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Micrometeorites are estimated to represent the main part of the present flux of extraterrestrial
matter found on the Earth’s surface and provide valuable samples to probe the interplanetary
medium. Here, we describe large and representative collections of micrometeorites currently
available to the scientific community. These include Antarctic collections from surface ice and
snow, as well as glacial sediments from the eroded top of nunataks—summits outcropping
from the icesheet—and moraines. Collections extracted from deep-sea sediments (DSS)
produced a large number of micrometeorites, in particular, iron-rich cosmic spherules that
are rarer in other collections. Collections from the old and stable surface of the Atacama
Desert show that finding large numbers of micrometeorites is not restricted to polar
regions or DSS. The advent of rooftop collections marks an important step into involving
citizen science in the study of micrometeorites, as well as providing potential sampling
locations over all latitudes to explore the modern flux. We explore their strengths of the
collections to address specific scientific questions and their potential weaknesses. The future
of micrometeorite research will involve the finding of large fossil micrometeorite collections
and benefit from recent advances in sampling cosmic dust directly from the air.

This article is part of the theme issue ‘Dust in the Solar System and beyond’.

1. Introduction

Every year Earth accretes 20 000 to 40 000 tonnes of cosmic dust, of which approximately 10%
survive atmospheric entry to become micrometeorites. This represents in terms of mass the
largest part of the flux of extraterrestrial material reaching the Earth’s surface [1]. The sizes of
micrometeorites range from a few tens to 2000 um [2]. Cosmic dust particles are <10 um that are
typically collected in the stratosphere and are termed interplanetary dust particles (IDPs) [3].
Micrometeorites originate from small primitive parent bodies (i.e. non-differentiated); for most
individual particles deciphering between asteroidal and cometary sources remains ambiguous
however contribution from comets may dominate the lower size range (<50 pum) [4] while the
contribution from asteroids may dominate above this threshold [5]. This is in sharp contrast
with models suggesting that the zodiacal cloud, which includes micrometeoroids, is mostly
constituted of cometary dust, particularly from Jupiter Family Comets [6]. Recent studies
also suggest that micrometeorites may sample isotopic reservoirs not observed in meteorite
collections [7]. Therefore, micrometeorites are an essential tool for probing the interplanetary
medium and estimating the input of extraterrestrial matter to the geochemical budget of Earth.
The continuous flux of micrometeorites to Earth allows their collection on any surface, provided
the accumulation time is sufficient and environmental conditions allow their preservation. The
extraterrestrial nature of micrometeorites was first determined by the finding and chemical
analysis of dark magnetic spheres in deep-sea sediments (DSS) collected during the 1872-1876
expedition of the HMS Challenger [8]. Since then, large numbers of micrometeorites have been
sampled from various environments, mainly from DSS, ice or snow and glacial sediments from
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polar regions. Micrometeorites from DSS were collected by raking, dredging and magnetically
extracting cosmic spherules [9-14]. In polar regions, micrometeorites were first collected in
Greenland ice [15], and subsequently in Greenland cryoconite [16], Antarctic ice [17,18] or
glacial deposits [19,20].

More recent collections have focussed on the systematic sampling of unbiased or rare
micrometeorite populations. This paper reviews the status of these major micrometeorite
collections, including their statistical properties and scientific potential. The strengths and
possible biases of the collections are discussed to estimate their potential to address specific
scientific problems. Finally, future prospects for the collection of micrometeorites are explored.

2. The dlassification of micrometeorites

Micrometeorites are classified on the basis of the degree of thermal alteration suffered during
atmospheric entry into three groups, the unmelted, partially melted and melted micrometeor-
ites [21]. Unmelted micrometeorites, typically angular to subangular particles, are classified
primarily into the fined-grained, coarse-grained and ultracarbonaceous subtypes based on
their main constituent mineral phases. The fine-grained (Fg) micrometeorites are similar to
the matrices of certain carbonaceous chondrites and often exhibit evidence of limited ther-
mal alteration [22-25] (figure 1a). The coarse-grained (Cg) variants are dominated by anhy-
drous chondritic minerals and with textures suggestive of ordinary chondrites, chondrules
or even differentiated meteorites [26-28] (figure 1b). Ultracarbonaceous-type micrometeorites
(UCAMMs), discovered in Antarctic snow, are dominated by organic matter and consist of
fine-grained, porous aggregates of anhydrous mafic silicate crystals within networks of highly
disorganized carbon [29-31] (figure 2c). More recently, chondritic porous (CP) micrometeorites
indistinguishable from CP IDPs were discovered in Antarctic snow [33] (figure 2¢).

Partially melted micrometeorites are mostly subrounded silicate particles with a scoriaceous
texture and are often mantled by a magnetite rim due to the oxidation of iron during atmos-
pheric entry heating [35] (figure 1c). They contain relict grains of forsterite and/or enstatite,
enveloped by an igneous mesostasis formed during atmospheric entry, featuring microphenoc-
rysts of fayalitic olivine and magnetite in vesicular silicate glass [36,37].

Melted micrometeorites are typically spherical owing to surface tension upon melting and
are usually qualified as cosmic spherules. These are further subdivided into iron-rich (I-type;
figure 1d), glass with magnetite (G-type; figure 1e) and silicate-type (S-type) cosmic spherules,
each exhibiting unique compositions, textures and mineralogy. I-type spherules are dominated
by magnetite and wiistite [38]. G-type spherules are characterized by magnetite dendrites
within silicate glass and are intermediate in composition between I-type and S-type. S-type
cosmic spherules, primarily silicate-based and the most prevalent, exhibit a variety of sub-
classes, each reflecting different atmospheric entry conditions. CAT spherules, enriched in Ca,
Al and Ti with high Mg/Si ratios with respect to other S-type spherules, formed following the
highest peak temperatures and undergo rapid weathering. Glass CSs, or V-type, are transpar-
ent and often vesiculated, form at high temperatures and may contain Fe-Ni metal beads
(figure 1f). Cryptocrystalline (CC) spherules, featuring submicron crystallites and magnetite,
experienced slightly lower peak temperatures (figure 1g). BO spherules, with parallel growth
olivine, form at temperatures lower than CC spherules (figure 1/). Lastly, Po spherules, marked
by olivine microphenocrysts within a glassy mesostasis, endure the lowest peak temperatures,
especially those containing relict minerals (figure 1).

3. Major collections

The systematic sampling of micrometeorites largely coincides with improvements in analytical
techniques allowing the characterization of microscopic geological samples in the early 1980s
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Figure 1. Scanning electron backscatter images of sectioned micrometeorites from the Transantarctic Mountains
(a,b) and Larkman Nunatak (c—i) collections. (a) A fine-grained unmelted micrometeorite. (b) A coarse-grained unmelted
micrometeorite. (¢) A scoriaceous micrometeorite. (d) A I-type cosmic spherule. () A G-type cosmic spherule. (f) A V-type
cosmic spherule. (g) A CC cosmic spherule. (h) A barred olivine (BO) cosmic spherule. (i) A porphyritic olivine (Po) cosmic
spherule. Arrows indicate relict olivine. Scale bars 100 pm.

[14,16,39]. In addition to the development of new sampling methods, this allowed the establish-
ment of large collections containing hundreds to tens of thousands of samples. The criteria used
here to consider collections major includes their size, maximum accumulation age, availability
to the scientific community or presence of rare types of micrometeorites. Basic information and
statistics on major collections are reported in table 1.

3.1. Antarctic collections

The Antarctic environment provides ideal conditions for the accumulation, preservation and
identification of extraterrestrial materials, such as meteorites and micrometeorites [37,46—48]. As
a result, the largest and least biased collections of micrometeorites originate from Antarctica.
The locations of the Antarctic collections listed here are shown in figure 24. Below we describe
the sampling processes and basic inventories of modern Antarctic micrometeorite collections.

3.1.1. Snow and ice collections

3.1.1.1. The CGap-Prudhomme collection

From 1988 to 1998, four micrometeorite sampling campaigns took place 6 km south of the
French station of Dumont d’Urville and on the Astrolabe glacier, Adélie Land, Antarctica (6°40’
5-140°01" E; figure 2a) [48-50]. Ultra-clean surface ice was melted by injecting 70°C water in 2
m deep drill holes, creating pockets of melt water. About 600 tonnes of ice was melted over
the years. This procedure allowed micrometeorites trapped within the ice to be released in the
water to settle on the bottom of the pockets, along with terrestrial particles. This glacial deposit
was then pumped to the surface and size-sorted using stainless steel sieves in four size fractions
(25-50, 50-100, 100-400 and >400 pm). From the 1994 season onwards, all sampling components
exposed to hot water were made of either stainless steel used in French nuclear reactor tubing
or Teflon to reduce the risk of corrosion and leach product contamination in the melt water [22].
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Figure 2. Sampling locations of Antarctic collections (a). (b) Snow sampling in a trench near Dome C. Photo credit: J. Duprat,
MNHN. (c) Backscatter electron image of an UCAMM from Dome C [32]. (d) Approximate size and shape of the South Pole
water well (SPWW) in December 1995. (e) Secondary electron image of CP micrometeorite D07IB39 [33]. (f) Detail of the
sampling area at Larkman Nunatak. Photo credit: Matthew Genge, ICL. (g) Glacially eroded surface of Walnumfjellet in the
Ser Rondane Mountains (inset shows the 30 cm X 30 cm X 6 cm sampling area). (h) Sampling location on a moraine near
Wideroefjellet in the Ser Rondane Mountains. Photo credit for (g,h): Matthias van Ginneken, UKC. (i) Sampling of glacial
sediment on a flat eroded summit of the Transantarctic Mountains. Photo credit: Luigi Folco, UniPi. The map was made using
the Quantarctica package for QGIS [34].

Daily collections of glacial sand were stored in vials, either glass or Teflon, with a small amount
of their original melt water and kept at —20°C. Micrometeorites can be directly handpicked from
the sand, with the highest proportion of extraterrestrial to terrestrial particles of about 20% in
the 50-100 pum size range.

While detailed statistics on the collection are not available, about 10 000 micrometeorites
have been identified over the years, making it one of the largest so far [22]. In the 50-100 size
range, unmelted micrometeorites represent about 80% of the particles and ~20% are melted
cosmic spherules. In the 100400 pum size range, these proportions are inverted, with ~80% of
cosmic spherules and ~20% of unmelted extraterrestrial particles [51]. The samples are mostly
whole particles that are currently stored under nitrogen gas in a cleanroom facility at the
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Laboratoire de Physique des 2 Infinis Irene Joliot Curie (IJCLab), France. Some samples can be
available upon request. Long-term curation will involve transferring the samples to the
National Museum of Natural History of Paris (MNHN), France, in the future.

3.1.1.2. CONCORDIA collection at Dome C

Micrometeorites were obtained from snow in the vicinity of the French-Italian CONCORDIA
station at Dome C in Antarctica (75°05' S, 123°19" E; figure 2a) during six field expeditions in
2000, 2002, 2006, 2014, 2016 and 2019. The sampling location was chosen for its remoteness
and major wind direction towards the edge of the continent, preventing the influx of terrestrial
dust from higher latitudes [37]. Snow was manually collected near the surface in 2000 (0-80 cm
depth), and from 2002, it was collected from clean trenches 3—4 m deep a few kilometres away
from Dome C, to minimize the contamination (figure 2b). The collected snow is estimated to
date back to 1970-1980, that is before human activity started at Dome C, ensuring the pristine
nature of the samples. Snow samples were transferred to Dome C and melted in a double
stainless steel tank melter. The water was then gently filtered and the dust was recovered on
a 20 pm nylon filter. To avoid the destruction of the most friable samples, exposure to water
was limited to a maximum of 20 h and no mechanical pumping was used. Potential contam-
ination of the filters was constantly monitored during the filtering process. The filters were
sealed under dry nitrogen in Antarctica, shipped back to France and opened in a cleanroom at
IJClab. Micrometeorites in the 20-500 um size range were then handpicked under a binocular
microscope.

The ongoing extraction of Concordia micrometeorites has yielded 3009 extraterrestrial
particles so far, which have been individually classified (table 1). Of these, 1140 were fine-
grained (including the CP micrometeorites), 247 course-grained and 4 refractory micrometeor-
ites. Significantly, the collection contains 24 UCAMMSs and 312 CP micrometeorites (figure 2c).
All classified micrometeorites were fragmented into several pieces and the samples are mostly
whole particles that are currently held under nitrogen gas at IJCLab, to prevent potential effects
of terrestrial alteration . Several filters from recent Antarctic expeditions await the handpicking
of whole particles. Some samples can be available upon request. The Concordia collection will
be transferred to the MNHN in the future.

3.1.1.3. Dome Fuji collection

From 2003 to 2012, approximately 1 tonne of surface snow was sampled near the Antarctic
Japanese Dome Fuji Station (77°19'S, 39-42'E, figure 2a), Antarctica, to a depth of approximately
10 cm [33,52]. Given the accumulation rate of 10 cm/yr [53], the micrometeorites were collected
approximately 1 year after their deposition for samples collected in 2007, 2010 and 2012, and
2 years for samples collected in 2003 and 2005. Snow samples were then shipped to Ibaraki
University via the National Institute of Polar Research (NIPR), Japan, in a frozen state, to be
melted and filtered in a clean room. Finally, micrometeorites are handpicked or picked up
using a micromanipulator for particles smaller than 30 um, under a binocular microscope. As
of now, this represents the youngest micrometeorite collection from Antarctica. Coupled with
a maximum temperature of —30°C at Dome Fuji, this results in a virtual absence of terrestrial
weathering effects observable under a scanning electron microscope (SEM) and transmission
electron microscope (TEM).

To date, 1025 micrometeorites were gathered, comprising 843 unmelted, 51 scoriaceous and
131 cosmic spherules, with average sizes of 40 um, 64 um and 40 um, respectively (table 1).
In particular, unmelted micrometeorites include 2 refractory micrometeorites, 3 UCAMMSs and
30 CP micrometeorites (figure 2¢). Extraction of micrometeorites is ongoing and more samples
are expected in the future. As of early 2024, samples from this collection are not available upon
request, but a future transfer at an unknown date to the NIPR, Japan, and access to samples is
envisioned in the future.
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3.1.1.4. Maitri collection

The Indian Maitri station, Antarctica is located (70°45'S, 11°44'E) on the Schirmacher Oasis,
about ~8 km from ice fields from where the micrometeorites are collected. The collection was
performed by excavating blue ice from November 2015 to February 2016 up to a depth of
approximately 1 m. One tonne of ice was excavated each day of operation, from which the
micrometeorites were extracted. The total weight of ice sampled during this expedition was
~50 tonnes. The collected ice was transferred to a clean vessel, melted and subsequently sieved
at above 50 um. The sieved fraction of the sample was dried, before carrying out a magnetic
separation. Micrometeorites were then handpicked under a binocular microscope.

Total number of micrometeorites extracted so far is 2986, including 133 scoriaceous
micrometeorites and 2852 cosmic spherules (table 1). Of these cosmic spherules, 181 are I-type,
37 are G-type and 2634 are S-type (see table 1 for details on the inventory of the subtypes of
S-type cosmic spherules). The extraction of micrometeorites is ongoing at the National Institute
of Oceanography (NIO), India, where the samples are curated and available upon request.

3.1.1.5. South Pole water well collection

The South Pole drinking water well (SPWW) at the US Amundsen-Scott South Pole Station
(90°S, 0°E; figure 2a), slowly and continuously melted pre-industrial ice. Warm water intro-
duced 10 m above the well bottom, produced laminar flow and bulk water temperatures
less than 4°C. The well melted downward at a rate of ~2 cm/d yielding a smooth, though
sculptured and fracture-free ice bottom [54]. Circulation velocities were insufficient to entrain
the micrometeorites of interest (> 50 um) thereby concentrating the particles on the bottom as
a lag deposit. A remotely controlled collector suctioned and internally filtered particles from
the ice surface while traversing the well bottom [55]. A depth-to-age relationship obtained from
a South Pole ice core [56] gave a good age constraint for the collected samples (figure 2d). In
December 1995, the well had a volume of 5000 m® and was 106 m deep corresponding to an age
interval of 1100-1500 AD. An area of 30 m’ of the well bottom was vacuumed and ~200 g of
material was retrieved of which about 0.1% were (melted) micrometeorites. At that time, 1883
micrometeorites were handpicked, mounted embedded in Epoxy resin and sized. In November
2000, the well had a volume of 4000 m®, and was 134 m deep corresponding to an age interval
of 800-1100 AD [56]. The central plateau was suctioned, as well as all the surrounding pockets
[57]. The 11 deployments yielded about 40 g of material. Hand sorting of several different
samples suggested that about 1% of the collected material was extraterrestrial. Compared with
the 1995 collection, the 2000 samples had less iron oxide (a contaminant from the well’s pump
failure in 1994) allowing the recovery of many angular unmelted micrometeorites.

Of the 5682 micrometeorites classified, 9% were fine-grained unmelted, 4% coarse-grained
unmelted, 6% scoriaceous, 3% relict grain bearing, 15% porphyritic cosmic spherules, 23% BO
cosmic spherules, 8% CC cosmic spherules, 29% V-type cosmic spherules, 1% CAT cosmic
spherules, 1% G-type cosmic spherules, 1% I-type cosmic spherules and 0.3% single mineral
micrometeorites. Rare types include seven micrometeorites with major and minor element
compositions consistent with values typical of basaltic, howardite, eucrite and diogenite (HED)
meteorites [58,59], 1 micrometeorite that is likely lunar [60] and 1 micrometeorite that is
probably a calcium aluminium inclusion [61]. The extraction of the micrometeorites is now
complete and all of the SPWW samples reside at Johnson Space Center in Houston and
can be requested from the Astromaterials Research and Exploration Science Division (https://
curator.jsc.nasa.gov/dust/).
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3.1.2. Glacial sediment collections

Here, we use the term glacial sediment to describe the collections extracted from moraine
deposits and fined-grained detritus found in weathering pits and cracks present on the often
glacially eroded tops of nunataks in Antarctica.

3.1.2.1. Larkman Nunatak collection

The sampling site, Larkman Nunatak (86°46'S, 179°20'E; figure 2a), Antarctica, consists of a
main nunatak and two smaller satellite outcrops, with exposed basalt outcrops on multiple
sides, raised ice pressure ridges, wind scoops and an area of meteorite accumulation [42].
About 3 kg of fine-grained material were collected from supraglacial moraines near Larkman
Nunatak at the boundary between blue ice and the overlying snow (figure 2f). The discovery of
Australasian microtektites in the sample suggests that the micrometeorite accumulation period
covers the last 800 kyr at least [62]. Snow was removed using a scoop and the fine-grained
sample, which included the full depth of the sediment deposit, was placed into a sealed
plastic bag. Care was taken to ensure no meteorites or snow was accidentally included with
the sample. For the micrometeorite sampling process, dry separates of moraine fines from
the site were initially examined under a binocular microscope to assess the abundance of
cosmic spherules. Micrometeorites meeting the criteria established in [21] were handpicked
under a binocular microscope. Some samples underwent magnetic separation techniques to
concentrate micrometeorites, resulting in a magnetic fraction comprising 1.7% of the deposit,
which contained terrestrial magnetite, ilmenite, basalt particles, magnetite-bearing sedimentary
particles and micrometeorites. Approximately 70% of the cosmic spherules were subjected to
ultrasound cleaning with a water mixed with hydrogen peroxide to remove micron-sized dust
particles and mineral encrustations.

The number of characterized micrometeorites currently amounts to 1450, including
17 unmelted micrometeorites, 16 scoriaceous micrometeorites and 1355 cosmic spherules
(table 1). Unmelted micrometeorites comprise 11 fine-grained and 7 coarse-grained. Of the
1355 cosmic spherules, 124 are I-types, 28 G-types and 1200 S-types. Within the S-types,
subtypes consist of 425 Po, 286 BO, 255 CC and 226 V-type. No CAT S-type cosmic
spherules were identified in this collection. The classified micrometeorites are currently kept
under ambient environmental conditions at the School of Earth Science and Engineering of
Imperial College London, UK. As of early 2024, the samples are not available upon request
but may be in the future.

3.1.2.2. Ser Rondane mountains collection

The Ser Rondane Mountain range is situated within Dronning Maud Land of East Antarctica
and covers a surface area of approximately 2000 km’ During the 2012-2013 BELAM (Bel-
gian Antarctic Meteorites), about 6.6 kg of fine-grained glacial sediment was sampled from
weathering cracks near the summit of Widergefjellet (2409 m.a.s.1.; 72°8'41" S, 23°16'41" E; figure
2a) [63] as well as other mountain summits. This site was sampled again during the 2017-2018
BELAM expedition, along with about 20 other sites, including the flat glacially eroded top of
Walnumfjellet (1567-2489 m.a.s.l.; 72°07'11" S, 24°12'30" E; figure 2¢) and moraines (figure 2h),
totalling over 100 kg of glacial sediment. In 2020 and 2023, smaller sediment volumes were
sampled again from several of these sites and new sites in the area.

Exposure ages of the sampling areas were determined using cosmogenic nuclides and
suggested that the sampling locations accumulated micrometeorites for at least 1 Myr [64,65].
Samples were typically collected using non-metallic shovels, brushes and polyethylene sample
bags. Rocks larger than 1 cm were removed onsite using a 2 mm meshed sieve. When
present, ice in samples from supraglacial moraines were melted and dried at 60°C in a
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vacuum oven immediately after sampling at the Belgian Princess Elisabeth Station. Samples
were then shipped to Vrije Universiteit Brussel (VUB) in Belgium and subsequently dry- or
wet-sieved using the following mesh sizes: 2000—800—400—200—100 um. Micrometeorites
were handpicked under a binocular microscope. To extract the usually non-magnetic V-type
cosmic spherules, magnetic extraction was avoided when possible.

As of now, 20 761 micrometeorites have been extracted, including approximately 1080
unmelted micrometeorites (~918 Fg and ~162 Cg), ~685 scoriaceous micrometeorites and ~18 996
cosmic spherules based on smaller aliquots studied in detail that were sectioned and studied
using a SEM. I-type and G-type cosmic spherules account for ~627 and ~323, respectively,
while S-type is ~18 046 (1805 Po; 5604 BO; 3970 CC; 6687 V-type; and 3799 CAT). Australasian
microtektites and spherules resulting from a large airburst 430 kyr ago are also part of this
collection [65,66]. Extraction of micrometeorites is ongoing. The concentration of micrometeor-
ites and the quantity of sample that has yet to be explored suggest that there are between 30 000
and 50 000 micrometeorites in the remaining fractions of the collected materials. The samples
are currently held under low humidity conditions in desiccators and are available upon request
from the Archaeology, Environmental Changes & Geo-Chemistry Department of the VUB.

3.1.2.3. Transantarctic mountains collection

Large accumulations of micrometeorites were discovered by an Italian National Antarctic
Research Program (PNRA) team on the Myr-old summits of several isolated nunataks in the
Victoria Land Transantarctic Mountains (TAM) during the 2003 austral summer [67] (figure 2a).
The long micrometeorite accumulation period is based on old exposure age of the sampled
surfaces [68] and the presence of 800 kyr old Australasian microtektites [69]. Since then, several
collection campaigns have been undertaken by PNRA teams which led to the recovery of tens of
thousands of micrometeorites. The samples of glacial sediments were collected from weathering
pits and cracks present on the flat eroded summits of nunataks (figure 2i). Samples were first
dried using vacuum pumping and dry-sieved into several size fractions (100-200, 200-400, 400—
800, 800-2000 and >2000 pum). Micrometeorites were then magnetically and visually extracted
under a binocular microscope. More recent sampling involved magnetic extraction directly on
the field. The number of micrometeorites reported after the first expedition amounted to 160
unmelted micrometeorites and 6702 cosmic spherules, including 47 and 96 larger than >800
pm, respectively [67]. This high number of ‘giant’ (>400 um) micrometeorites is unique to this
collection [26].

The following statistics, which are also reported in table 1, are from a representative single
sampling location (TAM65) on the summit plateau of the Miller Butte nunatak (72°42'03.30"
S, 160°15'34.20" E), Victoria Land Transantarctic Mountains (figure 1i), during the 2017-2018
PNRA expedition [40]. About 15 kg of glacial sediment was sampled, of which only a fraction
was explored.

The number of 3468 micrometeorites extracted from TAMSG65 is taken as a reference here
[40] and represents only a fraction of the actual total number in this collection. This compri-
ses 76 unmelted micrometeorites, 164 scoriaceous micrometeorites and 3229 cosmic spherules.
Fine-grained and coarse-grained unmelted micrometeorites amount to 32 and 31, respectively,
along with 13 refractory micrometeorites. Cosmic spherules can be subdivided into 147 I-types,
152 G-types and 2930 S-types, of which the subtypes are 404 Po, 611 BO, 1571 CC and 230
V-types. Note that while CAT spherules were identified in the TAM collection, they were not
in this aliquot from TAM65. The collection also includes hundreds of Australasian microtektites
as well as unique aggregates of thousands of spherules smaller than 100 pm that formed
during a Tunguska-like airburst about 480 ky ago [69-71]. It is estimated the TAM collection
contains >1 00 000 micrometeorites, for which full classification statistics are not yet available.
The micrometeorites are maintained under ambient environmental conditions and are available
upon request at the Museo Nazionale dell’Antartide in Siena, Italy.
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3.2. Deep-sea collections

3.2.1. The DSSs collection

Beyond their scientific values, DSS collections are of historical significance as they represent the
first identification of cosmic spherules during the 1872-1876 expedition of the HMS Challenger
[8]. Microscope slides on which the micrometeorites were stored are part of the meteorite
collection of the Natural History Museum in London, UK. Furthermore, this environment was
the target of the first attempts at large-scale sampling of micrometeorites, notably by using
magnetic rakes that were dragged across the ocean floor 1000 km east of Hawaii to extract large
numbers of cosmic spherules [11,14,39,72]. Twenty mounts containing 1572 micrometeorites
from the DSS collection are currently curated and available upon request at the Johnson Space
Center in Houston.

3.2.2. Indian Ocean collection

Nearly 5 tonnes of DSSs were collected from central Indian Ocean using Grab sampler from
several locations in an area measuring 150 km x 200 km with water depth of ~5500 m
[73] (between longitude: 74-76°E and latitude: 13 and -10°S; figure 3a). Approximately 150
operations were carried out using Grab Sampler. The sampler with a maximum penetration
depth of 15 cm and size of 50cm x 50 cm has a collection capacity of around 45 kg of wet
sediment for each operation, covering a total area of ~5 m* of seafloor for all these operations.
Approximately 10 kg of sediments from each spot were stored in the repository (figure 3c),
while the rest were sieved with a 200 um mesh size immediately on the research vessel.
Magnetic separation was applied to the dried >200 pm portions to isolate spherules and
other magnetic materials and spherules were handpicked under a binocular microscope. The
magnetic fractions primarily contained volcanogenic materials, including cosmic spherules
and pumice pieces. The >200 um non-magnetic fractions (>99% of the material) underwent
heavy liquid density separation to identify cosmic spherules with weaker magnetic properties.
The magnetic separate was cleaned with distilled water and dried followed by extraction
of micrometeorites under binocular microscope (figure 3d). The presence of Australasian
microtektites in three sediment cores made in the sampling area allowed to establish the
chronostratigraphic position of the uppermost 15 cm. The accumulation age of this collection is
estimated at ~50 000 years BP.

As of now, 1886 micrometeorites have been extracted from DSS, including 195 unmelted
(figure 3b), 38 scoriaceous micrometeorites and 1653 cosmic spherules. Of the cosmic spherules,
183 are I-types, 45 are G-types and 1425 are S-types, of which the subtypes are as follows: 388
Po, 600 BO, 275 CC and 162 V-types. No CAT cosmic spherules were found in this sample. The
collection also gave 195 unmelted micrometeorites by observing more than 15 000 magnetically
separated particles using a binocular microscope. The extraction of micrometeorites is ongoing
and samples are held under ambient environmental conditions and available upon request at
the NIO, India.

3.3. Hot desert collections

3.3.1. The Atacama Desert collection

Micrometeorites were sampled from soil collected from 30 locations during expeditions
organized by the Centre Européen de Recherche et d’Enseignement des Géosciences de
I"Environnement (CEREGE), France, since 2006 in the Atacama Desert in Chile (figure 4a,b)
[27]. Exposure ages of the sampled surface have been determined using cosmogenic nuclides
to be >5 Myr [74]. Soil was first sieved (200-800 um), and then submitted to magnetic
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Figure 3. Geographical area of DSS was sampled in the Indian Ocean (a). (b) Electron backscattered image of a sectioned
unmelted micrometeorite from the DSS collection. Scalebar is 100 pm. (c) Result of a Grab Sampler operation showing a
large quantity of DSS from the Indian Ocean. () Spherules were extracted from the DSS on the research vessel shortly after
sampling in the Indian Ocean. Photo credit: NIO members.

separation. Cosmic spherules were then handpicked from the magnetic fraction under a
binocular microscope, on the basis of their spherical shape and dark colour (figure 4c,d). As
of now, 789 cosmic spherules have been extracted, including 129 I-types and G-types and 667
S-types (table 1). No scoriaceous and unmelted micrometeorites were identified. The extrac-
tion of micrometeorites is ongoing and the samples are held under ambient environmental
conditions and available upon request at CEREGE.

It is noteworthy that other hot desert micrometeorite collections are being established by
CEREGE from soil samples collected in Iran, Lybia (Dar al Gani area), Oman and Tunisia.

3.4. Urban collections

These recent years saw the establishment of micrometeorite collections from densely popula-
ted areas, called “urban” micrometeorites [75]. These collections are largely driven by popular
scientists, who have independently (with no research institution support) sought and succeeded
in collecting micrometeorites, and in several cases comprise large collections.

3.4.1. The Budel collection

The Budel collection was collected from the rooftop sediments accumulated in the gutter
of a large farm in Budel, the Netherlands (figure 5a) [45]. The precise accumulation period
of micrometeorites is 1292 days. The barn’s expansive roof area of approximately 3600 m’
accumulated fine aeolian dust primarily. The micrometeorite extraction process began with the
initial cleaning of the samples to remove the organic matter. This included ultrasonic cleaning
to enhance micrometeorite recovery by detaching them from organic particles. Subsamples
underwent several sequential separation techniques to isolate micrometeorites effectively. These
steps included density-based separation methods resembling gold panning to remove organic
and clay/silt components, sieving using mesh sizes from 90 to 1000 um to optimize subsequent
processing, and Faultable separation to concentrate micrometeorites in spherical and subspher-
ical fractions. Density separation further isolated micrometeorites from size fractions of 125-
500 pum using a laboratory overflow centrifuge with heavy liquids. Magnetic separation was
employed for particles smaller than 140 um to recover micrometeorites. This comprehensive
extraction protocol described in [45] significantly limited the sample mass while successfully
isolating micrometeorites, enabling their subsequent analysis and identification.
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Figure 4. Sampling locations in the Atacama Desert in Chile (a). (b) Desert soil is being gathered before magnetic extraction
and sampling. Photo credit: Jérome Gattacceca, CEREGE. (c,d) Backscattered electron images of cosmic spherules from the
Atacama Desert. The scalebars are 100 pum.

A total of 1006 micrometeorites were found on this single rooftop, making it the largest
urban micrometeorite collection from a single sampling location (table 1). These include 26
scoriaceous micrometeorites and 980 S-type cosmic spherules, of which 385 are Po, 264 are BO,
295 are CC and 36 are V-types. I-type, G-type and CAT cosmic spherules were not identified.
The collection is stored under ambient environmental conditions and samples are available
upon request at the Vrije Universiteit Amsterdam in the Netherlands.

3.4.2. Private collections

The largest urban micrometeorite collections are private and were pioneered by Jon
Larsen [75] (figure 5c). Particles are usually collected from accumulated sediments on flat
rooftops or in the gutters of roofs. Since rooftops are generally only a few decades old,
these collections cover a limited accumulation period (<50 years). Sediment samples are
processed by magnetic separation either in the lab or directly on the roofs. Subsequently,
collected material is washed with water and soap, dried and sieved. Cosmic spherules
candidates are selected under a binocular microscope on the basis of their spherical
shape, colour (black vitreous, black to grey metallic and translucent vitreous particles
were selected) and their external textures. In this specific case of urban collections,
similarities with spherules produced by natural processes or human activity (e.g. fly ash)
often necessitate the use of SEM to confirm an extraterrestrial origin [76]. The parti-
ally melted and unmelted micrometeorites are particularly difficult to identify using a
binocular microscope, because of their subrounded to angular shapes and typically black
colour often shared with terrestrial particles. In addition, their rarity among micrometeor-
ites coupled with young collection surfaces greatly reduce the probability of finding these
in urban environments.

Since starting to hunt for micrometeorites in 2009, Jon Larsen has established the
Project Stardust collection [77], comprising 4714 confirmed micrometeorites, of which
48 are scoriaceous and 4650 cosmic spherules (table 1). The vast majority are S-types,
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Figure 5. Photos of urban micrometeorites. (a) The rooftop of the farm from which the Budel collection was established
(Photo credit: Guido Jonker, VUA). (b) Photomicrograph of an urban micrometeorite collected by Scott Peterson showing a
metal bead that appears to be in the process of being ejected from S-type cosmic spherule. Photo credit: Scott Peterson.
(c) Photomicrographic montage of cosmic spherules from the Project Stardust collection, showing a wide range of colours
and the presence of elongated specimen. Photo credit: Jon Larsen.

and additionally 2 I-types and 2 G-types. Similarly, another large urban micrometeorite
collection was established by Scott Peterson [78] in Minnesota, USA, consists of 4010
confirmed micrometeorites, including 61 scoriaceous and 3932 cosmic spherules, of which
6 are I-types, 3 G-types and 3923 S-types (table 1; figure 5b).

4. Scientific potential of the micrometeorite collections

An essential question in planetary science pertains to the evolution of the Solar System and the
inventory of extraterrestrial matter constituting it, in terms of petrophysical properties, from
planetary surface, small bodies like asteroids, to cosmic dust. Studying the flux of microme-
teorites is an essential step to understanding their contribution to the global inventory of
extraterrestrial matter. Another essential step is the determination of the physical and chemi-
cal properties of micrometeorites, which were all but virtually unknown until the advent of
electron microscopy and the establishment of the first large micrometeorite collections in the
1970s. In this section, we will show how the micrometeorite collections described above already
allowed the exploration of these essential questions. Figure 6 displays classification statistics of
the collections and evidences that the sampling location and/or protocols have a major impact
on the relative distribution of micrometeorite group, thus affecting their potential to address
specific scientific questions. Antarctica has long been considered the optimal location to search
for extraterrestrial materials accreting to the Earth’s surface, because of the long-lasting cold and
hyper-arid conditions inhibiting chemical weathering and the low contamination by exogenous
and anthropogenic materials [46,79,80]. For these reasons, the largest and least biased microme-
teorite collections are from Antarctica.

Antarctic snow and ice collections have the advantage of potentially sampling the full
population of micrometeorites accreting during well-constrained time windows [81,82]. For
instance, because the volume and depth of ice sampled were known, the SPWW provided a
large (n >> 10 000) and representative sample of cosmic spherules that accreted over the last
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Figure 6. Proportions of unmelted, scoriaceous and cosmic spherules in the collections.

~700 years [54]. Such a large unbiased population of cosmic spherules allowed the calculation
of the first terrestrial flux for these extraterrestrial particles at 1600 + 300 tonnes/yr [41].
Similarly, the Cap-Prudhomme collection comprises over 100000 micrometeorites extracted
from ice formed in pre-industrial times -50 000 years ago [49]. The potential of melting many
tonnes of Antarctic ice to find large numbers of micrometeorites is further demonstrated by
the recent establishment of the Maitri collection, in which almost 3000 samples have already
been classified [83]. The use of a suction-based collector or metal sieves to collect and pre-
pare sediment, however, induces mechanical stress on dust particles. The Cap-Prudhomme
collection showed that large numbers of small (25-100 pum) and relatively fragile fine-grained
unmelted micrometeorites can be found using this technique, however, IDP and/or IDP-like
micrometeorites were probably destroyed [84]. Similarly, fine-grained micrometeorites were
found in the SPWW collection, as well as the relatively tough cosmic spherules due to their
igneous nature [21], while the most friable and/or smallest micrometeorites were not.

The careful sampling process used a Dome C and Dome Fuji, involving melting large
quantities of ultra-clean snow and slow filtering without applying mechanical stress to the
particles, prevented this limitation [37]. For this reason, the Dome C collection is considered
as the least biased and representative of micrometeorites smaller than about 200 um, allowing
a determination of flux in the recent past of 5200 + 1200 tonnes/yr when extrapolated to the
20-700 pm size range [4]. The sampling protocol also allowed the discovery of friable and small
(<50 um) fluffy fine-grained micrometeorites and the rare UCAMMSs at Dome C [29,30,85,86].
The latter are samples that are unique to the Dome C and Dome Fuji collections and are
characterized by an unusually high N-rich organic content (50-90%) and extreme deuterium
isotopic excesses [30,87]. The discovery of CP micrometeorites at Dome Fuji [33], which are
assemblages of sub-micrometre-sized minerals, demonstrated the efficiency of this sampling
technique to find particularly friable and precious samples. A cometary origin was proposed for
UCAMMs and CP micrometeorites based on their unique geochemical and isotopic properties,
in contrast with the asteroidal nature typically associated with the micrometeorites studied
so far. Both UCAMMSs and CP micrometeorites exhibit assemblages of materials that are not
observed in other types of extraterrestrial matter, demonstrating their importance of ultra-clean
snow micrometeorite collections to probe matter in the outer Solar System, where these
materials are thought to have formed. Organic matter was studied in small (<250 um) fine-
grained micrometeorites and in UCAMMSs by means of Raman and Infrared (IR) spectroscopy
and revealed that it mainly consists of polyaromatic carbonaceous matter with a high degree of
disorder [32,87]. In several samples, the carbonaceous matter abundance was found to be larger
than in carbonaceous chondrites and their mineral content exhibited differences suggesting
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Figure 7. Cumulative size distributions from the SPWW [41], the Transantarctic Mountains collection (TAM; [95]), Larkman
Nunatak moraine [42], Deep Sea Spherules from the Indian Ocean Collection (Indian O.; [44]), the Atacama Desert and
the Ser Rondane Mountains (SR; [43]). The absolute cumulative number relates to the total number of particles collected.
Inflection points are likely relate to the removal of particles by weathering or accumulation processes.

that some of these micrometeorites may originate from distinct parent bodies than primitive
carbonaceous chondrites [88].

The micrometeorite flux to planets may also have applications for their biospheres. On
Earth, extraterrestrial dust may have contributed to the delivery of organic materials facilitating
biosynthesis of the first living things [89,90]. Currently, the flux of micrometeorites to the
Southern Oceans provides ~10% of the bioavailable Fe and this influences productivity [91].
On other planets, such as Mars, components delivered to the surface, such as organics and
micronutrients, might dominate those that are bioavailable and be particularly important where
the flux is higher and entry heating less extreme [92,93].

Collections from sediments collected from old and stable surfaces in Antarctica and in the
Atacama Desert exhibit the longest accumulation periods (>1 Myr [27,42,63,67,94]). In particu-
lar, these collections include thousands of micrometeorites larger than 200 um [7,26,27,95,96],
which are relatively rare in ice and snow collections due to the limited accumulation periods. In
the case of sediment collections from Antarctica and the Atacama Desert, statistical data from
these collections have shown that in certain size ranges (table 1), the slopes of the cumulative
size distribution curves of their cosmic spherules broadly match that for the most representative
collection, the SPWW (figure 7). This demonstrates that these collections are representative
of the flux of cosmic spherules in the larger size ranges, thus complementing snow and ice
collections. Recently, the flux of micrometeorites over a long period of time (0.8-2.3 Myr) was
estimated from a sampling location of the TAM collection and gave a global annual estimate of
1555 + 753 tonnes/yr, which is consistent with the flux from the SPWW collection [40].

Rooftop collections potentially have the best-constrained accumulation windows because the
ages of the collection surfaces can be known. Additionally, urban cosmic spherules usually
are well-preserved, which is particularly favourable for mineralogical and chemical studies.
This absence of weathering may be responsible for the occurrence of fragile features and the
preservation of the Fe-Ni metal beads that frequently occur due to the immiscibility of metal in
silicate melt slightly reduced in the mesosphere and that is particularly sensitive to terrestrial
weathering [97,98] (figure 5b). Furthermore, many collection sites can be efficiently covered and
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micrometeorites extracted with the proper expertise [76,99]. However, little is known about
potential biases such as the effect of drainage by rain water, sampling methods or cleaning
of roofs, which can potentially result in the removal of almost all cosmic spherules [100]. The
cumulative size distribution of cosmic spherules in the Budel collection is in good agreement
with that of the SPWW collection in similar size ranges (180—-450 and 200-500 pum, respectively;
table 1) [45]. This suggests that biases on some rooftop collections may be efficiently minimized
following the complex separation protocol established by [45]. The scientific potential of urban
collections is significant due to their accessibility and potential to find extremely unusual
samples (figure 5¢).

Overall, the collections described above have so far provided important information on
the flux and nature of cosmic dust accreting to Earth over the recent geological past to the
present. Ultimately, it demonstrated that micrometeorites constitute the main part of extrater-
restrial matter accreting to Earth. Statistical biases of specific types of collections are often
counterbalanced by statistics of others (e.g. number of small versus large micrometeorites in ice/
snow and sediment collections). In addition, the identification of exotic materials not observed
in meteorite collections in the form of the UCAMMs and CP micrometeorites has important
implications for the transfer of organic matter between asteroids and planetary surfaces. Future
avenues of research include a unified flux over the whole size range, from tens of micrometres
to 2 mm, to better constrain the contribution of micrometeorites to the inventory of interplanet-
ary matter.

Identifying the parent bodies of micrometeorites is a major scientific objective and
requires a good understanding of the physical and geochemical processes affecting micro-
meteorites during atmospheric entry and their storage in the terrestrial environment. Unmel-
ted micrometeorites are closest to their parent material due to the low peak temperatures
during atmospheric entry, particularly for the smallest particles (<<100 um) [101]. Fine-
grained micrometeorites from Antarctic collections have been shown to share mineralogical
and chemical properties reminiscent of the matrices of carbonaceous chondrites domi-
nate [22,25,84,86,102]. Conversely, coarse-grained micrometeorites may represent chondrule
fragments or matrices of high petrologic type ordinary chondrites [26,103,104]. The mineral-
ogy and chemistry of small (<50 pum) unmelted micrometeorites from the Cap-Prudhomme
collection suggested that micrometeorites were compositionally homogeneous over the 25-400
pum size range [84]. As mentioned before, the presence of UCAMMSs and CP micrometeorites
in snow collections suggests a potential cometary contribution at <100 um. Other Antarctic
collections are shown to contain the highest number of unmelted micrometeorites (figure 6),
because these are preferentially destroyed in deep-sea collections by the action of water or
the sampling protocols or desert and rooftop collections focus on the more easily identifiable
cosmic spherules.

Cosmic spherules represent by far the most abundant group observed in collections,
except in Cap-Prudhomme (<100 um), Dome C and Dome Fuji collections (figure 6). As
such, determining their parent body is essential, albeit much more challenging due to
the loss of primary mineralogical and chemical properties by melting of the precursor
material [21]. Studies have shown that using the Fe/Mn ratio can provide information on
the nature of cosmic spherules such as chondritic, achondritic or refractory (i.e. chondrule
or calcium- and aluminium-rich inclusions) [58,59,105]. The texture of cosmic spherules
has also been shown to reflect their parent material to a certain extent [27,106].

This past decade, however, the use of oxygen isotopes has proven particularly effective
to identify the parent bodies of micrometeorites, and in particular cosmic spherules
[7,107,108]. Large micrometeorites (>400 pum) from the TAM and Ser Rondane collections
allowed the determination of oxygen isotope analyses using laser fluorination coupled
with isotope ratio mass spectrometry, which offers the advantage of high precision
on small volumes (<200 pg) at the expense of being totally destructive [5,7,27,63,96].
An important observation is that the contribution of carbonaceous chondritic material
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decreases and that of ordinary chondritic material increases with the size of microme-
teorites [5]. Interestingly, an oxygen isotope study on chondritic cosmic spherules from
the TAM collection has evidenced that about 10% of the cosmic spherules analysed so
far exhibit '®O-poor compositions at odds with known meteorites, even accounting for
potential isotopic fractionation effects during atmospheric entry [107]. The parent body
or bodies of these “O-poor cosmic spherules have yet to be identified. A recent study
on 'O-poor unmelted micrometeorites from the TAM collection, which are thought to
be related to '®O-poor cosmic spherules, point to CY chondrites or an unknown carbona-
ceous chondritic material that interacted with isotopically heavy water [109]. The presence
of O-poor cosmic spherules was confirmed in the Atacama Desert collection, suggesting
that these represent a non-negligible part of the micrometeorite flux about 100 pm.

It is noteworthy that of the hundreds of thousands of micrometeorite samples
available in the major collections, only a fraction (i.e. «10%) have been fully characterized.
The presence of the unusual “O-poor micrometeorites and the recent discovery of CP
micrometeorites suggest that collections may contain more mineralogical and chemical
outliers associated with exotic extraterrestrial. The access to most major collections
ensures that future research on micrometeorites research will result in major discover-
ies pertaining to the nature of interplanetary matter. Indeed, developing methods to
identify and classify mineralogical and chemical outliers will further help explore the
link between micrometeorites and meteorites and, as a result, the very nature of matter
in the Solar System.

5. Potential biases affecting micrometeorite collections

We have shown above that micrometeorite collection have properties that proved useful to
address specific scientific questions. However, it is essential to characterize the potential biases
such as (i) often unknown accumulation period windows; (ii) the deposition environment
affecting terrestrial weathering; (iii) the sampling protocol; and, (iv) surface processes affecting
the concentration of micrometeorites.

Because of the removal of S-type cosmic spherules by the action of sea water, about 10%
of cosmic spherules from the Indian Ocean collection are I-types, compared with ~1% in
the representative SPWW collection (table 1). Additionally, about 10% of the micrometeorites
recovered are unmelted, although evidences of terrestrial weathering, such as corrosion of Fe—
Ni metal, are observed owing to the action of sea water. Most of the unmelted micrometeorite
studied in the collection are coarse-grained, suggesting the fragile and friable fine-grained
micrometeorites were preferentially lost by weathering [73].

Antarctic glacial sediment and hot desert collections have long exposure ages of up to
several million years, making them minimum estimates of accumulation times. The effects
of terrestrial weathering, such as the dissolution of primary minerals and replacement by
secondary phases, have been defined studying the TAM and Larkman Nunatak collections
[110]. While most studied micrometeorites from these two collections, along with the Ser
Rondane and Atacama Desert collections [27,63], do not show evidence for advanced weather-
ing and the rates of chemical weathering are virtually unknown, this does not preclude that
some micrometeorites will be effectively destroyed well before the minimum accumulation
time mentioned above, especially due to seasonal melting of potential snow cover or rare
precipitations on the micrometeorite traps. Overall, the effects of terrestrial weathering may
greatly vary from one sampling location to the other, for instance, due to the varying quantities
of water at the sampling sites. Furthermore, determining the terrestrial age of micrometeorites
of any collection, and especially cosmic spherules, is challenging because of their limited size
preventing the use of conventional dating techniques such as cosmogenic nuclides or simply
the resetting of geochemical properties upon melting. It is noteworthy that a study on TAM
cosmic spherules has provided a rough estimate of the minimum terrestrial age of spherules
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by studying their magnetic properties in relation with magnetic pole reversals, thus showing
that some spherules fell on Earth at least 0.78 Myr ago [111], which suggests that terrestrial
weathering may be particularly inhibited in some TAM micrometeorite traps.

Biases introduced by sampling methods include the use of magnetic separation that prevents
the recovery of V-type cosmic spherules; the use of mechanical preparation techniques such as
sieving that will destroy the most fragile samples; micrometeorite extraction using binoculars
microscopes which may be rendered difficult by clumping of particles by static electricity or
high number of contaminants. While such biases may be present in all collections resulting
from such sampling methods, the presence of contaminants is particularly problematic for
rooftop collections, as many anthropogenic and even natural spherules look very similar to
cosmic spherules. The improved collection techniques developed for the Budel collection, which
include density separation, appear to effectively decrease this bias [45].

In all collections apart from DSSs, the effect of wind or potential water currents on parti-
cle concentration or removal is poorly constrained and may introduce strong accumulation
biases. Surface sedimentary processes, including concentration, removal and winnowing, can
introduce biases in micrometeorite collections by affecting the abundance and distribution of
particles. For example, sediment traps concentrate dense particles, while winnowing affects
small and low-density particles in moraines [42,47].

In summary, micrometeorite collections are extremely valuable to probe the interplanetary
medium in complementarity to meteorites and asteroids, but are still influenced by various
biases and uncertainties related to accumulation duration, collection methods, weathering and
sedimentary processes. While improving collection methods is crucial, a good understanding of
these biases is critical to establish micrometeorite collection representative of their flux to Earth.

6. The future of micrometeorite sampling: implications for the study of cosmic
dust

Despite the systematic sampling of micrometeorites in polar regions since the 1980s, establish-
ing the least biased collections so far, research on this subset of cosmic dust is still in its infancy.
We have described the large and/or most representative collections currently available to the
scientific community. However, most of these collections are far from being complete with
an ongoing effort to extract more samples, namely, Dome C, Dome Fuji, Larkman Nunatak,
Ser Rondane Mountains, TAM, Indian Ocean, Atacama Desert and the new Maitri collection.
On the basis of the total weight of host samples collected and micrometeorite concentrations,
thousands to tens of thousands of particles are expected in each of these collections. In addition,
new collections are being established, for instance, the efforts of CEREGE teams to sample
old surfaces of hot deserts, which can potentially yield large numbers of micrometeorites.
The future of micrometeorite sampling involves completing these collections and, of equal
importance, the improvement or development of new sampling protocols.

Due to their limited sizes, fossil micrometeorite collections were not included in the above
sections. The effects of weathering and diagenesis severely affect the survival of micrometeor-
ites, however, despite these limitations, cosmic spherules have been found to be frequent in
the geological record [39,112-114]. Interestingly, fossil I-type cosmic spherules essentially made
of magnetite may resist weathering and preserve primary geochemical information allowing
their use as paleoclimatic proxies [115-117]. The establishment of future large collections of
fossil micrometeorites, provided effects of diagenesis are accounted for, may provide important
information on the variability of the flux of micrometeorites at Earth.

Rooftop collections are an interesting step forward as they represent the first potentially
large citizen science project aiming at collecting micrometeorites. Indeed, while their scientific
potential has yet to be clearly defined and their extraction is difficult and time consuming, clear
advantages include the easy access to countless sampling locations in various environments,
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Figure 8. Photos of air sampling: (a) one of the high-volume air samplers located on the airport building at Kwajalein.
(b) Filter change being performed. (c,d) Backscattered electron image images of exterior (¢) and interior (d) of a cosmic
spherule candidate identified on surveyed areas of Kwajalein filters. Scalebar is 5 pm. (e) Photo of building housing the
air sampler at SPWW [119]. (f) Schematic of the collector, arrow shows the location of the filter unit in the intake pipe.
(g) Schematic of the filter unit. (h) Image of the filter unit in the pipe and toggles used to clamp it shut. (a—d) Modified from
[118].

accessible guides to identify cosmic spherules [99], well-constrained accumulation periods and
relatively unaltered samples. Large-scale sampling campaigns involving the scientific commun-
ity and citizens have the potential to establish some of the largest collections. Improvements
in collection methods [45] and assessment of potential biases (e.g. rain and wind) can provide
information on the flux of micrometeorites beyond polar regions. Finally, the outreach potential
of these collections already has an impact on the dissemination of micrometeorite research to a
wide audience.

A recent breakthrough in the collection of micrometeorites involves successful attempts
to sample extraterrestrial particles directly from the air. Direct filtering of air or capture in
the atmosphere has advantages over traditional sampling techniques. These should include
low stress on the particles, minimizing contact with liquid water and a continuous record of
micrometeorite and IDP fluxes and characteristics. The first attempt occurred in 2011/2012,
involving a ground-based atmospheric collection method that was tested on Kwajalein Island
in the Republic of the Marshall Islands [118]. This location was chosen because of its remote
location over 1000 miles from the nearest continent and consistent trade winds from the
northeast, offering a low anthropogenic background. Two high-volume air samplers were
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installed on top of an airport building and equipped with polycarbonate membrane filters
(figure 8a,b). The samplers were operated over several months in 2011-2012, with filters being
changed weekly. The filters were then brought back to the laboratory for study. Preliminary
studies of portions of five filters (representing 5 weeks) resulted in the discovery of many
cosmic spherules much smaller than 100 pm in size (figure 8c,d). This technique potentially
allows determining the modern-day flux of micrometeorites by sampling a well-constrained
volume of air over set periods of time. Furthermore, sporadic events such as meteor showers
may be recorded, thereby pointing to specific parent bodies. Finally, cosmic spherules in a
poorly studied size range (<<100 um) may sample individual components of asteroidal and
planetary materials (e.g. single crystals) and show petrographic and geochemical properties
unseen in micrometeorites so far.

The second attempt at sampling cosmic dust from the air focused on IDPs at SPWW.
During a 2-year experiment starting in 2016, an efficient air collector was used at SPWW to
capture IDPs larger than 5 pm [119]. Housed in a dedicated building on a snow berm, the
collector featured an 8 m high air intake pipe to reduce ingestion of near-surface blowing snow
(figure 8e—h). In initial studies of the filters, 19 extraterrestrial particles were identified over
areas representing ~0.5% of all exposed filter surfaces from 2 years. Analysing these particles
involved various micro-analytical techniques, revealing valuable insights into their composi-
tion. Helium-3 analysis of filter subsamples further supported the presence of extraterrestrial
material, with indications of temporal variations in the extraterrestrial small-particle flux [120].

Finally, the Dust in the Upper Stratosphere Tracking Experiment and Retrieval (DUSTER)
project [121,122], an experiment attached to stratospheric balloons, has successfully collected
micrometeorites in the atmosphere at the altitude of 30-40 km [123]. DUSTER includes an
efficient sampling system, minimal sample manipulation, low-impact velocities to capture
dust particles and strict contamination protocols. The collector consists of 13 TEM grids,
allowing for the first time for particles to be exposed directly to the airflow and to adhere
without the need for adhesive materials (dry collection). Five successful DUSTER launch
campaigns, with the latest in 2019 and 2021 over Sweden, collected particles in the 0.1-54.0
pum size range. The particles identified so far include an I-type spherule and a porous IDP
[123]. Minerals found in carbonaceous chondrites, ordinary chondrites and comets were also
identified, confirming the potential of DUSTER to sample micrometeorites directly in the
upper atmosphere and providing a unique window into the micron-submicron size fraction
of cosmic dust.

Sampling cosmic dust directly from the air marks an important step towards drawing
a comprehensive picture of micrometeorite accreting to Earth. Indeed similar air collections
have also been performed at the British Antarctic Survey’s clean air sector laboratory
(CASLab) at the Halley VI Research Station [124] and in Hawai’i [125].

7. Conclusion

We described major micrometeorite collections currently available to the scientific community,
including Antarctic, DSS, hot desert and the new rooftop collections. These collections allow
probing the interplanetary medium and explore the flux of cosmic dust at Earth. The first
unbiased collection of micrometeorites results from the melting of large quantities of Antarctic
ice. Collections from Antarctic surface snow are the most representative of the flux of microme-
teorites in the ~20-200 um size range. In addition, they yield the most friable and organic-rich
UCAMMs and CP micrometeorites, which have petrological and geochemical properties not
observed in other extraterrestrial materials. DSS collections show an overabundance of the
iron-rich I-type cosmic spherules, allowing studies on large datasets of these spherules that are
otherwise rare in other collections. Collections from Antarctic glacial sediments and Atacama
Desert soil exhibit the longest continuous accumulation periods (>1 Myr), thereby giving a large
number of the otherwise elusive ‘giant’ (>400 um) micrometeorites. Although the recovery of
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unmelted micrometeorites remains a challenge, the new rooftop collections allow sampling of
the contemporary cosmic spherule flux providing particles in a fair state of preservation.

Future micrometeorite collections should focus on fossil micrometeorites to provide clues to
the flux of cosmic dust in the distant past, its variability through time, as well as act as effective
paleoclimatic proxies. Three successful attempts at sampling cosmic dust directly from the air
have important implications for establishing collections of the most pristine samples in an until
now poorly characterized size range, typically <50 pm.
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