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Abstract

Micrometeorites are cosmic dust particles recovered from the Earth’s surface that dominate the influx of extraterrestrial
material accreting to our planet. This paper provides the first in-depth study of the weathering of micrometeorites within
the Antarctic environment that will allow primary and secondary features to be distinguished. It is based on the analysis
of 366 particles from Larkman Nunatak and 25 from the Transantarctic Mountain collection. Several important morpholog-
ical categories of weathering effects were identified: (1) irregular and faceted cavities, (2) surface etch pits, (3) infilled cavities,
(4) replaced silicate phases, and (5) hydrated and replaced metal. These features indicate that congruent dissolution of silicate
phases, in particular olivine, is important in generating new pore space within particles. Comparison of the preservation of
glass and olivine also indicates preferential dissolution of olivine by acidic solutions during low temperature aqueous
alteration. Precipitation of new hydrous phases within cavities, in particular ferrihydrite and jarosite, results in pseudomorph
textures within heavily altered particles. Glass, in contrast, is altered to palagonite gels and shows a sequential replacement
indicative of varying water to rock ratios. Metal is variably replaced by Fe-oxyhydroxides and results in decreases in Ni/Fe
ratio. In contrast, sulphides within metal are largely preserved. Magnetite, an essential component of micrometeorites formed
during atmospheric entry, is least altered by interaction with the terrestrial environment. The extent of weathering in the
studied micrometeorites is sensitive to differences in their primary mineralogy and varies significantly with particle type.
Despite these differences, we propose a weathering scale for micrometeorites based on both their degree of terrestrial
alteration and the level of encrustation by secondary phases. The compositions and textures of weathering products, however,
suggest open system behaviour and variable water to rock ratios that imply climatic variation over the lifetime of the microm-
eteorite deposits.
� 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
http://dx.doi.org/10.1016/j.gca.2015.11.045
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1. INTRODUCTION

Micrometeorites are extraterrestrial particles 10 lm to
2 mm in size, which represent in term of mass the most
important part of the flux of extraterrestrial material to
accrete to the Earth’s surface (Rubin and Grossman,
2010). The particularly dry and cold conditions and low
abundance of atmospheric contaminants make Antarctica
an ideal location for the preservation and recovery of this
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extraterrestrial material. Over the last decades, numerous
micrometeorite collections have been obtained: by melting
ice in the South Pole Water Well station (Taylor et al.,
1998), the Cap Prud’homme station (Maurette et al.,
1991), and in the Yamato Mountains (Terada et al., 2001);
by melting of fresh snow in Concordia station (Duprat
et al., 2007); by processing sediments on top of nunataks
in the Transantarctic Mountains (TAM) (Rochette et al.,
2008). Micrometeorites have also been successfully
extracted from a glacial moraine at the Larkman Nunatak
in 2006. Micrometeorites collected from ice and snow have
generally young terrestrial ages, as they were collected only
in the younger superficial layers (up to �10 ka for the South
PoleWaterWell collection; Taylor et al., 1998). On the other
hand, micrometeorites from the TAM have accumulated
over the last �1 Ma (Folco et al., 2008; Rochette et al.,
2008).

Studies have shown that Antarctic meteorites have suf-
fered chemical weathering despite being preserved in the
Earth’s driest and coldest environment. The effects of
weathering on Antarctic meteorites have been extensively
described in the literature (Gooding, 1982, 1986a,b;
Velbel, 1988, 2014a; Jull et al., 1988; Velbel and Gooding,
1990; Velbel et al., 1991; Wlotzka, 1993; Bland et al.,
2006; Losiak and Velbel, 2011). They include rusting of
metallic phases to Fe-oxyhydroxides, hydrolysis of silicates
and formation of clay minerals, and precipitation of evap-
oritic carbonates and sulphates. During weathering, ele-
ments are mobilised and are either gained or lost
depending on the chemistry of the material in which they
were stored or on the mineralogy of the meteorite (Bland
et al., 2006). Weathering scales for ordinary chondrites
and CR and CK carbonaceous chondrites have been devel-
oped and are based on the progressive replacement of
primary phases by weathering products (Wlotzka, 1993;
Rubin and Huber, 2005). Due to significant differences in
mineralogy and chemistry between meteorite groups, devel-
oping a unique scale of weathering for all meteorites is not
possible.

Although effects of weathering on micrometeorites have
been mentioned in the literature, explaining the geochemi-
cal processes producing them was not the principal objec-
tives of these works (Blanchard et al., 1980; Genge and
Grady, 1998; Blackhurst et al., 2004; Suavet et al., 2009a;
Taylor et al., 2012; Van Ginneken et al., 2012). The prefer-
ential dissolution of silicate minerals is a terrestrial weath-
ering effect observed in collections from the deep-sea,
Greenland, the South Pole Water Well, and the TAM
(Blanchard et al., 1980; Maurette et al., 1987; Suavet
et al., 2009a; Taylor et al., 2012). Other effects of weather-
ing include COPS phases (for Carbon-, Phosphorous- and
Sulphur-bearing iron oxides) resulting from the oxidation
of metallic phases (Genge and Grady, 1998; Blackhurst
et al., 2004). The overabundance of magnetite dominated
particles (I-type and G-type cosmic spherules) from the
deep-sea, which are more resistant to weathering than
silicate-dominated particles, shows that terrestrial weather-
ing can introduce an important bias in micrometeorite col-
lections. Therefore, knowing how terrestrial weathering will
affect the preservation of micrometeorites and evaluating
possible biases introduced in large micrometeorite collec-
tions can have a significant impact for studies focusing on
the estimation of the flux of extraterrestrial matter to the
Earth’s surface. This is especially the case for old collec-
tions, which can give important information on the vari-
ability of this flux over the recent geological past (e.g., the
TAM collection; Rochette et al., 2008).

Here, we report the first comprehensive study of the
weathering of micrometeorites from the Larkman Nunatak
(hereafter LK), Antarctica. Micrometeorites from the TAM
collection are also studied for comparison. The main aim of
this work is to describe the effects of terrestrial weathering
on micrometeorites and the geochemical processes control-
ling them. We will then discuss the implications of this work
for the determination of weathering rates of micromete-
orites, the effects of weathering for the preservation and
abundance of micrometeorites, and the environmental fac-
tors controlling the weathering of micrometeorites. Finally,
we will present the first weathering scale for micromete-
orites from Antarctica.

2. SAMPLES AND METHODS

2.1. Sample selection

The micrometeorites studied in this work were recovered
from a glacial moraine near LK (85�460S, 179�230E).
Micrometeorites from LK were collected in 2006 by one
of us (MG), whilst those from the TAM collection were col-
lected during the 2006 Programma Nazionale di Ricerche in
Antartide (PNRA) expedition. The LK micrometeorites
were collected within moraine beneath a 4 cm thick snow
cover (Fig. 1). The moraine is an East–West plateau extend-
ing ca. 1.5 km by 700 m, which rises up to 30 m above the
surrounding meteorite-rich blue ice. It is separated from
the nunatak by a depression of up to 500 m wide. Samples
were collected from the southern edge of a boulder ridge
approximately 40 m into the moraine and located approxi-
mately half way through the moraine along an East–West
traverse. Bedrock exposed at LK is restricted to thick lava
flows of the Kirkpatrick basalt with well-developed colum-
nar jointing evident on larger exposures. Extensive
hydrothermal alteration of the basalt has occurred in
places, with abundant amygdales filled with zeolites and
calcite. Within the moraine, basalt also represents the most
abundant lithology amongst larger boulders. However, a
diverse assemblage of lithologies is present, including pale
ochre calcareous siltstones, micritic limestones, dolerite,
and sparse anthracitic coal. Siltstones tend to form tabular
clasts due to extraction along bedding and include abun-
dant well-preserved fossil ferns. Silicified to carbonised
fossil wood is also present in these rocks. A layer of fine-
grained material ranging in size from clay to 5 cm granules
was present throughout the snow covered areas of the mor-
aine at the margin between the snow and the underlying
blue ice. Reverse grading was noted in the fine-grained
layer. Samples were collected from the fine-grained layer.

Micrometeorites from the TAM collection were recov-
ered from traps at the top surface of the Miller Butte
(72�42.0780S, 160�14.3330E) and Pian delle Tectiti



Fig. 1. (a) Sketch map of Antarctica showing the locations of the
Larkman Nunatak (LK), Miller Butte (MB), and Pian delle Tectiti
(PT). (b) Panoramic view of LK. Arrowed is the sampling area
where glacial moraine was collected. (c) Detail of the sampling
area. Note the 4 cm thick layer of snow on top of the moraine.
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(74�11.0130S, 162�14.3750E) nunataks (MB and PT in
Fig. 1). Detailed information on the collection procedure
is given in van Ginneken et al. (2012). The geological
settings of Miller Butte and Pian delle Tectiti were
described by Van Ginneken et al. (2010) and Folco et al.
(2008, 2009), respectively.

The moraine samples were prepared by washing in water
and were subsequently dried and size separated using 106,
250, 425 and 850 lm sieves. Three hundred and eighty-
eight micrometeorites >106 lm in size were hand-picked
from the sieved material under the stereomicroscope.
Micrometeorites were identified on the basis of their shape
(e.g., cosmic spherules) and dark colour. In addition, 25
micrometeorites from the TAM collection held at theMuseo
Nazionale dell’Antartide, University of Siena, Italy, were
studied and selected specifically for their weathering effects.

2.2. Petrography and major element analyses

The micrometeorites were first mounted on clear adhe-
sive tape and observed using a LEO 1455 environmental
scanning electron microscope (SEM) at the Imaging and
Analysis Centre (IAC) of the National History Museum
(NHM) London, to gather information on morphology
and structure. Subsequently, the micrometeorites were
embedded in epoxy, sectioned and polished at the NHM.
A petrographic study of the sectioned micrometeorites
was carried out using a Zeiss EVO 15LS SEM and a Philips
XL30 field-emission SEM.

Micrometeorites were analysed by wavelength dispersive
X-ray (WDX) spectrometry using a Zeiss EVO 15LS SEM
at the IAC. Operating conditions were an accelerating volt-
age of 15 kV, a 3.0 nA beam current, and a beam spot of
4 lm. Cobalt metal and Kakanui augite were used for
instrumental calibration. Both S and C could be detected
by the detector. Detection limits (and standard deviation)
for the determined oxides (data in wt%) are as follows:
Na2O = 0.01(±0.09), MgO = 0.15(±0.14), Al2O3 = 0.07
(±0.10), SiO2 = 0.27(±0.19), P2O5 = 0.04(±0.03),
SO3 = 0.01(±0.06), Cl = 0.02(±0.04), K2O = 0.02(±0.06),
CaO = 0.12(±0.06), TiO2 = 0.01(±0.07), Cr2O3 = 0.01
(±0.03), MnO = 0.01(±0.03), FeO = 0.13(±0.16),
NiO = 0.12(±0.05). Minor and major elements represent
elements having a concentration below and above �1 wt
%, respectively.

2.3. Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy spectra
of four cosmic spherules were determined using a Philips
PU9800 FTIR spectrophotometer at the NHM. A
50 � 50 lm aperture was used and the spectra are averages
of 40 individual analyses each. Both pristine and altered
areas of cosmic spherules were analysed in the Mid-
Infrared (8–15 lm) with a step increment of 2 cm�1.

3. RESULTS

3.1. Micrometeorites studied

Table 1 lists all the micrometeorites studied; they have
been classified using the scheme by Genge et al. (2008). This
classification scheme is based on the degree of thermal alter-
ation suffered during atmospheric entry heating. For this
study, micrometeorites of four different classes were
studied, including the totally melted cosmic spherules, the
partially melted scoriaceous micrometeorites and the fine-
grained and coarse-grained unmelted micrometeorites.



Table 1
List of micrometeorites studied, classified after Genge et al. (2008).

Types Larkmana TAMb

Cosmic Spherules (CSs) 366 25
Stony 338 25

Porphyritic Olivine (PO) 114 6
Barred Olivine (BO) 109 5
Cryptocrystalline (CC) 38 8
Coarse-grained (CgCS) 16 –
Glass (V) 61 6

Iron (I) 21 –
G-type 7 –
Scoriaceous (ScMM) – 2
Unmelted (UMM) – 3

Fine-grained (FgMM) – –
Coarse-grained (CgMM) – 3

a Larkman Nunatak collection.
b Transantarctic Mountains collection.
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Cosmic spherules are subdivided into three types:
S-type, G-type and the I-type cosmic spherules. S-type cos-
mic spherules are mainly made of silicate phases, such as
olivine and glass. G-type cosmic spherules comprise mag-
netite dendrites embedded in glass. Finally, I-type cosmic
spherules are dominated by magnetite and wüstite, with
rare FeNi metal inclusions. S-type cosmic spherules are fur-
ther subdivided into six subtypes sorted by increasing peak
temperature experienced during atmospheric entry heating:
the CAT cosmic spherules, mainly composed of refractory
elements; the V-type cosmic spherules consisting mainly
of glass; the cryptocrystalline (CC) cosmic spherules domi-
nated by submicrometre crystals of olivine and magnetite;
the barred olivine (BO) cosmic spherules dominated by par-
allel growths of olivine crystals within glass; the porphyritic
olivine (Po) cosmic spherules dominated by equant and
skeletal olivine within glass; and, finally, the coarse-
grained cosmic spherules, which contain more than 50 vol
% of relict minerals.

The scoriaceous micrometeorites consist of fayalitic
olivine microphenocrysts with interstitial glass. They often
contain abundant relict mineral phases and relict matrix
areas. The fine-grained unmelted micrometeorites have a
texture and mineralogy similar to C1, C2 and C3 carbona-
ceous chondrite matrix. The coarse-grained micromete-
orites can be chondritic or achondritic. In this study, we
have only studied chondritic coarse-grained micromete-
orites having a texture and mineralogy similar to equili-
brated ordinary chondrites.

3.2. Identifying potential weathering features

Potential mineralogical and textural properties in
micrometeorites formed as a result of terrestrial weathering
are distinguished from primary features formed during
atmospheric entry heating on the basis of several criteria:
(1) spatial correlation with the surface of particles or indi-
vidual crystals, (2) voids that may be formed by dissolution
of pre-existing phases, and (3) partial to complete fillings of
irregular voids or vesicles with polycrystalline assemblages
of minerals. These criteria provide strong evidence for an
origin by weathering within particles that experienced melt-
ing during atmospheric entry and that are unlikely to pre-
serve mineralogical or textural evidence for parent body
aqueous alteration (i.e., alteration on the source asteroid
or comet). In unmelted fine-grained micrometeorites these
criteria provide only weak evidence for origin by terrestrial
weathering. These considerations will be discussed further
later in interpreting weathering effects.

3.3. Categories of weathering effects

Several distinct categories of weathering effects were
observed within particles in the current study and vary
widely in intensity with particle type and between individual
particles. The most important weathering effects are: (1)
irregular or faceted cavities, (2) etch pits, (3) infilled cavi-
ties, (4) replaced silicate phases, and (5) hydrated and
replaced metal.

3.3.1. Irregular and faceted cavities

As a general rule, cavities are identified in micromete-
orites by their extremely low signal intensity in BSE images
in comparison to mineral phases. In BO, Po and CC cosmic
spherules, the cavities occur mainly within olivine crystals.
Identical cavities have already been observed in micromete-
orites from Antarctica and from deep sea sediments
(Blanchard et al., 1980; Brownlee et al., 1997; Suavet
et al., 2009a). Cavities showing irregular shapes typically
occur within olivine crystals (e.g., Fig. 2a), whereas faceted
cavities are devoid of remnant olivine and are bordered by
interstitial glass and are typically present in BO and Po cos-
mic spherules (e.g., Fig. 2b–f). The faceted cavities show
euhedral or elongated shapes similar to coexisting olivine
crystals. In BSE images of CC cosmic spherules, cavities
are characterised by their shape, which are similar to skele-
tal crystals of olivine, whereas the interstitial glass has been
preserved (e.g., Fig. 3a and b). In partially weathered cos-
mic spherules, the cavities are concentrated on the margins
of the particles and are often absent in their core area
(Fig. 2a and d–i). In CC cosmic spherule #LK06-0091, cav-
ities are also concentrated along a crack cutting through the
particle (Fig. 2h). In general, the size of the cavities ranges
from several tens of micron to below the resolution of a
SEM. In most cases, the cavities are devoid of secondary
materials (e.g., Fig. 3c–f).

Irregular and faceted cavities were observed in 41% of
the Po cosmic spherules from LK. The abundance of cavi-
ties varies between individual particles and represents up to
100% of the crystalline phases in particles (i.e., excluding
interstitial glass). In BO cosmic spherules, 49% of the par-
ticles exhibit cavities to a various extent.

3.3.2. Etch pits

Etch pits were observed in 13 Po cosmic spherules from
LK (Fig. 3c and f). Their V-shaped outline is identical to
etch pits observed in terrestrial olivine (Velbel, 2009, and
references therein). The etch pits commonly occur simulta-
neously with irregular and faceted cavities.

In cross-section, etch pits are wedge-shaped and parallel
to each other. The etch pits typically occur in euhedral



Fig. 2. Scanning electron microscope backscattered electrons images of weathered cosmic spherules. (a) Po cosmic spherule #LK06-0026 in
which olivine crystals nearest to the surface have been removed. (b) and (c) Po cosmic spherules #7.42 and #21.66 showing high degrees of
weathering, with olivine crystals totally dissolved. (d–f) BO cosmic spherules #LK06-0038, #LK06-0022 and #LK06-0047 showing various
degrees of olivine dissolution. (g)–(i) CC cosmic spherules #LK06-0023, #LK06-0091 and #20.02, showing various degrees of olivine
dissolution. (j) V-type cosmic spherule #LK06-0036 exhibiting scattered corrosion pits on its surface. (k) V-type cosmic spherule #LK06-0119
exhibiting a lamellar discontinuous leached layer. (l) V-type cosmic spherule #LK06-0116 exhibiting a continuous leached layer of constant
thickness completely surrounding the particle. (m) Magnetite-rich BO cosmic spherule #LK06-0526 showing a high degree of weathering with
most olivine crystals having been dissolved. (n) An I-type cosmic spherule showing a pristine FeNi metal sphere enclosed in the magnetite and
wüstite intergrowth. (o) G-type cosmic spherule #LK06-0027 showing pristine magnetite dendrites enclosing an altered FeNi metal sphere.
The scale bars are 50 lm. Abbreviations: Ol = olivine; Gl = glass; Pal = palagonite-like gel; Mag = magnetite; Met = FeNi metal;
Cav = cavity; FeOx = Fe-oxide; Enc = encrustation.
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olivine crystals and are identified by their low signal inten-
sity in SEM-BSE images. Etch pits also occur in olivine
crystals of coarse-grained unmelted micrometeorite
#20c.343 (Fig. 4a). Rarely, two triangular etch pits can
share a base, consequently appearing as diamond-shaped
in cross-sections of olivine crystals (e.g., Fig. 3c and f).
The sizes of the etch pits are highly variable within individ-
ual olivine grains but are generally smaller than 10 lm. The
etch pits are devoid of secondary material.
3.3.3. Infilled cavities

Some rare cavities in micrometeorites are partially to
completely filled with fine-grained mineral assemblages.
Figs. 2h, i and 3b, e show BSE images of CC and BO cos-
mic spherules. These particles exhibit both empty cavities,
which are illustrated by their low signal intensity in BSE
images, and infilled cavities which are mainly concentrated
on the margins of the particles and along cracks cutting
through the particles. Crystals of jarosite were also



Fig. 3. Scanning electron microscope backscattered electrons images of details of weathering features in cosmic spherules. (a) and (b)
Dissolution features of olivine crystals in CC cosmic spherules. The arrow in (b) indicates a crack along which weathering has progressed. (c)
Dissolution features in olivine crystals of Po CSs. (d) and (e) Areas where olivine has been dissolved in BO cosmic spherules. Note that in (e)
jarosite has partially replaced dissolved olivine crystals. (f) Details of wedge and diamond-shaped etch pits in a Po cosmic spherule. (g) Jarosite
crystals encrusting a vesicle in BO cosmic spherule #LK06-0526. (h) An isolated corrosion pit in a V-type cosmic spherule. (i) Discontinuous
laminated layer in a V-type cosmic spherule. (j) Continuous leached layer in a V-type cosmic spherule. (k) Dissolution features in olivine
crystals in a coarse-grained cosmic spherule. (l) Close-up of an altered FeNi metal in G-type cosmic spherule #LK06-0027 that is enclosed in
magnetite. The scale bars are 20 lm. Abbreviations: Ol = olivine; Gl = glass; Pal = palagonite-like gel; Mag = magnetite; Met = FeNi metal;
Cav = cavity.

6 M. van Ginneken et al. /Geochimica et Cosmochimica Acta 179 (2016) 1–31
observed lining a rounded vesicle �20 lm in size in altered
BO cosmic spherule #LK06-0526 (Fig. 3g; Table 2). Apart
from jarosite, the infilling material in other cosmic spher-
ules does not show any recognisable structure at the
micrometre-scale. Jarosite is also present as weathering
products in scoriaceous micrometeorite #6.19 (Fig. 5c), fill-
ing up the smallest vesicles and as large (P10 lm) euhedral
crystals on the fringe of practically every other large vesicle.
Jarosite is observed in negative crystals of olivine in
unmelted micrometeorites #20c.343 and #20c.344 (Table 2).
For particles #7bis.03, #21p.05 and #20b., the secondary
products appear to be a mixture of a sulphate (likely jaro-
site) and possibly clay minerals.
Table 3 shows the major element composition of the
material filling negative crystals of olivine in CC cosmic
spherules #LK06-0044, #LK06-0091, #20.02 and in the
BO cosmic spherule #18c.01. Note that for these cosmic
spherules the spot size used for these analyses is larger than
the maximum size of the pseudomorphs analysed, so com-
positions are likely a mixture of secondary infilling material
and interstitial glass. The total of the analyses is low and
ranges from 81.2 to 86.3 wt%. Infilling material is consis-
tently Si and Fe-rich (14.8–37.2 wt% SiO2; 24.0–31.2 wt%
Fe2O3). Lesser amounts of Al are recorded but are broadly
constant (5.98–6.53 wt% Al2O3). In #LK06-0091, Ca con-
centration is high (5.55 wt% CaO) and S and Cr have low



Fig. 4. Scanning electron microscope backscattered electrons images of moderately weathered coarse-grained unmelted micrometeorites from
the TAM collection. (a) Olivine in particle #20c.343 is partially etched out. (b) Particle #19b.13 is surrounded by an igneous rim (Genge,
2006). Olivine crystals in both the igneous rim and interior of the particle have been partially etched out. (c) Particle #19b.24, in which
primary minerals have been mostly replaced by rust composed of Fe-oxide/oxyhydroxide. (d) Particle #19b.25 also shows Fe-oxide/
oxyhydroxide rust in negative crystals of olivine. Olivine is partially preserved in the particle. a1, b1, c1, d1 are chemical maps showing the
variation in Fe, Mg, Si, Al and Ca contents; and a2, b2, c2 and d2 are chemical maps showing the variation in Fe, K and S contents. The scale
bars are 100 lm. Abbreviations: Ol = olivine; Px = Low-Ca pyroxene; Pl = plagioclase; Gl = glass; Mag = magnetite; FeOx = Fe-oxide/
oxyhydroxide.

Table 2
Representative WDS analyses (in wt%) of jarosite in micromete-
orites from the TAM.

Particle Al2O3 SO3 K2O Fe2O3 Total

LK06-0526 0.92 31.1 7.68 41.8 81.5
20.01 0.93 33.4 6.96 38.3 79.6
7.40 1.78 30.5 7.43 37.9 77.6
20c.343 1.06 32.0 7.55 39.3 80.0
20c.344 2.34 32.8 8.26 40.5 83.9
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concentrations (2.70 wt% SO3; 1.01 wt% Cr2O3). In
#LK06-0044, #20.02 and #18c.01, other concentrations
are broadly similar, with high S (18.2–26.8 wt% SO3),
appreciable amounts of K (4.86–7.11 wt% K2O), and minor
Ca and Mg (0.63–1.23 wt% CaO; 0.50–0.90 wt% MgO).

Infilled cavities have also been observed in scoriaceous
and coarse-grained unmelted micrometeorites
(Figs. 4b, 5a–d). In scoriaceous micrometeorites #LK06-
0085 and #LK06-0074, some vesicles are encrusted with
Fe-oxide (close up of Fig. 5a and b). In #20c.344, infilled
cavities are characterised by their relatively limited size
(<20 lm) and subrounded shape (close-up of Fig. 5c).
Element maps of coarse-grained unmelted micrometeorites
#19b.13 and #19b.25 (Fig. 4b1 and d1, respectively) and
major element compositions of the infillingmaterial (Table 3)
show that cavities are filled with Fe-oxide/oxyhydroxide.
Element maps of #20c.343, #19b.13, #19b.24 and #19b.25
also show that although jarosite (light blue in Fig. 4a2, b2,
c2 and d2) does not entirely fill up cavities, it frequently lines
them.

FTIR data from cosmic spherules #LK06-0091, #20.02
and #20.01 are reported in Fig. 6. IR spectra were deter-
mined for both unaltered and altered areas of the particles.
Spectra 1, 3 and 5 of pristine areas of the three particles
show bands typical of olivine (Morlok et al., 2006a,b).
Spectrum 2 of the altered margin of #LK06-0091 shows
very low reflectance and broad bands that are not easily
identifiable, although one is visible at 10.00 lm. Spectra 4,
6 and 7 of altered areas of #20.02 and #20.01 show bands
at �9.10 and �10.00 lm, which can be attributed to the m3
sulphate bending mode and dOH band in jarosite (Bishop
and Murad, 2005).

3.3.4. Replaced silicate phases

Glass is a major phase in S-type cosmic spherules, and is
virtually the only observable primary phase in V-type cos-
mic spherules (Genge et al., 2008). The composition of pris-
tine glass in the studied V-type cosmic spherules has a
typical chondritic composition (Table 4; Cordier et al.,
2011). Fig. 2j –l show SEM BSE images of the three
V-type cosmic spherules #LK06-0036, #LK06-0119, and



Fig. 5. Scanning electron microscope backscattered electrons images of weathered scoriaceous micrometeorites. (a–b) particles #LK06-0085
and #LK06-0074, showing linings of secondary material along the border of vesicles. (c) Particle #20c.344. Arrows in the close-up indicate
cavities filled with jarosite. (d) Particle #6.19 is a scoriaceous/coarse-grained micrometeorite, containing >50 vol% of relict olivine crystals.
Abbreviations: Ol = olivine; FeOx = Fe-oxide/oxyhydroxide; Jar = jarosite.
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#LK06-0116, respectively. These particles are characterised
by areas on their outer parts showing lower signal intensity
in BSE images compared to the rest of the particle. Such
‘‘dark” areas have been observed in 42 V-type cosmic
spherules to various extents. Similar dark areas have been
observed on V-type cosmic spherules from the South Pole
Water Well collection (Taylor et al., 2012). Three types of
dark areas have been observed: (1) pits of various sizes scat-
tered on the surface of the particle (Fig. 2j); laminations
(Fig. 3h) and microcracks are observed in the pits, whereby
the latter are radial or parallel to the surface of the parti-
cles; (2) a lamellar discontinuous layer on the surface of
the fresh glass (Figs. 2k and 3i). The boundary layer
between the dark area and the pristine glass is irregular
and the geometry of the laminations is not continuous
and is similar to what is observed in the pits described pre-
viously; and (3) A continuous layer totally surrounding the
particles (Figs.2l and 3j). The thickness of the layer is con-
stant and laminations are frequently observed parallel to
the original surface of the particle. All but one particle from
the TAM collection show pits only. In all cases, weathering
features are observed in the outer part of the spherules and
fresh glass is still present in the core of the particles.

Table 4 shows the major element composition of pristine
glasses and altered layers in 27 V-type cosmic spherules
from the LK collection and 13 from the TAM collection.
Totals in corrosion products are low, ranging between
64.2 and 83.8, suggesting that they contain a hydrous com-
ponent. FTIR data for the two partially altered V-type cos-
mic spherules #7.40 and #21p.1 from the TAM collection
are shown in Fig. 7. Particle #21p.1 is characterised by a
lamellar discontinuous layer surrounding the particle. Par-
ticle #7.40 shows more complex weathering features, with
one side of the particle dominated by cracks filled with jar-
osite (Table 2). In both particles, the IR spectra of the pris-
tine glass feature two broad bands at �10 and �12 lm
(Fig. 7). The spectra of altered glass show a main sharper
band at �9.2 lm. In the altered glass, shoulders are also
observed between 8 and 9 lm and 10 and 12 lm. In the
spectra 2 and 3 of particle #7.40 a sharp band is also
observed at �10 lm, which can be attributed to jarosite
that is abundant in the area analysed.

3.3.5. Hydrated and replaced metal and sulphide

Metallic phases are rare in micrometeorites and mainly
appear as FeNi metal (Genge et al., 2008). In S-type cosmic
spherules, metal droplets are made of FeNi metal and/or
sulphides and are usually observed on the outer rim of
the particles (Genge and Grady, 1998). In G-type and
I-type cosmic spherules, which are essentially made of den-
drites of magnetite within interstitial glass and an assem-
blage of magnetite and wüstite, respectively, FeNi metal
is sometimes observed as spheres inside the particles
(Brownlee et al., 1997; Genge et al., 2008; Rudraswami
et al., 2014). In scoriaceous micrometeorites, FeNi metal
occasionally occurs with or without sulphide (FeS) in metal
droplets in cosmic spherules, which may have formed as
immiscible metallic/sulphide liquids during atmospheric
entry heating (Genge et al., 2008). Metal and sulphide con-
stitute an accessory phase of unmelted micrometeorites,



Fig. 6. Mid-infrared reflectance spectra on 50 � 50 lm areas of cosmic spherule s #20.01 (a), #LK06-0091 (b) and #20.02 (c). Spectra 1, 3 and
5 were acquired on pristine areas and spectra 2, 4, 6 and 7 on altered areas. Spectra on pristine areas are typical of olivine (Morlok et al.,
2006a,b). Spectra 4, 6 and 7 of altered areas show bands at �9.10 and �10.00 lm that can be attributed to sulphate (Bishop and Murad,
2005).
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with textures similar to those observed in ordinary chon-
drites in the case of the coarse-grained unmelted microme-
teorites from the TAM (Van Ginneken et al., 2012).

Droplets of FeNi metal and sulphide were observed in
11 S-type cosmic spherules from the LK collection
(Fig. 8). The major element composition of some FeNi
metal and sulphide is reported in Table 5. In all samples,
the Ni content ranges between 10.7 and 53.2 wt%. The com-
position of the sulphides is non-stoichiometric and consists
broadly of a mixture of Fe–S–Ni. In 9 S-type cosmic spher-
ules, FeNi metal is associated with Fe-oxide (Fig. 8). Simi-
lar Fe-oxide has been observed partially to totally replacing
FeNi metal and sulphide on the margin of S-type cosmic
spherules from Antarctica (Engrand et al., 1993;
Blackhurst et al., 2004). Even if the amount of Fe-oxide
is greater than 50 vol%, the original textures and outlines
of the metal droplets are preserved (e.g.,
Fig. 8c, d, g and h). The major element composition of
Fe-oxide is reported in Table 6. Although the composition
of Fe-oxide may vary widely from one particle to another,
Fe remains the main component (47.5–70.0 wt% Fe2O3).
Other major elements are S, Ni and Si (4.59–9.79 wt%
SO3; 0.94–8.72 wt% NiO; 4.02–10.3 wt% SiO2). Other
elements include Al, Ca and occasionally Na andMg. Chlo-
rine occurs in Fe-oxides of 8 particles. The low totals of the
analyses of these oxides (78.2–88.4 wt%) imply they are
hydrated oxides (e.g., oxyhydroxides). Laminated oxides
of identical composition and texture are also observed
encrusting the former metal droplets and forming a contin-
uous rim up to about 20 lm. Based on BSE images, it is not
clear if the oxides are crystalline or amorphous. Magnetite
dendrites are observed on the margins of the hydrated Fe-
oxide in particle #LK06-0074 (Fig. 8h).

Spheres of FeNi metal were observed in 6 I-type cosmic
spherules and in G-type cosmic spherule #LK06-0027 from
the LK collection. In the 6 I-type cosmic spherules, FeNi
metal is the only constituent of spheres that are completely
surrounded by magnetite and/or wüstite (Fig. 2n). The
G-type nature of #LK06-0027 is suggested by the dendritic
nature of its magnetite and by the presence of interstitial
Fe-rich silicate (Figs. 2o and 3l). In #LK06-0027, a sphere
consisting mainly of Fe-oxide is enclosed in the pristine
magnetite (Fig. 3l). This sphere is partially exposed to the
surface of the particle. As in the S-type cosmic spherules,
the part of the sphere exposed at the surface is encrusted
by a laminated Fe-oxide (Fig. 2o). Some cracks cutting
through the magnetite/silicate part of the particle and radi-
ating from the metal/oxide sphere are also observed. The
major element compositions of the oxides, of the material
filling, the crack and of the encrustations are reported in
Table 7.

4. DISCUSSION

4.1. The weathering of the main mineral phases in

micrometeorites

4.1.1. Olivine

Olivine is the major constituent of BO, Po, CC, and
coarse-grained cosmic spherules, as well as and of scoria-
ceous micrometeorites (Genge et al., 2008). It is well docu-
mented that olivine is one of the least stable silicate
minerals on the Earth’s surface, and as a consequence is
one of the most sensitive to chemical weathering (e.g.,
Delvigne et al., 1979; Nesbitt and Wilson, 1992; Bland
and Rolls, 1998; Stefánsson et al., 2001). Chemical weather-
ing is mainly controlled by temperature and the availability
of liquid water, but even in the case of the hydrocryogenic
(i.e., presence of limited quantity of liquid water below
freezing temperature) and arid conditions encountered on
the ground surface of Antarctica, olivine remains particu-
larly sensitive to chemical weathering (Gooding, 1986a).



Table 4
WDS analyses of pristine and altered glass cosmic spherules (in oxide wt%).

Particle Localitya ToWb Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 FeO Total

LK06-0098 LK CL Avg. pristine b.d.l. 31.9 2.10 46.5 b.d.l. b.d.l. 1.28 b.d.l. 17.4 99.5
S.D. pristine 0.2 0.13 0.7 0.03 0.1 0.7
Avg. altered 0.99 2.68 3.22 47.0 b.d.l. 0.16 1.37 b.d.l. 21.4 77.2
S.D. altered 0.73 1.27 0.53 2.1 0.20 0.14 1.0 3.6

LK06-0063 LK CP Avg. pristine b.d.l. 38.6 2.31 53.9 b.d.l. b.d.l. 2.25 b.d.l. 4.52 101.7
S.D. pristine 0.2 0.03 0.1 0.05 0.13 0.2
Avg. altered 0.59 2.98 3.69 52.0 b.d.l. 0.37 1.77 b.d.l. 7.24 68.8
S.D. altered 0.12 2.18 0.37 3.3 0.29 0.11 0.55 5.0

LK06-0066 LK CL pristine b.d.l. 32.6 1.34 50.2 b.d.l. b.d.l. 1.36 b.d.l. 14.0 100.5
Avg. altered 0.20 1.92 2.61 48.9 b.d.l. 0.28 2.28 b.d.l. 22.2 79.9
S.D. altered 0.23 0.23 0.30 3.1 0.21 0.29 2.3 5.5

LK06-0099 LK CL Avg. pristine b.d.l. 26.7 2.03 52.2 b.d.l. b.d.l. 9.70 b.d.l. 10.2 100.9
S.D. pristine 0.0 0.04 0.4 0.17 0.1 0.3
Avg. altered 0.92 1.90 3.72 51.8 b.d.l. 0.17 2.31 0.47 17.4 79.2
S.D. altered 0.39 0.13 0.28 0.9 0.30 0.03 0.07 0.5 1.6

LK06-0100 LK CL Avg. pristine b.d.l. 30.9 2.12 45.9 b.d.l. b.d.l. 2.82 b.d.l. 17.2 99.4
S.D. pristine 0.1 0.08 0.0 0.07 0.2 0.4
Avg. altered b.d.l. 1.66 4.44 46.5 b.d.l. 0.62 2.21 0.10 26.4 81.9
S.D. altered 0.13 0.20 1.0 0.14 0.08 0.17 0.4 0.6

LK06-0075 LK CL + CP Avg. pristine b.d.l. 31.7 2.76 45.9 b.d.l. b.d.l. 2.10 b.d.l. 16.5 98.9
S.D. pristine 0.4 0.11 0.6 0.02 0.2 1.2
Avg. altered 0.43 1.21 4.79 51.1 b.d.l. 0.56 1.18 b.d.l. 14.9 74.2
S.D. altered 0.09 0.40 0.53 4.5 0.30 0.26 5.2 8.3

LK06-0101 LK CL Avg. pristine b.d.l. 30.1 3.17 48.9 b.d.l. b.d.l. 1.54 b.d.l. 15.7 99.7
S.D. pristine 0.5 0.16 0.1 0.04 0.1 0.1
Avg. altered 0.47 1.67 5.73 53.6 b.d.l. 1.00 1.84 b.d.l. 17.5 82.9
S.D. altered 0.04 0.21 0.20 1.1 0.34 0.03 1.4 0.7

LK06-0102 LK CL Avg. pristine b.d.l. 28.0 1.58 52.4 b.d.l. b.d.l. 3.68 b.d.l. 13.3 99.5
S.D. pristine 0.1 0.04 0.6 0.04 0.3 0.6
Avg. altered 0.37 1.85 2.39 41.9 b.d.l. 0.04 1.69 0.07 15.7 64.2
S.D. altered 0.22 0.67 0.20 4.2 0.10 0.19 0.15 1.1 5.4

LK06-0103 LK CL Avg. pristine b.d.l. 35.7 2.89 48.0 b.d.l. b.d.l. 1.39 b.d.l. 11.1 99.4
S.D. pristine 0.4 0.13 0.5 0.02 0.1 1.0
Avg. altered 0.40 1.76 5.24 43.4 b.d.l. 0.45 2.26 b.d.l. 17.4 71.7
S.D. altered 0.04 0.18 0.42 3.2 0.22 0.10 1.5 5.4

LK06-0104 LK CL + CP Avg. pristine b.d.l. 34.5 0.58 49.6 b.d.l. b.d.l. 0.58 b.d.l. 13.7 99.6
S.D. pristine 0.2 0.09 0.2 0.09 0.1 0.5
Avg. altered 0.12 2.16 1.31 49.4 b.d.l. 0.54 2.21 b.d.l. 23.1 78.8
S.D. altered 0.24 0.75 0.08 6.3 0.04 0.43 3.9 9.7

LK06-0105 LK CP Avg. pristine b.d.l. 39.5 4.32 41.8 b.d.l. b.d.l. 3.40 b.d.l. 9.59 98.6
S.D. pristine 0.2 0.16 0.2 0.11 0.16 0.3
Altered 0.65 1.03 6.03 56.9 b.d.l. 0.94 0.67 b.d.l. 6.36 72.5

LK06-0106 LK CL pristine b.d.l. 31.3 1.27 47.9 b.d.l. b.d.l. 1.32 b.d.l. 16.0 98.2
Avg. altered b.d.l. 1.69 2.31 47.8 b.d.l. 0.36 2.22 b.d.l. 25.8 81.1
S.D. altered 0.31 0.17 0.6 0.05 0.13 2.1 2.2

LK06-0107 LK CL Avg. pristine b.d.l. 29.3 2.76 49.3 b.d.l. b.d.l. 3.34 b.d.l. 14.6 99.3
Avg. altered b.d.l. 2.80 4.16 43.7 b.d.l. 0.51 2.20 b.d.l. 15.6 69.5
S.D. altered 2.35 0.31 6.4 0.17 0.26 1.1 10.0

LK06-0108 LK CP Avg. pristine b.d.l. 30.4 1.89 48.3 b.d.l. b.d.l. 1.50 b.d.l. 16.8 99.4
Avg. altered b.d.l. 2.08 3.38 50.4 b.d.l. 0.53 1.75 b.d.l. 21.9 80.3
S.D. altered 0.71 0.18 3.0 0.06 0.16 0.6 2.5

(continued on next page)
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Table 4 (continued)

Particle Localitya ToWb Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 FeO Total

LK06-0109 LK CL Avg. pristine b.d.l. 28.5 3.24 48.5 b.d.l. b.d.l. 2.77 b.d.l. 15.5 98.7
S.D. pristine 0.2 0.15 0.3 0.04 0.2 0.7
Avg. altered b.d.l. 4.29 5.47 46.9 b.d.l. 0.45 1.97 b.d.l. 16.2 76.5
S.D. altered 0.10 0.29 1.5 0.11 0.04 0.2 1.4

LK06-0110 LK CL Avg. pristine b.d.l. 30.5 0.18 46.2 b.d.l. b.d.l. 0.48 b.d.l. 20.5 99.6
S.D. pristine 0.1 0.31 0.1 0.06 0.2 0.8
Avg. altered b.d.l. 4.55 1.26 43.7 b.d.l. 0.29 1.57 b.d.l. 28.7 81.7
S.D. altered 0.89 0.22 1.9 0.05 0.13 1.8 3.1

LK06-0111 LK CP Avg. pristine b.d.l. 34.6 3.89 49.8 b.d.l. b.d.l. 2.64 b.d.l. 8.5 99.7
S.D. pristine 0.2 0.43 0.5 0.02 0.2 0.9
Avg. altered b.d.l. 0.44 5.71 72.7 b.d.l. b.d.l. 2.31 b.d.l. 2.6 83.8
S.D. altered 0.03 0.20 1.2 0.15 0.3 1.3

LK06-0021 LK CP Avg. pristine b.d.l. 35.5 2.92 47.4 b.d.l. b.d.l. 2.17 b.d.l. 11.8 99.9
S.D. pristine 0.2 0.11 0.2 0.10 0.1 0.4
Avg. altered 0.22 0.41 5.83 56.3 b.d.l. 0.04 2.33 0.06 6.25 71.6
S.D. altered 0.20 0.31 0.25 3.1 0.09 0.14 0.14 1.76 2.8

LK06-0112 LK CL + CP Avg. pristine b.d.l. 34.4 0.60 50.3 b.d.l. b.d.l. 0.76 b.d.l. 13.4 99.6
S.D. pristine 0.2 0.03 0.5 0.06 0.2 0.6
Avg. altered b.d.l. 0.81 2.01 49.4 b.d.l. b.d.l. 3.77 b.d.l. 24.7 81.0
S.D. altered 0.12 1.18 2.5 0.31 1.1 3.9

LK06-0113 LK CL + CP Avg. pristine b.d.l. 31.2 2.13 44.9 b.d.l. b.d.l. 3.56 b.d.l. 17.4 99.5
S.D. pristine 0.4 0.04 0.8 0.19 0.2 1.5
Avg. altered b.d.l. 0.88 4.01 44.9 b.d.l. 0.15 3.40 b.d.l. 21.3 74.9
S.D. altered 0.35 0.62 1.7 0.17 0.17 1.6 3.2

LK06-0036 LK CP Avg. pristine b.d.l. 25.6 3.13 48.8 b.d.l. b.d.l. 6.44 b.d.l. 15.7 99.6
S.D. pristine 0.2 0.23 0.4 0.01 0.1 0.7
Avg. altered 0.23 0.93 4.36 46.4 b.d.l. b.d.l. 3.00 0.04 13.6 69.5
S.D. altered 0.29 0.47 0.46 3.0 0.87 0.13 5.9 7.3

LK06-0114 LK CP Avg. pristine b.d.l. 32.0 2.47 49.3 b.d.l. b.d.l. 2.29 b.d.l. 12.7 99.6
S.D. pristine 0.1 0.04 0.1 0.17 0.3 0.1
Avg. altered b.d.l. 2.14 4.20 46.6 b.d.l. 0.11 3.55 b.d.l. 17.1 74.3
S.D. altered 1.57 0.13 2.2 0.19 0.21 0.6 3.0

LK06-0046 LK CP Avg. pristine b.d.l. 29.8 3.30 43.1 b.d.l. b.d.l. 3.07 b.d.l. 20.0 99.2
S.D. pristine 0.1 0.15 0.2 0.05 0.1 0.1
Avg. altered 0.04 1.96 5.08 44.0 0.28 0.23 2.70 b.d.l. 20.6 75.3
S.D. altered 0.11 1.47 0.37 2.4 0.45 0.24 0.44 4.6 6.1

LK06-0115 LK CP Avg. pristine b.d.l. 30.1 2.99 46.1 b.d.l. b.d.l. 2.53 b.d.l. 17.4 99.9
S.D. pristine 0.6 0.27 1.2 0.19 2.1 0.5
Avg. altered 0.10 2.50 4.61 43.8 b.d.l. b.d.l. 2.02 0.07 13.0 67.1
S.D. altered 0.22 0.95 0.60 5.2 0.10 0.15 1.8 4.8

LK06-0116 LK CL Avg. pristine b.d.l. 37.0 1.73 46.5 b.d.l. b.d.l. 2.18 b.d.l. 12.7 100.2
S.D. pristine 0.0 0.09 0.2 0.09 0.1 0.6
Avg. altered b.d.l. 4.73 3.84 45.2 b.d.l. 0.06 3.09 0.17 14.1 73.0
S.D. altered 1.86 1.09 6.8 0.13 0.40 0.19 0.7 11.4

LK06-0051 LK CP Avg. pristine b.d.l. 36.9 2.13 44.8 b.d.l. b.d.l. 2.08 b.d.l. 14.3 100.3
S.D. pristine 0.2 0.09 0.0 0.05 0.3 0.1
Avg. altered 0.03 0.61 3.86 50.6 0.35 0.13 1.79 b.d.l. 7.74 66.0
S.D. altered 0.10 0.83 0.46 6.1 0.84 0.20 0.15 3.29 6.8

LK06-0117 LK CP Avg. pristine b.d.l. 32.8 2.95 41.4 b.d.l. b.d.l. 2.47 b.d.l. 19.4 99.3
S.D. pristine 0.1 0.24 0.4 0.01 0.0 0.3
Avg. altered b.d.l. 0.89 4.83 40.3 0.05 0.07 2.65 0.08 18.3 69.7
S.D. altered 0.74 0.91 6.9 0.16 0.13 0.35 0.15 4.7 10.5

(continued on next page)
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Table 4 (continued)

Particle Localitya ToWb Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 FeO Total

18.01 MB CP Avg. pristine b.d.l. 39.2 3.76 52.4 b.d.l. b.d.l. 3.68 b.d.l. 1.52 100.7
S.D. pristine 0.5 0.06 0.6 0.09 0.06 1.1
Avg. altered b.d.l. 0.44 2.76 80.5 0.00 0.12 0.50 b.d.l. 0.42 84.7
S.D. altered 0.15 0.24 4.6 0.00 0.17 0.08 0.14 4.9

18.02 MB CP pristine b.d.l. 19.9 2.32 52.3 1.22 b.d.l. 1.44 b.d.l. 11.8 89.7
Avg. altered 0.15 0.15 1.36 55.6 8.91 2.30 0.41 b.d.l. 11.4 80.6
S.D. altered 0.18 0.29 1.01 25.5 11.40 2.90 0.78 12.7 5.2

18c.21 MB CP Avg. pristine b.d.l. 30.9 2.65 46.9 b.d.l. b.d.l. 1.30 b.d.l. 17.4 99.5
S.D. pristine 0.2 0.12 0.5 0.11 0.2 0.9
Avg. altered b.d.l. 0.56 1.66 71.3 1.59 0.30 b.d.l. b.d.l. 5.66 81.1
S.D. altered 0.61 0.44 3.1 0.44 0.30 0.71 3.1

18c. 22 MB CP Avg. pristine b.d.l. 24.0 2.82 46.7 b.d.l. b.d.l. 4.66 b.d.l. 20.2 98.4
S.D. pristine 0.5 0.07 1.5 0.76 0.4 0.3
Avg. altered 0.10 0.62 1.29 73.1 1.67 0.29 0.14 b.d.l. 7.40 84.6
S.D. altered 0.18 0.56 0.43 5.2 0.44 0.24 0.41 0.96 3.8

21.65 MB CP Avg. pristine b.d.l. 32.7 2.78 47.3 b.d.l. b.d.l. 3.55 b.d.l. 12.7 99.1
S.D. pristine 0.1 0.07 0.2 0.10 0.1 0.2
Avg. altered 0.65 0.33 3.39 60.4 1.13 0.95 b.d.l. b.d.l. 5.89 72.9
S.D. altered 0.20 0.26 0.26 4.4 0.11 0.31 0.41 4.5

21p.06 MB CP Avg. pristine b.d.l. 30.6 3.87 44.1 b.d.l. b.d.l. 3.46 b.d.l. 16.4 98.7
S.D. pristine 0.3 0.20 0.4 0.04 0.3 0.6
Avg. altered 0.66 0.19 5.32 59.5 1.62 1.17 b.d.l. 0.21 5.07 73.7
S.D. altered 0.17 0.16 1.20 5.9 0.52 0.32 0.22 1.88 5.7

7b. 100 PT CP Avg. pristine b.d.l. 38.5 3.77 47.4 b.d.l. b.d.l. 3.98 b.d.l. 5.76 99.6
S.D. pristine 0.3 0.28 0.2 0.10 0.16 0.6
Avg. altered 0.29 1.48 3.77 55.7 0.64 0.69 0.84 b.d.l. 3.53 67.0
S.D. altered 0.25 1.72 0.96 13.6 0.18 0.31 0.42 0.98 12.4

7b. 101 PT CP Avg. pristine b.d.l. 39.5 9.43 40.8 b.d.l. b.d.l. 8.51 0.53 0.87 99.7
S.D. pristine 0.7 0.05 0.2 0.22 0.02 0.05 0.6
Avg. altered 0.32 0.61 6.26 54.9 0.18 1.13 1.06 0.68 0.63 65.7
S.D. altered 0.07 0.03 0.91 4.1 0.32 0.13 0.11 0.05 0.31 4.5

7bis.04 PT CP Avg. pristine b.d.l. 41.1 2.65 45.0 b.d.l. b.d.l. 2.91 b.d.l. 6.27 98.0
S.D. pristine 2.9 0.35 0.4 0.30 0.02 3.3
Avg. altered 0.19 0.56 4.67 52.6 1.11 0.68 1.09 0.04 6.50 67.5
S.D. altered 0.16 0.15 0.62 6.9 0.63 0.12 0.17 0.11 0.90 7.6

7bis.05 PT CP Avg. pristine b.d.l. 33.6 4.10 47.0 b.d.l. b.d.l. 3.77 0.07 10.8 99.4
S.D. pristine 4.2 0.13 0.4 0.20 0.16 4.2 0.6
Avg. altered 0.10 0.55 4.95 71.2 0.84 0.49 0.78 0.23 2.79 81.9
S.D. altered 0.18 0.07 0.43 2.1 0.10 0.08 0.15 0.20 0.26 1.2

7bis.06 PT CL Avg. pristine b.d.l. 40.6 3.41 52.1 b.d.l. b.d.l. 3.52 b.d.l. 0.93 100.5
S.D. pristine 0.1 0.09 0.0 0.01 0.06 0.1
Avg. altered 0.61 1.22 4.60 68.7 b.d.l. 0.39 b.d.l. b.d.l. 1.27 76.8
S.D. altered 0.10 0.13 0.23 2.7 0.03 0.17 2.7

7.4 PT CP Avg. pristine b.d.l. 33.3 3.46 42.0 b.d.l. b.d.l. 3.07 0.16 16.2 98.3
S.D. pristine 0.1 0.03 0.1 0.03 0.22 0.1 0.3
Avg. altered 0.21 0.38 2.79 66.6 1.74 0.37 0.23 0.22 5.66 78.3
S.D. altered 0.22 0.34 0.81 5.0 1.01 0.40 0.66 0.19 4.42 6.1

7.41 PT CP Avg. pristine b.d.l. 39.7 3.35 48.9 b.d.l. b.d.l. 1.38 b.d.l. 6.54 100.3
S.D. pristine 0.2 0.25 0.2 0.05 0.14 0.5
Avg. altered 0.32 0.27 3.62 72.0 0.84 0.34 b.d.l. 0.20 2.38 80.0
S.D. altered 0.39 0.26 0.92 4.8 0.24 0.28 0.18 0.48 6.0

Avg. = averages.
S.D. = Standard deviation.
b.d.l. = below detection limit.
a LK = Larkman Nunatak; MB = Miller Butte; PT = Pian delle Tectiti.
b Type of weathering (explained in the text): CP = corrosion pits; CL = continuous layer.
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Fig. 7. Mid-infrared reflectance spectra on 50 � 50 lm areas of V-type cosmic spherule s #21p.1 (a) and #7.40 (b). Spectra were acquired over
pristine glass (a1–2 and b1) and altered glass (a3–4 and b2–3). In the spectra b2 and b3 sharp band is observed at �10 lm (dashed line), which
can be attributed to sulphate (Bishop and Murad, 2005).
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In 117 BO, Po, CC and coarse-grained cosmic spherules
from the LK and TAM collections, olivine crystals suf-
fered partial to total dissolution, as indicated by the irreg-
ular and faceted cavities observed within these particles
(Fig. 2a–i). Furthermore, FTIR data of #LK06-0091
(BO), #LK06-0091 (CC) and #20.02 (CC) show that in
pristine areas typical bands for olivine are clearly visible,
whilst in altered areas, olivine bands are absent suggesting
complete removal (Fig. 6). Dissolution of olivine crystals
is also observed in scoriaceous micrometeorites #LK06-
0095, #LK06-0096, and to a greater extent in #20c.344
and #6.19 (Fig. 5). Amongst coarse-grained unmelted
micrometeorites, #20c.343 and #19b.13 exhibit dissolved
olivine crystals at their margins (Fig. 4). The absence of
alteration products in most dissolved olivine grains sug-
gest that congruent dissolution occurred. The loss of
Fe2+, Mg2+ and silica by congruent dissolution of olivine
usually happens in acidic water (Burns, 1993). The con-
centration of dissolved olivine grains towards the surface
of particles suggests that dissolution is the result of surface
correlated weathering.

The presence of wedge-shaped etch pits along the faces
of partially dissolved olivine crystals (e.g.,
Fig. 3c, f and k) in 13 Po cosmic spherules and in the
coarse-grained unmelted micrometeorite #20c.343 suggest
low-temperature chemical weathering of olivine in the ter-
restrial environment (Velbel, 2009). The homogeneous mor-
phology of etch pits and their orientation parallel to one
another is different to biotic corrosion features observed
in some terrestrial basalts and mantle rocks (i.e., irregular
tunnels rarely parallel to one another; Fisk et al., 2006).
This suggests that dissolution of olivine in Antarctic
micrometeorites occurs in an abiotic environment. The pre-
ferred orientation of pits is likely to be controlled by the
crystallographic orientation of olivine grains (Lee et al.,
2013).



Fig. 8. Scanning electron microscope backscattered electrons images of weathered metal droplets in cosmic spherules; (a) and (c) CC cosmic
spherule #LK06-0076. (b) and (d) CC cosmic spherule LK06-0059, (e) and (g) Po cosmic spherule #LK06-0085, and (f) and (h) V-type cosmic
spherule #LK06-0074. The FeNi metal and sulphide (bright areas) have been partially replaced with Fe-oxide/oxyhydroxide (lighter grey
areas). (h) Magnetite dendrites due to the oxidation of FeNi metal during atmospheric entry are visible in particle #LK06-0074.
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4.1.2. Glass

Structures identical to the corrosion pits, and discontin-
uous and continuous altered layers described in Section 3.3
were observed on stained glass windows from the Middle
Ages (Sterpenich and Libourel, 2001). The morphology
and thickness of these three structures is controlled by differ-
ent types of weathering, with corrosion pits being driven by
moisture (i.e., very low water/rock ratio), discontinuous lay-
ers by atmospheric weathering (i.e., direct exposure to rain-
falls; intermediate water/rock ratio) and continuous layers
by weathering by constant contact with groundwater (i.e.,
highest water/rock ratio). The similarity in textures between
cosmic spherules and artificial glass weathering products
suggest that alteration features observed in V-type cosmic
spherules are the result of hydration and leaching of the
surface of the glass during aqueous alteration.

Chemical analyses of altered areas have low totals
(680 wt%), which can be attributed to the presence of



Table 5
Representative WDS analyses of metal droplets in cosmic spherules from the Larkman nunatak (in wt%).

Type S Fe Ni Co Total Fe/Nia

LK06-0076 BO b.d.l. 84.2 12.2 b.d.l. 96.4 7.3
LK06-0059 BO b.d.l. 60.7 35.9 b.d.l. 96.6 1.8
LK06-0085 BO b.d.l. 54.4 40.4 b.d.l. 94.8 1.4
LK06-0085 BO 34.8 40.1 24.8 b.d.l. 99.9
LK06-0067 Po b.d.l. 41.8 53.2 3.9 98.9 0.8
LK06-0067 Po 34.9 30.4 35.2 b.d.l. 100.5
LK06-0083 Po 35.2 30.9 33.9 b.d.l. 100.0
LK06-0074 V b.d.l. 85.4 10.7 b.d.l. 96.5 8.4
LK06-0044 BO b.d.l. 78.2 18.8 b.d.l. 97.1 4.4
LK06-0082 C b.d.l. 62.6 35.4 b.d.l. 98.0 1.9
LK06-0086 C b.d.l. 71.6 23.2 b.d.l. 94.2 3.3

b.d.l. = below detection limit.
a Atomic ratios.

Table 6
Representative WDS analyses of weathering products of metal droplets in cosmic spherules from the Larkman nunatak (in oxide wt%).

Type Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO Fe2O3 NiO Total Fe/Nia

LK06-0076 BO b.d.l. b.d.l. 1.81 4.98 b.d.l. 4.59 1.08 b.d.l. 0.85 62.7 3.26 79.3 18.0
LK06-0059 BO b.d.l. b.d.l. 2.04 9.20 b.d.l. 9.44 0.26 b.d.l. 0.78 59.0 6.95 87.7 7.9
LK06-0085 BO 0.65 0.80 3.78 6.85 1.49 7.59 0.26 b.d.l. 1.43 47.5 8.72 79.0 5.0
LK06-0067 PO b.d.l. 0.66 2.93 10.3 b.d.l. 6.94 0.90 0.43 1.18 50.3 8.47 82.2 5.5
LK06-0083 PO b.d.l. b.d.l. 5.69 9.50 1.10 9.79 0.31 b.d.l. 1.78 54.3 0.94 83.5 53.7
LK06-0074 V b.d.l. 0.50 3.08 9.71 b.d.l. 5.09 0.32 b.d.l. 1.12 57.6 2.30 79.7 34.8
LK06-0087 C b.d.l. b.d.l. 4.33 4.02 1.51 4.82 b.d.l. b.d.l. 1.09 58.5 3.93 78.2 13.2
LK06-0082 C b.d.l. b.d.l. 7.09 6.33 1.15 5.87 0.28 b.d.l. 1.80 58.7 1.78 83.0 30.7
LK06-0086 C b.d.l. b.d.l. 0.51 4.09 b.d.l. 7.47 0.21 b.d.l. 0.00 70.0 6.11 88.4 10.7

b.d.l. = below detection limit.
a Atomic ratios.

Table 7
Major element composition of secondary phases in G-type cosmic spherule #LK06-0027 (data in oxide wt%).

Core Crack Encrustation

Avg. (n = 3) S.D. Avg. (n = 3) S.D. Avg. (n = 3) S.D.

Na2O 0.59 0.09 b.d.l. b.d.l. 0.19 0.33
MgO 0.15 0.27 0.88 0.05 b.d.l. b.d.l.
Al2O3 2.59 0.45 3.33 1.69 2.14 0.33
SiO2 5.33 0.55 7.22 2.92 5.26 0.58
P2O5 b.d.l. b.d.l. 0.39 0.67 b.d.l. b.d.l.
SO3 4.01 0.34 3.29 0.95 5.72 0.62
Cl 0.21 0.19 0.07 0.12 0.39 0.13
CaO 0.77 0.13 1.06 0.19 0.71 0.07
Fe2O3 68.5 2.9 70.2 2.9 62.3 1.4
NiO 3.42 0.16 2.59 0.38 2.05 0.99

Total 85.5 89.1 78.8

Avg. = average.
S.D. = standard deviation.
b.d.l. = below detection limit.
n = number of analyses.
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water. We suggest that these different structures of alter-
ation in V-type cosmic spherules are controlled by varia-
tions in water availability. Observation of two types of
weathering affecting individual particles suggest that weath-
ering conditions may not have been stable during the stor-
age of the particles in the LK moraine with variations in the
water/rock ratio suggesting fluctuations in water influx pre-
sumably due to climatic conditions. Another possibility is a
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change of microenvironment, and thus of water/rock ratio,
if the particle may have moved in the moraine over time.

The composition and infrared spectra of the alteration
products on V-type cosmic spherules suggest that they con-
sist of a palagonite-like gel. Palagonite is a complex assem-
blage of clays and amorphous material at the
submicrometre scale resulting from the alteration of basal-
tic glass (e.g., Stroncik and Schmincke, 2002). FTIR data of
particles #21p.1 and #7.40 are consistent with observations
in artificially corroded SiO2-rich glass (Sanders and Hench,
1973). IR spectra are, thus, consistent with the production
of a palagonite-like gel forming as weathering of V-type
cosmic spherules progresses.

The main difference between the alteration of natural
basaltic glasses and glass in V-type cosmic spherules is that
as weathering progresses in the former, several additional
layers of poorly to very crystalline material form.
Crovisier et al. (1992) studied subglacial volcanic glasses
from Iceland and observed that palagonite formation is
followed by the formation of an external layer made of
clay minerals having a smectite-like structure. This
sequence of alteration was observed in samples exposed
to relatively stable climatic conditions (i.e., temperature
and humidity). In a sample exposed to high fluctuation
of temperatures and to more contrasted humidity, only
an amorphous alteration product was observed. Crovisier
et al. (1992) explained that under high humidity conditions
the alteration progresses slowly and clay minerals will tend
to be unstable, whereas under low humidity conditions the
alteration progresses quickly, leading to the formation of
clay minerals. They argued that with such variable condi-
tions, the proto-mineral structures cannot be efficiently
reorganized. Similar processes may explain the lack of
crystalline material in V-type cosmic spherules, as they
are exposed to variable weathering conditions in the
Antarctic moraine.



Table 8
Results of mass balance calculation between original and altered glass in V-type and Po cosmic spherules.

Particle ToWa Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO

(wt%) (wt%) (%)b (wt%) (%) (wt%) (%) (wt%) (wt%) (%) (wt%) (wt%) (%)

V-type cosmic spherules
Larkman Nunatak

LK06-0098 CL 0.73 �29.9 �94 0.29 14 �11.7 �25 0.12 �0.27 -21 – �1.57 �9
LK06-0063 CP 0.44 �36.4 �94 0.42 18 �15.4 �29 0.27 �0.94 �42 – 0.84 19
LK06-0066 CL 0.15 �31.2 �96 0.59 44 �14.0 �28 0.21 0.33 24 – 2.49 18
LK06-0099 CL 0.68 �25.3 �95 0.73 36 �13.8 �26 0.13 �7.99 �82 0.35 2.77 27
LK06-0100 CL – �29.7 �96 1.17 55 �11.5 �25 0.46 �1.18 �42 0.07 2.28 13
LK06-0075 CL + CP 0.32 �30.8 �97 0.79 29 �8.0 �18 0.41 �1.23 �58 – �5.43 �33
LK06-0101 CL 0.35 �28.9 �96 1.07 34 �9.2 �19 0.74 �0.18 �11 – �2.71 �17
LK06-0102 CL 0.27 �26.6 �95 0.19 12 �21.4 �41 0.03 �2.43 �66 0.05 �1.62 �12
LK06-0103 CL 0.3 �34.4 �96 0.99 34 �15.9 �33 0.33 0.28 20 – 1.78 16
LK06-0105 CP 0.48 �38.7 �98 0.15 3 0.3 1 0.7 �2.9 �85 – �4.88 �51
LK06-0106 CL – �30 �96 0.44 35 �12.5 �26 0.27 0.32 25 – 3.07 19
LK06-0107 CL – �27.2 �93 0.32 12 �16.9 �34 0.38 �1.71 �51 – �3.04 �21
LK06-0108 CP – �28.9 �95 0.61 32 �11 �23 0.39 �0.2 �14 – �0.55 �3
LK06-0109 CL – �25.3 �89 0.81 25 �13.8 �28 0.33 �1.31 �47 – �3.50 �23
LK06-0111 CP – �34.3 �99 0.34 9 4.1 8 – �0.93 �35 – �6.58 �77
LK06-0021 CP 0.16 �35.2 �99 1.4 48 �5.7 �12 0.03 �0.44 �20 0.04 �7.21 �61
LK06-0113 CL + CP – �30.5 �98 0.84 39 �11.6 �26 0.11 �1.04 �29 – �1.55 �9
LK06-0036 CP 0.17 �24.9 �97 0.1 3 �14.4 �30 – �4.22 �65 0.03 �5.61 �36
LK06-0114 CP – �30.4 �95 0.64 26 �14.8 �30 0.08 0.34 15 – �0.03 0
LK06-0046 CP 0.03 �28.3 �95 0.46 14 �10.5 �24 0.17 �1.07 �35 – �4.75 �24
LK06-0115 CP 0.07 �28.2 �94 0.42 14 �13.7 �30 – �1.03 �41 0.05 �7.80 �45
LK06-0116 CL – �33.5 �91 1.11 64 �13 �28 0.04 0.11 5 0.13 �2.20 �17
LK06-0051 CP 0.02 �36.4 �99 0.73 34 �7.3 �16 0.1 �0.75 �36 – �8.55 �60
LK06-0117 CP – �32.1 �98 0.63 21 �11.5 �28 0.05 �0.51 �21 0.06 �5.85 �30

Transantarctic Mountains

18.01 CP – �38.9 �99 �1.72 �46 7.2 14 0.09 �3.31 �90 – �1.21 �80
18.02 CP 0.11 �19.8 �99 �1.31 �57 �11.1 �21 1.7 �1.14 �79 – �3.39 �29
18c.21 CP – �30.5 �99 �1.42 �54 5.9 13 0.22 �1.3 �100 – �13.25 �76
18c.22 CP 0.07 �23.5 �98 �1.86 �66 7.4 16 0.21 �4.56 �98 – �14.72 �73
21.65 CP 0.48 �32.5 �99 �0.27 �10 �2.6 �5 0.7 �3.55 �100 – �8.38 �66
7b.100 CP 0.21 �37.4 �97 �0.98 �26 �6.1 �13 0.51 �3.36 �84 – �3.15 �55
7b.101 CP 0.24 �39 �99 �4.79 �51 �0.1 0 0.84 �7.72 �91 �0.03 �0.40 �46
7bis.04 CP 0.14 �40.7 �99 0.81 31 �6 �13 0.5 �2.1 �72 0.03 �1.46 �23
7bis.05 CP 0.07 �33.2 �99 �0.43 �11 5.7 12 0.36 �3.19 �85 0.1 �8.76 �81
7bis.06 CL 0.45 �39.7 �98 0 0 �1.2 �2 0.29 �3.52 �100 – 0.01 1
7.4 CP 0.16 �33 �99 �1.39 �40 7.3 17 0.27 �2.9 �94 0.00 �12.06 �74
7.41 CP 0.24 �39.5 �99 �0.67 �20 4.4 9 �.25 �1.38 �100 0.15 �4.78 �73
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4.1.2.1. Mass-balance calculation. The lack of correlation
between the original glass composition and that of the
alteration products suggests open system behaviour with
transport of components as solvents away from the site
of weathering. The behaviour of elements during alter-
ation of the glass can be addressed by calculating the
mass balance between pristine glass and altered glass.
For mass-balance calculation, the isocon method was
used (Grant, 1986, 2005). This method was preferred
because it does not require significant data manipulation
and can be accomplished both graphically and numeri-
cally to determine changes in volume, mass or element
concentration during metasomatism. Based on Grant
(2005), the equation for composition–volume relations is
written as

CA
i ¼ MO=MA

� �
CO

i þ DCi

� � ð1Þ
where Ci is the concentration of the element ‘‘i”, ‘‘A” refers
to the altered sample, ‘‘O” refers to the original sample, and
M is equivalent mass before and after alteration. DCi is the
change in concentration of the species ‘‘i” during alteration.
If change in density during alteration is known, it is then
possible to analyse the mass balance using

MO=MA ¼ qOVO=qAVA where MO=MA ¼ qO=qA ð2Þ
assuming the volume is constant
And, thus, Eq. (1) becomes

DCi ¼ ðqO=qAÞCA � CO ð3Þ
Fig. 9 is the isocon diagram showing the behaviour of

Al2O3, MgO, SiO2, CaO and FeO during alteration.
Fig. 2j, k and l show that alteration does not affect the over-
all structure of the original particle, except for the presence
of a variable number of open fractures. The presence of
these open fractures suggests that a change in volume did
occur during alteration, although the amount of volume
change cannot be determined with any accuracy. It can be
assumed that this change of volume is small, and alteration
is broadly isovolumetric. The slope of the isocon (i.e., qO/
qA) is 0.74 if densities of 2.7 g cm�3 for pristine glass and
2.0 for the palagonite are used (Staudigel and Hart, 1983;
Genge, 2007). We can then calculate mass-balance in
V-type cosmic spherules by solving Eq. (3).

4.1.2.2. Element mobility during the alteration of glass.

Results of the mass-balance calculations are reported in
Table 8. A loss of SiO2 between �16% and �41% is
observed in LK particles – except for two particles exhibit-
ing corrosion pits, in which SiO2 is slightly enriched (+1%
and +8%). In TAM particles, SiO2 is equally lost (�2%
to �21%) or gained (+9% to +17%). In all particles from
the LK, Al2O3 is gained (+3% to +64%). On the other
hand, Al2O3 is lost (�10% to �57%) in all but two TAM
particles (0% and +30%). Silicon tends to be more difficult
to remove than other major elements, because it is the main
network-forming element in silicate glasses (i.e., the element
responsible for the polymerisation of the glass). The con-
trasting behaviour of Si in LK and TAM particles suggest
that different environmental conditions will affect the com-
position of the alteration product.
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An almost total loss of MgO – between �89% and
�99% – is observed in all particles and is most significant
in particles exhibiting corrosion pits. This suggests that this
element is particularly incompatible within the alteration
product and soluble and mobile enough to be efficiently
removed by the fluid. Crovisier et al. (1992) showed that
during the first stage of palagonitisation of a subglacial vol-
canic glass, Mg is strongly depleted in the palagonite com-
pared to the pristine glass. As palagonitisation progresses,
Mg will then be reintroduced in an outer alteration layer
to form more evolved alteration products, such as clays.
Such evolved layers are absent in the alteration products
of V-type cosmic spherules and perhaps suggest only tran-
sient aqueous alteration.

In particles showing corrosion pits, FeO is consistently
lost (�1% to �77%) except for one LK particle that gained
+19% FeO. FeO is equally gained and lost in LK particles
showing a continuous layer (+13% to +27% and �9% to
�27% respectively). As palagonitisation of volcanic glasses
progresses, ferrous iron (Fe2+) within the glass tends to be
oxidised to ferric iron (Fe3+) (Furnes, 1978). In alkaline
aqueous fluids ferrous iron is much more mobile than ferric
iron. The increase of iron in half of the continuous layers
may be attributed to either a large amount of ferrous iron
being oxidised to ferric iron or the leaching by a relatively
less acid fluid.

In the altered glassy mesostases of particles MnO has
experienced significant loss (�100%, within the constraints
of analytical uncertainty). In LK particles, CaO is mostly
lost (�11% to �82%) except for five particles in which it
is gained (+5% to +25%). In TAM particles, CaO is almost
completely lost (�72% to �100%). Table 8 shows that of
the 24 LK particles studied, Na and K are gained in 14
and 21 particles, respectively. Na2O and K2O are gained
in all TAM particles. Note that Na2O and K2O values were
below detection limit in the pristine glass.

TiO2 is gained in 8 LK particles and 3 TAM particles.
Titanium was not detected in all LK particles and 3 TAM
particles showed minor concentrations (up to 0.53 wt%).
Increase in K2O and TiO2 in alteration products of some
particles might be explained by the alteration of surround-
ing rocks present in the moraine and the micrometeorite
traps, which contain these two elements (e.g., ilmenite for
Ti and alkali feldspar for K). Enrichment in Na might be
the result of dissolution of salts in the vicinity of the parti-
cles. The contamination of alteration products with
elements foreign to the original cosmic spherules suggests
that the alteration occurs in an open system implying tem-
porary interconnectivity of the aqueous fluid present in the
deposit at least on length scales of several grains.

The alteration of glass in olivine-bearing cosmic spher-
ules is similar to that observed in V-type cosmic spherules
in that the main alteration processes appear to be hydration
and leaching of major elements. As the interstitial glass
bands between the bars of olivine in BO cosmic spherules
are usually thinner than the spot size used for chemical
analysis, analysis of pristine and/or altered glass was not
possible without matrix overlap from surrounding mineral
phases. The same problem occurred with cryptocrystalline
cosmic spherules. As a consequence, major element compo-
sitions of pristine and altered glass of only 4 Po cosmic
spherules were determined (particles #7.42, #21.65,
#LK06-0050 and #LK06-0018; Table 9). The absence of
visible opened cracks or any change in morphology between
the pristine and altered glass suggest that alteration is
isovolumetric.

The calculated mass balance between the pristine and
altered glass is shown in Table 8. For all major elements
in the pristine and altered glass, moderate to severe losses
are observed. SiO2 is the least depleted element in the
altered glass and CaO is the most. The sequence of leaching
of the major elements from the glass is as follow:
Ca > MgP Al > Fe. This could indicate that the solvent
was slightly acidic (Banin et al., 1997), which is also consis-
tent with the congruent dissolution of olivine crystals.
Table 9 shows that minor elements are mainly below detec-
tion limits in the pristine glass (except for TiO2 in particle
#7.42 and P2O5 in #21.65 and #LK06-0050). Mn is present
in the pristine glass of #7.42, #21.75 and #LK06-0050, but
absent in their alteration products. Na2O and K2O are
below detection limit in all particles - except in the alter-
ation products of #21.65 and #LK06-0050. Sulphur is
observed in the alteration products of #7.42, #21.65 and
#LK06-0018. As for V-type cosmic spherules, addition of
minor elements foreign to the alteration products
(i.e., Na, K and Ti) can be attributed to the weathering of
other Na, K and Ti-bearing minerals in the vicinity of the
cosmic spherules.

4.1.3. Metal and sulphides

Tables 5 and 6 show the major element compositions of
pristine FeNi metal droplets and of their weathering prod-
ucts, respectively. Low totals in the WDS analyses suggest
that the alteration phases of metal droplets are hydrous
Fe-oxides (i.e., oxyhydroxides). In all cases, the original tex-
ture of the metal droplet is conserved, as particularly obvi-
ous for particle #LK06-0059 (Fig. 8b), in which the FeNi
metal has been almost completely altered, whereas the sul-
phide is partially preserved. This pattern of alteration is
consistent with observations in chondritic meteorites, in
which the FeNi metal phases (i.e., kamacite and taenite)
are altered into Fe-oxide/oxyhydroxide (i.e., goethite, lepi-
docrocite and maghemite; Buchwald and Clarke, 1989)
and are more susceptible to weathering than sulphides (typ-
ically troilite; Bland et al., 2006). In particle #LK06-0074
(Fig. 8f and h), the dendritic nature of the magnetite present
on the margin of the metal droplet suggests that oxidation
of the FeNi metal by atmospheric oxygen during particle
formation occurred. It is noteworthy that Fe/Ni ratios in
weathering products are higher than that of primary FeNi
metal. As metal droplets are the only significant source of
Ni in weathering products observed in micrometeorites,
the increase of Fe/Ni suggest that a large part of Ni is
removed from the micrometeorites in solution. The removal
of Ni during weathering may be explained by the circula-
tion of acid water since this element is particularly mobile
in low pH aqueous fluid (Smith, 2007).

A sphere of Fe-oxide resulting from the alteration of
FeNi metal is also observed in the G-type cosmic spherule
#LK06-0027 (Figs. 2o and 3l). Table 7 shows the major



Table 9
Major element compositions of pristine and altered glass in 4 Po cosmic spherules (data in wt%).

Sample Localitya n SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O SO3 P2O5 Total

7.42 MB 4 Avg. pristine 44.3 0.49 8.42 0.10 35.2 0.37 2.68 7.34 b.d.l. b.d.l. b.d.l. b.d.l. 98.9
S.D. pristine 1.6 0.04 0.06 0.20 1.6 0.25 0.53 0.23 0.4

3 Avg. altered 49.0 0.51 3.73 0.09 19.0 b.d.l. 0.43 0.54 b.d.l. b.d.l. 0.93 0.14 74.3
S.D. altered 6.0 0.10 0.55 0.21 6.9 0.46 0.61 0.65 0.32 3.0

21.65 MB 4 Avg. pristine 43.4 b.d.l. 7.53 b.d.l. 36.4 0.24 1.74 9.89 b.d.l. b.d.l. b.d.l. 0.16 99.3
S.D. pristine 1.7 1.39 2.8 0.28 0.87 1.06 0.32 0.3

1 altered 52.5 0.53 4.29 b.d.l. 13.3 b.d.l. 1.01 b.d.l. 0.40 0.95 2.15 b.d.l. 75.2

LK06-0050 LK 4 Avg. pristine 38.6 b.d.l. 4.56 b.d.l. 33.7 b.d.l. 2.09 18.86 b.d.l. b.d.l. b.d.l. 0.21 98.1
S.D. pristine 1.9 0.42 0.9 0.19 1.18 0.36 3.1

4 Avg. altered 35.6 0.10 4.20 0.10 25.3 b.d.l. 1.34 2.36 b.d.l. b.d.l. 0.43 1.26 70.6
S.D. altered 10.7 0.19 0.56 0.20 11.8 1.41 0.42 0.86 0.79 3.3

LK06-0018 LK 1 pristine 38.3 b.d.l. 5.57 0.50 26.0 0.70 8.67 15.15 b.d.l. b.d.l. b.d.l. b.d.l. 96.0
1 altered 35.1 0.37 3.55 0.48 24.0 0.57 6.70 6.59 b.d.l. 0.24 1.35 0.55 79.6

Avg. = average
S.D. = standard deviation.
b.d.l. = below detection limit.
n = number of analyses.
a LK = Larkman Nunatak; MB =Miller Butte.
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elements composition of the Fe-oxide constituting the
sphere, the encrustation, and the secondary material filling
radial cracks. High Fe and Ni contents suggest that this is
the result of weathering of a FeNi metal droplet. The detec-
tion of lithophile elements, such as Si, Al and Mg, suggests
that the interstitial glass present between the dendrites of
magnetite was partially weathered. The presence of detect-
able amounts of Na, Cl and P, which are usually absent
from G-type cosmic spherules, suggests that weathering
occurred in an open system.

4.1.4. Magnetite and wüstite

A set of 20 I-type cosmic spherules from the LK collec-
tion was investigated to look for evidence of alteration of
magnetite and wüstite. Magnetite also forms shells sur-
rounding both scoriaceous and unmelted micrometeorites.
I-type cosmic spherules are mainly made of magnetite and
wüstite intergrowths (Genge et al., 2008). In all the particles
studied here, magnetite grains of all sizes were not altered
and preserved their structure and composition, even in
areas where other mineral phases are severely weathered
(e.g., the preservation of the magnetite rim in the severely
weathered coarse-grained, unmelted micrometeorites
#19b.24 and #19b.25; Fig. 4c and d). By studying the mag-
netic properties of micrometeorites from the TAM, Suavet
et al. (2009b) showed that under Antarctica’s climatic con-
ditions, magnetite does not alter into maghemite. In addi-
tion, magnetite is known to be metastable in the
Antarctic environment (Bland et al., 2006).

Below 570 �C, wüstite is metastable and can only be pre-
served in both micrometeorites and the fusion crust of
meteorites by quenching (Brownlee, 1981). In most terres-
trial environments, wüstite slowly decomposes into mag-
netite and a-iron. However, in the studied I-type cosmic
spherules wüstite has been entirely preserved. This is also
the case in I-type cosmic spherules from the TAM collec-
tion (Rochette et al., 2008).

The preservation of both magnetite and wüstite in
micrometeorites from both the LK and the TAM collec-
tions suggests that over their period of storage in the
Antarctic environment, these two mineral phases were not
altered to an extent observable with the techniques used
for this study.

4.2. Weathering products

Weathering products are frequently observed in weath-
ered micrometeorites from both the LK and TAM collec-
tions. In particular, the observation of secondary products
in dissolved crystals of olivine along a crack running
through the CC cosmic spherule #LK06-0091 suggest that
cracks are particularly important for the circulation of fluids
responsible for the weathering of the particles (Fig. 3b). The
composition of the secondary products in CC cosmic spher-
ules #LK06-0044, #18c.01 and #20.02, with significant
amounts of S and K associated with high Fe, indicate that
a sulphate (likely jarosite) may be present amongst the sec-
ondary products of these three particles (Table 3). FTIR
spectra of altered areas of particles #20.01 and #20.02 show
that sulphate is part of the weathering products (Fig. 6).
Jarosite is also present as a weathering product in scoria-
ceous micrometeorite #6.19 and unmelted micrometeorites
#20c.343 and #20c.344 (Table 2).

Jarosite has been described as a weathering product in
many micrometeorites from the TAM collection
(Rochette et al., 2008). The presence of jarosite in voids
suggests that alteration may have mainly occurred due to
the circulation of a limited amount of sulphate-rich, acidic
water in vesicles over short periods at a time. Assuming that
it was emplaced during weathering of the particles, the pres-
ence of jarosite is consistent with the congruent nature of
the dissolution of olivine crystals which is also associated
with acid conditions (Liu, 2006). In particle #6.19, weather-
ing by acidic water can also explain the presence of a euhe-
dral and partially dissolved Si-rich mineral containing
minor amounts of Fe, Mg and S, as the preferential
removal of M2+ cations (i.e., Mg2+ and Fe2+) from a relict
olivine grain during the first stage of dissolution occurs in
acidic fluids (Liu, 2006). Furthermore, Liu (2006) showed
that after removal of M2+ cations, dissolution of olivine
is congruent. This process can also explain the occurrence
of Mg-poor areas surrounding remnant pristine olivine in
coarse-grained, unmelted micrometeorite #19b.24 (Fig. 4c).

The compositions of altered metal and sulphide
droplets, which show notable amounts of Si, S, Al, and
Ca, and minor Cl and Mg, are very similar to the composi-
tion of ‘‘sialic” rust observed in Antarctic meteorites by
Gooding (1986a), except for the very high content in S
(Table 6). In scoriaceous micrometeorites, the composition
of limonite lining the walls of vesicles in #LK06-0095 and
#LK06-0096 is very similar to metallic rust and sialic rust,
respectively (close-ups of Fig. 5a and b). It appears that
although these two particles do not appear to have been
weathered to a great extent, signs of aqueous weathering
are still present. Sialic rust is also observed as secondary
material in negative crystals of olivine in coarse-grained
unmelted micrometeorite #20c.344 (Fig. 4b; Table 10).
Such sialic rust is the result of weathering of mafic silicates
from the meteorites (in contrast with the metallic rust,
which is the alteration product of FeNi metal in Antarctic
meteorites; Gooding, 1986a). Thus, the presence of Si, Al,
Ca and minor Mg could be the result of the alteration of
mafic minerals in the particles, or the influx of lithophile
elements in the solution by aqueous fluids. High abundance
in S can be explained by the weathering of the sulphides
present in metal droplets. Chlorine present in the alteration
product is, however, demonstrably terrestrial, as it is absent
from the original micrometeorites in detectable quantities.
A likely source for Cl is sea-spray, as suggested from the
study on weathering in meteorites (Bland et al., 2006). It
is noteworthy that in some cases, olivine crystals adjacent
to S-bearing, altered metal droplets appear to have been
partially dissolved (e.g., Fig. 8c). This can be explained by
the fact that during weathering, part of the S from the sul-
phides will be added to the alteration fluids as SO2, which
will lower the pH of the solution (Bland and Rolls, 1998),
thus facilitating the dissolution of silicates adjacent to the
metal droplets.

From SEM observations, it appears that particles
#19b.24 and #19b.25 have suffered weathering to a greater



Table 10
Major element compositions (in oxide wt%) of secondary mineral phases in unmelted coarse-grained micrometeorites #20c.343, #19b.13, #19b.24 and #19b.25.

Particle n Comment Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO Fe2O3 NiO Total

Jarosite

19b. 13 1 b.d.l. b.d.l. 0.72 3.6 b.d.l. 27.7 0.47 6.83 b.d.l. 43.2 b.d.l. 82.6
20c.343 7 Avg. 0.43 0.28 2.86 3.24 b.d.l. 30.9 b.d.l. 7.91 b.d.l. 37.5 b.d.l. 83.1

S.D. 0.22 0.35 2.32 3.10 1.5 0.35 2.4

Alteration products

19b. 13 2 Olivine pseudomorphs Avg. b.d.l. 0.21 1.57 13.9 2.06 5.16 1.55 0.16 0.31 54.2 1.20 80.4
19b. 13 S.D. 0.29 0.05 2.10 0.16 0.09 0.07 0.22 0.04 1.0 0.13
19b. 13 1 Infilled cavity b.d.l. b.d.l. 2.55 6.20 b.d.l. 6.47 1.58 b.d.l. b.d.l. 62.5 1.86 81.1
19b. 13 1 Encrustation b.d.l. 0.10 1.95 4.44 b.d.l. 6.92 1.11 b.d.l. b.d.l. 64.3 1.83 80.7
19b.24 4 Infilled cavity Avg. b.d.l. b.d.l. 1.77 5.94 b.d.l. 4.52 b.d.l. b.d.l. b.d.l. 63.9 b.d.l. 76.1

S.D. 1.54 3.64 1.38 4.0
19b.24 8 Encrustation Avg. b.d.l. b.d.l. 1.54 1.55 b.d.l. 5.20 1.12 b.d.l. b.d.l. 66.6 b.d.l. 76.0

S.D. 1.13 1.43 1.24 0.64 2.1
19b.25 4 Inside particle Avg. b.d.l. b.d.l. 2.94 14.1 0.30 9.94 0.85 1.72 0.44 50.5 b.d.l. 80.7

S.D. 0.63 5.9 0.60 5.61 0.57 1.93 0.87 12.0
19b.25 9 Encrustation Avg. b.d.l. b.d.l. 2.15 3.04 b.d.l. 6.43 1.46 b.d.l. b.d.l. 65.0 b.d.l. 78.1

S.D. 0.96 1.45 1.21 0.86 2.4

Avg. = average
S.D. = standard deviation.
b.d.l. = below detection limit.
n = number of analyses
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extent that #20c.343 and #19b.13 (Fig. 4). Table 10 shows
that the composition of the rust encrusting particles
#19b.24 and #19b.25 is similar to the metallic rust observed
in #19b.13, although with a significant depletion in litho-
phile elements. The rust filling negative crystals of olivine
in #19b.24 has a composition more similar to the sialic rust,
whereas the rust in the inner part of #19b.25 has a similar
composition to the metallic rust encrusting it. Element maps
show that the abundance of Fe-oxide is significantly higher
in #19b.24 compared to #19b.25 (Fig. 4c1 and d1). Further-
more, olivine seems totally absent from #19b.24, whereas
partially dissolved crystals of olivine are still observed in
#19b.25. These observations suggest that #19b.24 is weath-
ered to a much greater extent than #19b.25, suggesting that
as weathering progresses, Si, Al and P are removed from the
system. This is consistent with element mobilisation during
the weathering of ordinary chondrites in the Antarctic envi-
ronment (Bland et al., 2006).

4.3. The weathering of fine-grained unmelted micrometeorites

The fine-grained unmelted micrometeorites studied did
not show any evidence for weathering down to the
micrometre-scale. This class of micrometeorites is mainly
associated with CI/CM chondritic material that is rich in
phyllosilicates (Genge et al., 2008). Phyllosilicates are rare
in these particles though, as they are frequently dehydrated
during the atmospheric entry heating to form amorphous
dehydroxylates that further decompose into olivine, pyrox-
ene and glass. The reason why we have not observed evi-
dence of weathering in the studied fine-grained unmelted
micrometeorites is not clear and might be explained by:
(1) the low strength of this material and, thus, its low resis-
tance to physical weathering that will fragment the parti-
cles; (2) their stronger resistance to weathering, although
their mineralogy and chemistry, especially of the more ther-
mally altered fine-grained unmelted micrometeorites, do
not differ greatly from other types of micrometeorites; (3)
the rarity of this type of particles results in a small number
of particles studied, which as a consequence lowers the
probability of finding fine-grained unmelted micromete-
orites altered to a significant level.

4.4. The relative weathering of the mineral phases

To understand the process of weathering of micromete-
orites, it is important to know the sequence of alteration in
terms of the various mineralogical and textural compo-
nents. As mentioned earlier, olivine will likely be the first
component to weather. Within a set of 31 Po cosmic spher-
ules studied, glass appears to be weathering more slowly
than olivine in most particles. In order to quantify this, par-
ticles can be classified into three groups based on the degree
of alteration of olivine crystals and glass: (1) only olivine
crystals were altered in 12 particles (or considerably more
altered than the glass); (2) glass and olivine were both
altered in 17 particles, although weathering seems to have
slightly more affected olivine; (3) glass was significantly
more weathered than olivine in only 2 particles. Fig. 10
shows the ranges of fayalite content of olivine crystals in
these three different groups. Fig. 11 shows the major
element composition of pristine glass in 20 particles. Olivine
with a composition of <Fa25 was preferentially weathered,
whereas olivine with a composition >Fa30 was preserved.
Olivine crystals with intermediate composition were either
weathered or preserved. It is noteworthy that no correlation
is found between the major element composition of the
glass and its degree of weathering; thus, the weathering of
glass appears to be a complex process that is controlled
by factors other than its chemical composition (e.g., struc-
ture of the glass, temperature, composition of the leachant,
etc.; Farges et al., 2007). Studies on the weathering of
terrestrial basalts have shown that acidity of the weathering
fluid (i.e., water) controls the time persistence of primary
minerals such as glass and olivine (e.g., Hausrath et al.,
2008). Olivine will weather more rapidly than basaltic glass
when the pH ranges between �2 and �8. It has been shown
that the pH of the snow melt in Antarctica is slightly acidic
(Delmas et al., 1982). It is, therefore, reasonable to assume
that under the conditions in which the micrometeorites
studied here were altered, olivine will tend to be less resis-
tant to weathering than glass.

Undersaturation of with respect to olivine of the surface
snow and meltwater in the dry valleys in Antarctica facili-
tates the congruent dissolution of olivine (Delmas et al.,
1982; Green and Canfield, 1984; Green et al., 1988, 1989;
Wentworth et al., 2005). Based on our observations,
Mg-rich olivine appears to be more sensitive to weathering
relative to fayalite compositions. This is problematic, as
experimental studies and field observations have shown
that fayalitic olivine is typically more sensitive to weather-
ing than forsteritic olivine, even under extremely cold con-
ditions (e.g., Westrich et al., 1993; Stopar et al., 2006; Olsen
and Rimstidt, 2007; Velbel, 2009, 2014b). In contrast, a
study by Gislason and Arnórsson (1993), focusing on the
weathering of primary basaltic minerals including olivine
in cold, silica-undersaturated water from Iceland, observed
that increasing forsterite content decreased the stability of
olivine.
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Based on the observations of preferential weathering of
magnesian olivine in cosmic spherules, the sequence of
alteration of phases within micrometeorites depends on oli-
vine composition. In those particles with magnesian-rich
olivine (<Fa25) glass dissolution occurs after olivine, whilst
in those particles with iron-bearing olivine, glass dissolution
occurs largely prior to olivine weathering. The sequence of
weathering controls the size and shape of cavities generated
through dissolution.

Fig. 8b and g show that the FeNi metal constituting the
metal droplets observed in cosmic spherules weather before
sulphide. In turn, the generally advanced weathering stage
of metal droplets compared to silicate phases suggests that
sulphide weathers before olivine and glass. Conversely, mag-
netite is particularly resistant to weathering in the Antarctic
environment and will weather after olivine and glass. Thus,
a simple sequence of alteration for cosmic spherules is as fol-
lows: FeNi metal < sulphide < olivine < glass� magnetite
(for olivine with <Fa25); FeNi metal < sulphide < olivine/
glass �magnetite (for olivine with Fa25–30); FeNi
metal < sulphide < glass < olivine� magnetite (for olivine
with >Fa30). Scoriaceous micrometeorites have the same
overall mineralogy as the cosmic spherules (Genge et al.,
2008), so it is reasonable to assume that the alteration
sequence of their mineral phases will be the same.

The alteration sequence of mineral phases constituting
chondritic coarse-grained unmelted micrometeorites is
slightly more complex, as they preserve the chondritic min-
eralogy of their parent material. In #20c.343 and #19b.13,
olivine has been partially dissolved, as indicated by abun-
dant etch pits. Other phases, including pyroxene, oligoclase
and glass have been perfectly preserved in both particles.
Thus, it appears that olivine is the first silicate mineral to
alter. It has been shown that in Antarctic meteorites, olivine
and pyroxene are weathered at the same rate (Bland et al.,
2006). Thus, it appears that in the case of ordinary chon-
dritic material, micrometeorites from Antarctica present a
different weathering sequence than meteorites. The presence
of jarosite in voids in #20c.343 and #19b.13 may explain
this difference, as the presence of an associated acidic fluid
may have considerably accelerated the dissolution of olivine
crystals with respect to other silicates. Based on their min-
eralogy and abundance of secondary phases with respect to
primary phases, we suggest that the sequence of weathering
of these four coarse-grained unmelted micrometeorites goes
as follow: #20c.343 < #19b.13 6 #19b.25 < #19b.24.
Absence of significant amounts of FeNi metal and sulphide
in all particles associated with presence of Ni and S in the
weathering products suggests that FeNi metal and sulphide
are more susceptible to weathering than olivine, which is, in
turn, more susceptible than glass/feldspar and pyroxene.
Furthermore, the element map of #19b.24 shows that
pyroxene is the mineral phase most resistant to weathering,
as it is the only observed silicate phase. We, thus, propose
the following sequence of alteration for coarse-grained
micrometeorites: FeNi metal/sulphide < olivine < feldspar/
glass < pyroxene.

5. IMPLICATIONS

5.1. Rates of weathering of micrometeorites

Rates of weathering of micrometeorites can be deter-
mined using a range of different methods. A simple method
would be to compare the residence age of individual
micrometeorites on the Earth’s surface with their degree
of weathering. Rochette et al. (2008) showed that the min-
imum period of accumulation for micrometeorites in the
TAM collection is �1 Ma based on the presence of
Australasian microtektites. Suavet et al. (2011) managed
to constrain the residence age of a set of cosmic spherules
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from the TAM by studying their paleomagnetic properties
related to Earth’s geomagnetic field polarity. They demon-
strated that cosmic spherules older than 0.78 Ma (i.e., older
than the last geomagnetic reversal; Bassinot et al., 1994)
show a higher degree of weathering (i.e., dissolution of
olivine and encrustation with jarosite) than cosmic spher-
ules younger than this age. Although this work indicates
that the residence age of cosmic spherules in the TAM
collection can be extremely long and, thus, that weathering
is particularly slow, the determined age is not absolute and
does not allow calculation of the weathering rates of the
cosmic spherules.

Micrometeorites from the South Pole Water Well and
Concordia collections have better constrained terrestrial
residence time, at 1 ka and a few tens of years, respectively
(Taylor et al., 1998; Duprat et al., 2007). Their terrestrial
age is too short for them to have suffered extensive weath-
ering and precludes determination of weathering rates. A
meaningful weathering scale, which accounts for relative
alteration susceptibilities and identifies a sequence of
weathering effects, although not quantitative can provide
constraints by which approximate relative ages could be
evaluated.

5.2. A weathering scale for micrometeorites

A weathering scale for micrometeorites would allow
assessment of their survival in the terrestrial environment
andwould improve the evaluation of themicrometeorite flux
to Earth. A weathering scale originally used by the NASA
Johnson Space Center for Antarctic meteorites consisted of
the three distinct categories A, B and C, which indicate the
level of rustiness of a hand specimen. This scale was later
improved by Velbel (1988) to indicate by the addition of a
lower ‘‘e” to the original classification the presence of evap-
orites formed as a result of terrestrial weathering on Antarc-
tic meteorites. The scale was then adapted to thin sections by
(Jull et al., 1991) and was based on the progressive replace-
ment of FeNi metal, troilite and then silicates by their weath-
ering products. The scale was then updated by Wlotzka
(1993) and is easy to use, as it only requires a survey of a pol-
ished thin section of a sample using an optical microscope. A
similar weathering scale was developed for CR and CK car-
bonaceous chondrites (Rubin and Huber, 2005). The
response to weathering of different classes of meteorites
(e.g., ordinary or carbonaceous chondrites) differs greatly,
as their primary mineralogy and chemistry are fundamen-
tally different (Bland et al., 2006). A universal scale of weath-
ering for all types ofmeteoritesmay then not be possible. The
same limitations apply to micrometeorites, as mineralogy
and chemistry vary considerably depending on the various
Table 11
Weathering scale for micrometeorites based on the amount of primary m

Encrustation by secondary material Loss and/or alteration o

Not visible

Not visible 0a
Partial 0b
Complete 0c
types. Similarly to meteorites, we have shown that microme-
teorites of the same subtype (and sometimes the same type)
will weather following a precise sequence of alteration
(e.g., FeNi metal and sulphide first, followed by silicates
and glass). However, it is not possible to extend a unique
sequence of alteration to all micrometeorite types due to
their disparate mineralogies, compositions and small
volumes. For example, glass chemical compositions are
fundamentally different in glass and Po cosmic spherules.
As large variations in glass composition may affect their rate
of weathering, it appears that a unique weathering scale for
these two types ofmicrometeorites may not accurately reflect
their relative terrestrial residence age.

Alternatively, we propose a weathering scale applicable
to the different micrometeorite types that is not correlated
with their terrestrial ages. The proposed bimodal classifica-
tion is based upon the degree of weathering against the level
of encrustation by secondary material. These two criteria
were chosen firstly because they often form independently
from one another, as the encrustation present on the parti-
cles may originate from processes foreign to the micromete-
orite (e.g., growth of salts in the LK moraine or TAM
micrometeorite traps). Secondly, they are easily identified
using optical microscopy on sectioned samples, similar to
the weathering scale for ordinary chondrites (Jull et al.,
1991; Wlotzka, 1993). The degree of weathering includes
loss of primary minerals (e.g., loss of silicates by congruent
dissolution) and replacement of mineral phases (e.g., FeNi
metal and glass altered to Fe-oxide/oxyhydroxide and
palagonite, respectively). The following stages of weather-
ing are distinguished:

– 0: No visible loss and/or alteration of primary material.
– 1: Minor loss and/or alteration of primary material.
– 2: Moderate loss and/or alteration of primary material
(20–60%).

– 3: Severe loss and/or alteration of primary material
(>60%).

The level of encrustation surrounding the particles by
secondary phases can be divided into three different stages:

– A: No visible encrustation.
– B: Partial encrustation.
– C: Complete encrustation.

A weathering scale is shown in Table 11. Micromete-
orites showing neither visible effects of weathering nor
encrustation will be classified 0A, whereas micrometeorites
showing both severe weathering and complete encrustation
will be classified as 3C. Using this weathering scale, the
aterial lost and encrustation by secondary material.

f primary material

Minor Moderate (20–60%) Severe (>60%)

1a 2a 3a
1b 2b 3b
1c 2c 3c
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following micrometeorites of this study can be classified as
follow: V-type cosmic spherule #LK06-0036 (Fig. 2j) as 1A;
BO cosmic spherule #LK06-0038 (Fig. 2e) as 2A; Po cosmic
spherule #21.66 (Fig. 2c) as 3A; I-type cosmic spherule
#LK06-0027 as 2B (Fig. 2o); and coarse-grained unmelted
micrometeorites #19b.25 and #19b.24 (Figs. 4c and 4d) as
3B and 3C, respectively.

This weathering scale may prove useful for quickly and
efficiently estimating to which extent various collections of
Antarctic micrometeorites are affected by terrestrial weath-
ering. Furthermore, the absence of a proper weathering
scale results in the terrestrial weathering being often over-
looked when looking for possible biases in micrometeorite
collections.

5.3. Effects on preservation and abundance of

micrometeorites

The observations made on the relative stability of phases
within micrometeorites in the Antarctic environment have
implications for the preservation and abundance of parti-
cles within accumulation deposits on the continent. A key
feature of micrometeorite weathering is the preferential
removal of olivine compared with glass, with enhanced
dissolution of Mg-rich olivine. Particles in which Mg-rich
olivine are a key component, such as Po cosmic spherules
and type I coarse-grained unmelted micrometeorites
(Genge et al., 2008), are likely to experience increases in
pore space and permeability that will further enhance their
susceptibility to alteration through the penetration of snow
melt. Dissolution is also likely to affect the mechanical
strength of particles, with those experiencing significant
dissolution perhaps undergoing fragmentation during
freeze-thaw events and, thus, a decrease in abundance at
larger sizes relative to other particles. Such mechanical
effects may be expected to be most significant in moraine
deposits and traps on rock surfaces where long term expo-
sure to minor climatic divergences is most likely. Particles
trapped in snow or ice being less likely to be influenced
by short term changes in temperature.

Dissolution of crystalline phases may also influence
accumulation of micrometeorites in those deposits in which
secondary accumulation of wind-blown dust occurs. Mor-
aines formed in the lee of nunataks are likely to, in part,
act as aeolian traps with enhanced accumulation and reten-
tion of denser particles. Removal of olivine by dissolution
will cause decreases in particle density that may allow pref-
erential loss of these particles if a deposit is intermittently
exposed at the surface by removal of snow cover decreasing
the abundance of such particles.

Precipitation of secondary phases within micromete-
orites is likely to have a complex effect on their alteration.
Within cavities secondary phases will decrease permeability
and impede further dissolution of primary phases. Such
effects may, in particular, affect particles with etched rims,
whose outermost portions can be sealed by precipitation
of secondary phases.

Micrometeorites represent a large part of the flux of
extraterrestrial matter to Earth’s (Brownlee, 1981), there-
fore determining these preservation biases with precision
can have a significant impact when estimating the nature
of this flux and its variability over the recent geological
past.

5.4. Environmental factors controlling the weathering of

micrometeorites

Despite the arid and cold conditions in Antarctica, we
have shown that indicators of chemical weathering are fre-
quent in Antarctic micrometeorites. The presence of
hydrous secondary mineral phases (e.g., Fe-oxyhydroxide,
jarosite and palagonite-like gel) and the congruent dissolu-
tion of olivine suggest that availability of liquid water is the
main factor controlling weathering. Furthermore, the addi-
tion of elements foreign to the host micrometeorite in sec-
ondary products (e.g., Cl in secondary Fe-oxyhydroxide)
suggests that weathering occurs in an open system, with
water adding and removing elements from the micromete-
orites as weathering progresses. The open system nature
of the alteration suggests that water is able to infiltrate
and flow into the upper few centimetres of the moraine
(in the case of the LK collection) or of the granitic detritus
in micrometeorites traps (i.e., regarding the TAM collec-
tion) rather than forming as menisci of water attached to
a few grains. This implies significant melting of snow and
fluid flow. Localised melting of snow in the arid areas of
Antarctica is common on solar-heated boulders
(Marchant and Head, 2007), but the absence of such large
rocks on the sampling site of the LK moraine suggests that
the melting of snow was not a localised event – perhaps sug-
gesting climatic variations.

The observation of frequent laminations in palagonite-
like gel in V-type cosmic spherules (e.g., Fig. 3h–j) and in
encrustations of Fe-oxyhydroxide (e.g., Figs. 3a and 4d)
on the margins of micrometeorites suggests that the inflow
of liquid water does not occur continuously. This is consis-
tent with seasonal melting of snow present in the microme-
teorite traps when the ground temperature in both
Northern Victoria Land and the Queen Maud Mountains
rises above 0 �C (LaPrade, 1986; Prick et al., 2003). We
have also observed single V-type cosmic spherules showing
different weathering types that are related to different
water/rock ratios. This suggests that the seasonal variations
of temperature will not produce abundant liquid water uni-
formly in the moraine, but rather in limited areas, likely at
the millimetre to centimetre scale.

Jarosite is usually unstable under temperate and tropical
climate and decomposes to produce ferric oxyhydroxides,
but the lack of continuous input of sufficient quantity of
water to the micrometeorite traps may prevent jarosite from
decomposing, leaving it metastable under these conditions
over long periods of time (Madden et al., 2004). Microme-
teorites from the TAM collection have accumulated over
the last 1 Ma, and the climatic conditions in Antarctica
have been roughly stable over this period of time, suggest-
ing that jarosite formed in a particularly cold and dry envi-
ronment (Jouzel et al., 2007). Constituents of jarosite in the
TAM micrometeorite traps are likely derived from the
weathering of granitic material (especially for K) and of
micrometeorites (Fe). The presence of SO4 can result from
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the weathering of sulphide occasionally present in the
micrometeorites. On the other hand, in micrometeorites
devoid of sulphide, the source of SO4 is necessarily external.
A possible external source of S in the jarosite of microme-
teorites from the TAM are tephra, commonly found in the
region (Curzio et al., 2008) and in the micrometeorite traps
(Rochette et al., 2008). A close proximity between Northern
Victoria Land with the Ross Sea and Pacific Ocean suggest
that sea sprays may be another good source for SO4

(Delmas et al., 1982; Gibson et al., 1983). Furthermore, sul-
phates (and in particular jarosite) are present in much lesser
quantity in micrometeorites from LK. Even though the
extent of the Ross Ice Shelf has been variable over the last
1 Ma (Pollard and DeConto, 2009), it is reasonable to
assume that the LK area has been less exposed to sea sprays
than the Northern Victoria Land, although the presence of
jarosite within LK, combined with the generally antipolar
nature of low altitude winds, may necessitate ingress of
the ice edge into the Ross Sea over the accumulation life-
time of the LK deposit. This observation strengthens the
idea that SO4 in jarosite might in part come from sea
sprays. An important implication for the formation of
jarosite is that the water controlling the weathering of
micrometeorites is acidic (Swayze et al., 2008). The congru-
ent dissolution of olivine and the presence of etch pits dur-
ing the first stage of alteration also support weathering in
an acidic environment (Velbel, 2009). The preferential dis-
solution of olivine adjacent to altered sulphide-bearing
metal droplets in cosmic spherules suggests that in some
cases the increase in acidity of the weathering fluid due to
formation of SO4 may have been very localised (e.g.,
Fig. 8b and c). Finally, jarosite has been observed on the
surface of Mars by the Opportunity rover (Christensen
et al., 2004; Klingelhöfer et al., 2004). Therefore, another
important implication for the presence of jarosite as a
weathering product in micrometeorites is that, in addition
to the McMurdo Dry Valleys (Wentworth et al., 2005),
the glacial moraines and ice-free tops of nunataks of the
Transantarctic Mountains may be good analog sites for
the surface of Mars.

6. CONCLUSIONS

Based on this study of micrometeorites from the Lark-
man Nunatak (LK) (n = 366) and from the Transantarctic
Mountains (TAM) collection (n = 25), we have shown that
the effects of terrestrial weathering frequently obscure the
primary features of micrometeorites from Antarctica.

In all types of micrometeorites, we have observed several
categories of weathering effects that vary between particle
types and between individual particles of the same type.
The main weathering effects include the creation of irregu-
lar and faceted cavities, etch pits in olivine crystals, infilled
cavities, replaced silicate phases, and hydrated and replaced
metal. Irregular and faceted cavities and etch pits are the
result of the dissolution of olivine crystals. Cavities are then
frequently filled with fine-grained polycrystalline secondary
products mainly composed of Fe-oxide/oxyhydroxide. The
replaced silicate phases consist predominantly of altered
glass in the form of a palagonite-like gel. Fe–Ni metal
and sulphide are rapidly altered to Fe-oxide/oxyhydroxide.

Micrometeorites generally consist of several minerals
and as a consequence are affected by differential weathering.
By studying micrometeorites exhibiting different degrees of
weathering, we have been able to determine a sequence of
alteration of their various mineral phases. The sequence
of alteration for cosmic spherules and scoriaceous
micrometeorites is as follows: FeNi metal < sulphide <
olivine < glass �magnetite (for olivine with <Fa25).
Coarse-grained unmelted micrometeorites generally have
a slightly more complex mineralogy than cosmic spherules
and scoriaceous micrometeorites. The sequence of alter-
ation of their mineral phases is: FeNi metal/sulphide <
olivine < feldspar/glass < pyroxene.

Determining absolute weathering rates of micromete-
orites from the LK and TAM collection was not possible.
In order to do so, future work may consist in the develop-
ment of techniques that allow constraining the absolute age
of individual particles exhibiting various degrees of weath-
ering. Despite the high variability in mineralogy and chem-
istry between the different groups of micrometeorites, we
propose a weathering scale for micrometeorites based on
both the degree of weathering (i.e., loss and/or alteration
of primary material) and the level of encrustation by sec-
ondary phases. These two criteria are not interdependent
and are easily observable. The following stages of weather-
ing are distinguished:

– 0: No visible loss and/or alteration of primary material.
– 1: Minor loss and/or alteration of primary material
(mainly silicate phases).

– 2: Moderate loss and/or alteration of primary material
(20–60%).

– 3: Severe loss and/or alteration of primary material
(>60%).

These stages are then combined with the level of encrus-
tation surrounding the particles, which is divided into three
different stages:

– A: No visible encrustation.
– B: Partial encrustation.
– C: Complete encrustation.

Finally, environmental factors controlling the weather-
ing of micrometeorites have been determined:

– Mineralogical and textural evidence indicates that water
is the main agent controlling the weathering of
micrometeorites.

– The observation of etch pits in olivine shows that the
weathering occurred in an abiotic environment.

– The presence of jarosite and the congruent dissolution of
olivine show that the water controlling the weathering of
micrometeorites was acidic.

– The chemistry of secondary mineral phases shows that
weathering occurs in an open system, which, in turn,
shows that occasional melting of snow produced liquid
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water in the first few centimetres of the LK moraine and
in the micrometeorites traps of the TAM.

– The observation of laminations in palagonite and of sev-
eral types of weathering related to different water/rock
ratios in individual V-type cosmic spherules shows that
melting of snow resulting from seasonal variations is
not uniform on the moraine but rather will affect limited
areas in a distinct manner.
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