondrules (with diameters >200μm). Since the compound chondrule lies at the edge of the 479 
thin section, it is not fully sampled and thus could contain several more chondrules. Additionally, the 480 
fine-grained rim is thick and multi-layered, showing evidence of truncated rims surrounding only some 481 
of the host chondrules (Fig.11). This microstructure attests to a complex chronology with successive 482 
periods of chondrule formation, rim accretion, re-melting and chondrule-chondrule collisions whilst 483 
in a partially molten state. The microchondrule (Fig.10I) is included in at least the third layer of fine-484 
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grained rim, which critically indicates formation and accretion after chondrule collisions. The outer 485 
most rim layer surrounds the entire object and includes a series of Fe-sulphide droplets representing 486 
the last phase of accretion. These simple cross-cutting relationships demonstrate the chondrule 487 
formation in Murchison (and by inference CM chondrites) involved wet chondrule collisions and 488 
microchondrule formation in a manner identical to that proposed for Semarkona by Dobrică and 489 
Brearley (2016).  490 

In contrast to the CMs, the microchondrule in CP94-050-182 is not clearly associated with a larger 491 
chondrule parent. However, because micrometeorites are small (commonly <100μm) and rim 492 
thickness can exceed 300μm (Fig.11), as demonstrated in Murchison, it is possible that CP94-050-182 493 
represents a subsample of fine-grained rim derived from a CM or CM-like chondrule. This suggestion 494 
is supported by the diverse assemblage of small chondritic components, the presence of an included 495 
lithic fragment with a distinctive texture (Figs.1J vs. 1K) as well as the similar compositions of the 496 
Murchison FGR and this micrometeorite’s bulk matrix composition (Table.1: A22 vs. B2, Fig.5B). Thus, 497 
the textures, grain sizes and grain diversity of CP94-050-182 are consistent with the petrography of 498 
fine-grained chondrule rims and their origins are likely identical, being formed as accretionary dust 499 
mantle breccias around parent chondrules and composed of fragmented chondritic debris Rubin 500 
(1984) and Metzler et al., (1992). We therefore favour chondrule-chondrule collisions, resulting in 501 
sudden melting and shearing of droplets as the most probable formation mechanism for 502 
microchondrules.  503 

Aqueous alteration on the parent asteroid: Most fine-grained micrometeorites are dominated by 504 
phyllosilicates, or their dehydration products (Kurat et al., 1994; Genge et al., 1997; Engrand and 505 
Maurette, 1998; Noguchi et al., 2002; Suttle et al., 2017a). They may contain accessory FeNi-sulfides 506 
(Genge et al., 2008), magnetite, carbonates (Sakamoto et al., 2010) and aqueously altered refractory 507 
objects, such as CAIs (Genge et al., 2008). To generate hydrated mineralogies such as these requires 508 
an episode of moderate-to-intense aqueous alteration; which most likely occurred whilst on the 509 
parent asteroid (Zolensky et al., 1997; Trigo-Rodríguez et al., 2006).  510 

Currently, the average (mean or modal) degree of aqueous alteration affecting the fine-grained 511 
micrometeorite population is unknown. However, recent analysis of five giant (>400μm) Antarctic 512 
micrometeorites, whose combined surface area exceeds 2.22mm2, revealed a complete absence of 513 
anhydrous chondrules and a paucity of anhydrous silicates (Suttle et al., 2018). Likewise, previous 514 
analyses of small fine-grained Antarctic micrometeorites have identified an apparent deficit of 515 
chondrules derived from C2 parent bodies (Engrand and Maurette, 1998; Varela and Kurat, 2009 (and 516 
references therein); Reshma et al., 2013), as well as evidence for intense aqueous alteration (Noguchi 517 
et al., 2002; Sakamoto et al., 2010; Suttle et al., 2017b). Furthermore, the flux of coarse-grained 518 
micrometeorites, which largely represent fragmented chondrules (Genge et al., 2005; van Ginneken 519 
et al., 2012), are primarily related to ordinary chondrite precursors (~70%), although intact anhydrous 520 
chondrule material from CM chondrite precursors has been recognised (Genge et al., 2005; van 521 
Ginneken et al., 2012). Collectively, this body of evidence suggests that most micrometeorites 522 
experienced at least moderate aqueous alteration, while a large proportion of the population record 523 
episodes of intense alteration - equivalent to the CM1 petrologic subtype and resulting in the 524 
complete secondary replacement of anhydrous chondrules (Suttle et al., 2018).    525 

In CP94-050-182, the matrix was primarily composed of phyllosilicates, now recrystalized to olivine 526 
(as explained previously and in Suttle et al., 2017a). Likewise, many of the anhydrous phases show 527 
clear evidence of significant replacement and alteration. Elemental mapping identified a triangular-528 
shaped region containing elevated concentrations of Ca, Al and Ti (Fig.2D, 1E and 1H). Such dense 529 
clustering of refractory elements implies the presence of a small CAI (Fig.1F, Table.1: A13-A16). 530 
However, this Ca-Al-Ti hotspot is poorly preserved, with a skeletal appearance and is intermixed with 531 
fine-grained matrix. These properties suggest that the CAI has experienced extensive alteration and 532 
now closely resembles previously described ghost CAIs in CM chondrites and micrometeorites 533 
(Greenwood et al., 1994; Genge et al., 2008).  534 
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Similarly, all three populations of anhydrous silicate in this micrometeorite have anhedral 535 
morphologies, some with rounded shaped and all are mantled by a coarse non-stochiometric Fe-rich 536 
phase (Fig.1C-F & 1I). This texture is common in CM chondrites and fine-grained micrometeorites 537 
affected by advanced aqueous alteration (Tomeoka and Busek, 1985; Hanowski and Brearley, 2001; 538 
Suttle et al., 2018) and reflects the growth secondary hydrated phases such as coarse-grained 539 
cronstedtite (Greenwood et al., 1994), ferrihydrite and Fe-sulfides (Genge et al., 2008). Notably, the 540 
LICE silicates have multiple, penetrating, micron-scale irregular cracks, which are either empty or 541 
infilled with a material of higher atomic weight. These features are similar to the meshwork 542 
replacement textures described in CM Nogoya by Velbel et al., (2012) [Figs.3 & 4] and the serpentine 543 
veining features described by Lee and Lindgren, (2016) from the CM2.6 Murchison meteorite. 544 
Collectively these observations suggests that the anhydrous silicates initially acted as a substrate and 545 
later as a donor phase for alteration. However, because micrometeorites are affected by atmospheric 546 
entry heating, the hydrated alteration phases experienced thermal decomposition and are no longer 547 
preserved, instead, showing a mixed assemblage of Fe-oxides (Greshake et al., 1998; Toppani et al., 548 
2001).  549 

Further evidence for aqueous alteration is seen in the microchondrule’s texture and geochemical 550 
zonation. This object would have initially formed as an igneous glass by quench cooling and 551 
subsequently devitrified, forming the nano-crystalline texture (Fig.3). Thus, the original glass would 552 
have been homogenous and only later, during aqueous alteration and solid-state diffusion could the 553 
observed geochemical heterogeneities be generated (Fig.3). The presence of a S-bearing rim 554 
surrounding the microchondrule likewise implies that S – a highly fluid-mobile element – was leached 555 
from the glass after formation and re-precipitated locally as an alteration deposit around the 556 
microchondrule as a thin rim (Fig.3B). The leaching of chondrule glasses during aqueous alteration is 557 
common in CR2 and CM2 chondrites and can result in depletions of Ni, S, P and alkali elements [Na 558 
and K] (Hanowski and Brearley, 2001). Furthermore, near-identical zonation is observed in all three 559 
microchondrules from the CM chondrites. They are in two different meteorites and in all instances 560 
show the same alteration features, including the formation of poorly crystalline phyllosilicate (Fig.10G) 561 
and localized leaching of material (Fig.10E). This provides clear evidence for (incomplete) alteration. 562 
We can rule out terrestrial alteration since these features are observed in the microchondrules from 563 
Murchison (an observed fall, not significantly affected by terrestrial weathering) as well as in EET 564 
96029 and CP94-050-182 that have some terrestrial weathering effects (Lee et al., 2016). However, 565 
aqueous alteration in this micrometeorite was incomplete and potentially short duration, as 566 
demonstrated by the retention of some large (>4μm) anhydrous silicates, the preservation of primitive 567 
silicate compositions and incomplete alteration of the microchondrule.  568 

Implications 569 

The parent body affinities of CP94-050-182: This micrometeorite preserves evidence for a complex 570 
history with each of the main components generated by different events and at different times. In this 571 
study, we demonstrated that it is possible to reconstruct the geological history of unmelted 572 
micrometeorites, where each stage in the particle’s history is only partially overprinted by subsequent 573 
processes. This micrometeorite provides evidence for radial mixing or batch condensation 574 
crystallization in the solar nebula as well as a complex accretionary history. The latter requires multiple 575 
stages of growth and disruption resulting in the presence of the included lithic clast as well as the 576 
small sizes of (a disintegrated) CAI and fragmented anhydrous silicates. Later, whilst on the parent 577 
body, aqueous alteration produced the phyllosilicate-rich matrix and Fe-rich mantles surrounding the 578 
refractory components. Finally, the micrometeorite experienced modest flash heating during 579 
atmospheric entry and mild terrestrial alteration whilst stored in Antarctic ice. This later terrestrial 580 
heating and alteration being similar to the moderate thermal metamorphism and Antarctic 581 
weathering experienced by EET 96029 (Lee et al., 2016) although showing no noticeable effect of the 582 
microchondrule’s composition or texture.     583 
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We interpret this particle as a fragment of fine-grained rim that once surrounded a larger parent 584 
chondrule. A CM or CM-like parent body seems most likely given notable similarities with this 585 
meteorite class in terms of bulk matrix compositions, microchondrule properties and aqueous 586 
alteration histories. However, it is also possible that this micrometeorite was derived from a different 587 
source, currently unrepresented by meteorite collections. This suggestion is supported by the 588 
presence of Cr-spinels with unique compositions (Fig.8) distinct from carbonaceous chondrites, as well 589 
as LIME/LICE silicates which are otherwise rare in carbonaceous chondrites. Thus, a cometary parent 590 
body is another possible source, as they also contain LIME/LICE silicates, microchondrules (Noguchi et 591 
al., 2017), and minerals with exotic or extreme chemical compositions.  592 

Conclusions 593 

We investigated a single fine-grained unmelted Antarctic micrometeorite with a hydrated, chondritic 594 
and Cr-rich mineralogy. This particle contains a diverse mineral assemblage with multiple features of 595 
interest, most notably a cryptocrystalline microchondrule with a geochemical zoning (revealing a 596 
distinct core, margin and rim). We compare this object against three newly described microchondrules 597 
from CM chondrites. Collectively these four objects represent the first detailed petrographic data for 598 
microchondrules in a hydrated chondritic host, and thus further demonstrate the ubiquity of 599 
microchondrules in chondritic meteorites. Microchondrule formation appears to be intimately 600 
associated with the accretion of fine-grained rims on larger chondrule parents and with their later 601 
modification by flash heating. We agree with the previous conclusions of Dobricǎ and Brearley (2016) 602 
that microchondrules are most likely generated in chondrule collisions where melt droplets at the 603 
chondrule margin escape their parent chondrule. However, these droplets must then rapidly cool and 604 
cannot travel far before they are again trapped during the accretion of fine-grained rims. The entire 605 
chondrule and rim formation mechanism was cyclic, high-energy, rapid and occurred in high density 606 
environments rich in fragmented refractory materials and lithic clasts.     607 
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Table.1. SEM-EDS analyses of various phases within CP94-050-182 (A1-A22), as well as microchondrule and fine-grained matrix in CM Murchison (B1 & B2). Values are listed in 873 
weight percent, quoted to 1 decimal place and their suspected phases listed. We also show their At% stochiometric ratios for several elements and calculated Mg#, which aid 874 
in the identification and characterisation of mineralogy. Analyses were collected using either standards-based EDS (marked as EVO) or as standardless EDS extracted from the 875 
hyperspectral imaging dataset or collected as direct spot analyses (and marked as FEI 650 or 450 respectively). The standardless EDS FEI 650 results have their displayed weight 876 

totals normalized to 100wt% [italicized]. (Note: “-“ represents values for below analytical detection limits, additionally, the uncorrected weight totals, displayed for the EVO 877 

analyses, which exceed 100wt% [A3, A4] suggest an inhomogeneous sample volume and therefore beam overlap).  878 

  879 

ID 
Instrum-

ent No. Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Ni Zn O Total 
At% 
O/Si 

At% 
O/Fe 

At% 
Mg# Suspected phase 

Solid solution 
composition Notes 

A1 EVO 3 1.9 9.8 1.5 16.1 - 0.3 1.2 0.5 0.8 - 0.5 0.2 18.8 - 0.1 33.3 85.0 3.6 6.2 54 Amorphous after 
phyllosilicate 

- 
Atered 

microchondrule A2 FEI 650 - 0.4 9.5 1.7 19.9 - 0.2 0.1 0.1 0.8 - 0.6 - 17.8 - - 37.0 88.0 3.3 7.3 55 

A3 EVO 1 - 12.5 2.1 26.2 - - - - 14.9 0.5 1.4 0.8 0.9 - - 47.3 106.6 3.2 175.8 97 High-Ca Pyroxene 
FeO/MnO=0.6-1.4 
FeO/Cr2O3=0.4-1.1 

En57, Fs2, Wo41 
LICE pyroxenes 

[Diopside] 
A4 EVO 1 - 12.3 2.9 25.0 - - 0.2 - 12.4 0.4 1.4 1.7 2.4 - - 46.2 104.8 3.2 68.1 92 En59, Fs5, Wo36 

A5 FEI 450 2 0.1 13.2 2.7 26.8 - 0.1 - - 17.5 0.5 1.4 1.3 0.8 - - 35.7 100.0 2.3 157.8 97 En55, Fs1, Wo44 

A6 FEI 450 1 0.2 21.1 1.0 21.6 0.2 0.5 - - 0.2 0.2 0.2 0.5 19.5 - - 34.8 100.0 2.8 6.2 71 
Low-Ca Pyroxene 

En71, Fs29, Wo0 
Enstatite 

A7 FEI 450 1 0.7 17.3 1.6 24.0 0.1 0.2 - - 0.2 0.1 0.7 0.3 19.3 - - 35.5 100.0 2.6 6.4 67 En67, Fs33, Wo1 

A8 EVO 1 - 16.8 0.7 16.5 0.2 0.4 0.2 - 0.2 - 0.3 - 18.6 - 0.8 37.1 91.8 3.9 7.0 68 

Olivine 

Fo67, Fa32 
Forsterite 

A9 FEI 450 1 - 29.0 0.6 19.1 0.1 0.1 - - 0.1 - 1.2 0.4 8.7 - - 40.7 100.0 3.7 16.4 89 Fo88, Fa11 

A10 EVO 1 - 9.7 2.0 13.4 - 0.2 0.5 - - - 0.3 0.2 32.3 - - 33.2 91.7 4.4 3.6 41 Fo41, Fa59 

Fayalite A11 FEI 450 1 0.3 11.1 2.5 14.6 - 0.3 - 0.1 - 0.3 0.1 0.2 39.6 - - 30.8 100.0 3.7 2.7 39 Fo39, Fa61 

A12 FEI 450 1 0.2 10.4 2.8 15.1 - 0.3 - 0.1 0.1 - 0.5 0.4 39.7 - - 30.4 100.0 3.5 2.7 38 Fo37, Fa62 

A13 EVO 1 - 6.6 1.7 12.4 - - 0.1 - 3.1 0.4 - - 35.4 - - 31.6 91.3 4.5 3.1 30 

Altered CAI - 

Fe-rich phase 
A14 FEI 450 1 0.2 6.9 2.7 14.5 - 0.1 - - 3.8 0.4 0.2 0.3 40.4 - - 30.5 100.0 3.7 2.6 28 

A15 FEI 450 1 0.0 8.6 6.2 21.8 - 0.1 - 0.2 24.4 1.4 0.3 - 1.5 - - 35.5 100.0 2.9 81.1 93 
Ca-rich glass 

A16 FEI 450 1 0.4 11.7 2.3 26.4 - 0.1 - - 17.8 0.8 - - 4.4 - - 36.1 100.0 2.4 28.6 86 

A17 EVO 1 - 11.5 1.0 12.5 - 0.8 0.2 - 0.2 - 19.0 7.8 14.5 - - 39.1 106.5 5.5 9.4 65 Chromite  [At% 
O/Cr = 3.9-6.7] 

- Overlap with matrix  A18 FEI 650 - - 2.7 0.4 4.9 0.1 0.5 - - - - 40.1 6.6 12.3 - - 47.5 115.0 17.1 13.5 34 

A19 EVO 1 - 7.1 2.0 12.8 - 0.1 - - 0.7 - 0.3 0.3 39.0 - - 32.9 95.1 4.5 2.9 29 

Fine-grained matrix - 

 
A20 EVO 2 - 11.6 1.2 14.3 0.1 0.7 0.3 - 0.2 - 0.6 - 18.9 0.4 0.5 32.1 80.9 3.9 5.9 59 

A21 EVO 2 - 13.7 1.0 12.5 0.3 0.5 0.4 - 0.2 - 0.8 0.1 22.8 0.1 0.8 32.4 85.5 4.6 5.0 58 Dark clast 

A22 EVO 8 - 12.5 1.1 13.1 0.2 0.5 0.4 - 0.2 - 0.7 0.1 22.4 0.3 0.6 32.2 84.2 4.3 5.0 56 Average [in spider] 

B1 FEI 450 4 1.2 18.9 1.4 20.3 - 3.2 - - 0.4 - 0.3 - 20.3 0.5 - 33.5 100.0 2.89 5.75 68.1 Glass - Microchondrule 
B2 FEI 450 4 0.8 10.8 1.7 12.0 - 4.8 - - 1.0 0.1 0.3 - 36.3 2.4 - 29.9 100.0 4.39 2.86 40.4 Matrix - FGR 
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Fig.1. (A) CP94-050-182, a small (~100μm) Antarctic micrometeorite with a complex formerly hydrated C2 mineralogy. Selected features of interest are shown in B-M and 880 
include (B) a microchondrule with a cryptocrystalline texture and thin S-bearing rim, (C) LICE silicates, (D, E, H, I, L and M) relict anhedral silicates with rounded perimeters and 881 
mantles of (dehydroxylated) Fe-phyllosilicate, (F) an aqueously altered CAI and (G) a thermally decomposed mass of coarse-grained Fe-phyllosilicate. Also shown are high-882 
magnification regions of the fine-grained matrix, both within the main lithology (J) and the Cr-enriched dark clast (K).   883 

  884 



  

Fig.2. Whole particle EDS X-ray net intensity maps collected at 12kV. This dataset reveals elemental distribution 885 
and partitioning in CP94-050-182. White intensity reflects proportionally higher element concentrations and 886 
thereby reveals minerals which are compatible for a given element. A-I show the distributions for Mg, Fe, Si, Al, 887 
Ca, K, Cr, Ti and S respectively. The combined high intensity Al, Ca and Ti region (circled in yellow in H) highlights 888 
the presence of a refractory inclusions - a CAI that was incompletely replaced by aqueous alteration. Additional 889 
features that are visible include: the high-Ca pyroxenes (circled in red in E), the high density of Cr-bearing spinels 890 
(circled in blue in G), abundant in the clast, the magnetite rim which lines the particle perimeter and is clearly 891 
seen in the Fe map (B) and the striking absence of S (I) from the microchondrule. This hyperspectral dataset was 892 
collected at 12kV, with a total analysis time of 60 minutes. Each pixel in this data cube is 0.18μm, the field of 893 
view is ~140μm.  894 

   895 
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Fig.3. A high spatial resolution (intermediate-voltage [9kV])) elemental net intensity X-ray map. Revealing the 896 
distribution and partitioning of elements within the spherical inclusion (microchondrule) and surrounding 897 
matrix. Elements A) Mg Kα, Fe L Ca Kα, B) Si Kα, S Kα, Cr L shown, which, with the exception of O and Al, represent 898 
the most abundant elements by weight percent within this field of view. This figure highlights geochemical 899 
heterogeneities within the chondrule. An irregular-shaped core contains Si and Ca-enrichments, while the 900 
chondrule margin is enriched in Fe. A thin sulphur rim mantles the chondrule, this may reflect the leaching of S 901 
from the (former) chondrule glass during a later phase of aqueous alteration. B) A chain of (Mn and S-bearing) 902 
Cr-spinels are seen in the bottom left of the map.   903 

 904 

  905 
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Fig.4. The maximum pixel spectrum – a synthetic energy dispersive spectra – generated from the X-ray element 906 
map shown in Fig.3. Constructed by selecting the maximum pixel value within each X-ray energy plane and 907 
ignoring the remaining pixels. This spectrum provides a more accurate means of peak identification and is 908 
important in identifying trace constituents within an hyperspectral imaging dataset (Bright and Newbury, 2004). 909 
Spectrum peaks are labelled with their appropriate elemental signatures. Note, a single peak, located at ~0.3keV 910 
and which exceeds 300 counts, is generated by carbon originating from (1) the carbon coat applied to the sample 911 
to maintain electrical conductivity, (2) from hydrocarbon contamination arising where the electron beam 912 
interacts with trace CO2 molecules held in the sample chamber and (3) from the excitation of carbon in the epoxy 913 
resin medium that holds the micrometeorite. This peak is, therefore, not part of the micrometeorite’s 914 
mineralogy.  915 
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Fig.5. Spider diagrams revealing the particle’s (A) bulk composition and (B) the microchondrule composition 917 
within CP94-050-182. Bulk compositions for the microchondrule are calculated by standards-based SEM-EDS on 918 
the EVO (solid black line) and by standardless EDS after integrating the quantified (intermediate-voltage) X-ray 919 
elemental mapping spectra. Elements are ordered by increasing volatility, as defined in Lodders (2003).    920 

 921 

  922 
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Fig.6. The global mid-IR spectrum (8-13μm) of CP94-050-182, revealing an olivine dominated bulk mineralogy 923 
and comparison against olivine mineral standard spectra at the approximate solid solution end members. 924 
(Note: Olivine mineral spectra were obtained from the RRUFF database)   925 

 926 

 927 

 928 

 929 

 930 

 931 

 932 

 933 



  

Fig.7. Major-trace element data obtained from high-Ca pyroxene grains found within CP94-050-182. The solid black line, dashed grey line and dotted black line represent the 934 
common compositional fields for pyroxene grains found within CM2, CR3 and UOC chondrites, respectively (data taken from Genge, 2008). Both pyroxene grains in CP94-050-935 
182 are distinct from chondritic pyroxenes and instead fall approach the compositions field of low-Fe-Cr-enriched (LICE) and low-Fe-Mn-enriched (LIME) silicates (Klöck et al., 936 
1989; Ebel et al., 2012).       937 
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Fig.8.  Fe⁄(Fe + Mg) versus Cr⁄(Cr + Al) At% ratios from chromites in ordinary chondrites (grey), CM chondrites 940 
(dark blue) and CO chondrites (light blue). Data for CP94-050-182 is shown as EVO data (black cross) and FEI data 941 
(black diamond). This figure is adapted after van Ginneken et al., (2012) with data taken from Bunch et al. (1967); 942 
Fudali and Noonan (1975); Johnson and Prinz (1991) and Wlotzka (2005).  943 
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Fig.9. Geochemical comparison between the micrometeorite-hosted microchondrule analysed in this study 945 
(shown as a black cross [EVO data] and a black diamond [FEI QMAP data]) and the bulk compositions of 106 946 
glassy (V-type) cosmic spherules (shown in light green) and 76 microchondrules, found within the ordinary 947 
chondrites LL3.4 Manych (Dodd, 1978) LL3.0 Semarkona, LL3.15 Bishunpur and the ungrouped 3.05 NWA 5717 948 
(Bigolski et al., 2016) [and shown as light grey circles]. The dotted black line delineates the solar ratio as 949 
determined by the analysis of CI Ivuna. Elements are ordered by increasing volatility from Al2O3 to Na2O.  950 
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Fig.10. Microchondrules in CM chondrites, one was found in EET 96029 (A-G) and two were found in Murchison 953 
(H-J). All are located within the fine-grained rims of coarse-grained components (either a CAI, chondrule or 954 
compound chondrule) and have similar diameters (3-5μm). In EET 96029 the CAI is composed of spinel (dark 955 
grey) surrounded by a phyllosilicate rim (white). These microchondrules show weak internal zonation and have 956 
glassy textures. TEM data suggest they are composed of poorly crystalline phyllosilicate. Note: panels A, B, H, I 957 
and J are SEM-BSE images, panels C, D, E and F are TEM bright-field images, while G is a SAED pattern. Highlighted 958 
regions B1 and B2 mark the locations of spot and wide beam EDS analyses (seen in Table.1).  959 

  960 
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Fig.11. Large compound chondrules in CM Murchison. In the upper right a compound chondrule containing the 961 
studied microchondrule is shown. This object has a complex rim chronology, we have outlined sections of each 962 
fine-grained rim to demonstrate successive growth periods. Since some rims are truncated or surround only 963 
some of the host chondrules, this requires that rim formation occurred in several distinct stages.   964 

 965 

 966 


