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[1] Most micrometeorites are strongly magnetic: the signal of a single micrometeorite
may exceed the signal of a weakly magnetized standard sediment sample. Micrometeorites
contain abundant magnetite, mostly produced by high-temperature oxidation during
atmospheric entry. In this study, we carried out measurements on 520 micrometeorites
(505 melted cosmic spherules, 6 partially melted scoriaceous micrometeorites, and

9 unmelted micrometeorites). The natural remanent magnetization and the saturation
isothermal remanent magnetization have been measured, followed by alternating field or
thermal stepwise demagnetization. The natural remanent magnetization is in the range of
0.4—-300 A/m for cosmic spherules; it is a stable thermal remanent magnetization acquired
by quenching in the Earth’s magnetic field. The range is 3.8—16 A/m for scoriaceous
micrometeorites and 78—525 A/m for unmelted micrometeorites, which may have
preserved a preatmospheric magnetization. The magnetic susceptibility is in the range of
0.005-2.9 Sl for cosmic spherules and is in the range of 0.06—0.12 Sl for scoriaceous and
unmelted micrometeorites. Temperature-dependent susceptibility analyses and thermal
demagnetization indicate that magnetite is cation substituted in cosmic spherules.
Different populations of magnetite grains may have different degrees of cation substitution
within a single micrometeorite. Anisotropy of magnetic susceptibility measurements
indicates that micrometeorites are strongly anisotropic (anisotropy degree >15%) and that
most have oblate fabrics consistent with the parallel habit of magnetite in barred olivine
cosmic spherules.

Citation: Suavet, C., J. Gattacceca, P. Rochette, N. Perchiazzi, L. Folco, J. Duprat, and R. P. Harvey (2009), Magnetic properties of
micrometeorites,). Geophys. Resl14, B04102, doi:10.1029/2008JB005831.

1. Introduction Toppani and Libourel2003;Genge et a).2008]. Depend-

[2] Micrometeorites (MMs) are terrestrially coIIecte(mg on the amount of melting and oxidation, most to all of

. , o e primary reduced iron-bearing phases will be transformed
extraterrestrial particles smaller than about two mﬂhmetemt& magnetite, although relics of metal and sulfides are

They constitute the main part of the mass flux of extraterrestgg - - - :
) etimes described in MMs. Melting occurs above a
matter accreted on Earthdve and Brownlgel993; Taylor ritical size of 100 nm, but unmelted to partially melted
EB

etal, 1998]. MMs have been found in deep-sea sedimenfg, ... o ains can be observed. Fully melted MMs are called
in seasonal lakes in Greenland, in Antarctic eolian se

mentary traps, ice and snow, and in continental sands (gﬁsmlc spherules (CSs) owing to their spherical/ellipsoidal

. ; spe. Partially melted MMs have scoriaceous textures
Taylor gnd Lever[200_1]_for a review). Extraterrestrial ScMMs). The smallest particles experience little melting
matter is usually rich in iron (on average 20 wt% and

|

to 95%). In space, the major iron-rich phases are Fe- ring atmospheric entry (unmelted fine-grained MMs

/ . X gMMs) and coarse-grained MMs (CgMMs)). In this
alloys, iron sulfides and magnetite [e.ochette et al. udy, we measured the magnetic properties of 506 MM

. . S
2008"?‘]' Petrograp.hlc. studies of MMs have shown thf? m different locations in Antarctica (490 CSs, 6 ScMMs,
substituted magnetite is abundantly produced by atmOSph%r'lggMMs and 2 CgMMs), and 14 CSs from other origins
hlr?h-temprfr?tlure Icf)i)((jldatlcl)ir\]/inOf thr?d prlr?axry |rovn biad”%reenland lake sediments and Pacific Ocean sediments).
Eravsvils ( 1231’_ Fseubine, to | 18:9;1_ Py gi e;ia)l go%r This is the first study of this kind, besides the measurement
ownlee »Robin et &, - loppani et ai. ' of 14 Iron-type cosmic spherules Marfaing et al.[2008].
S Owing to their continuous influx, MMs are a minor
1CEREGE, Aix-Marseille Université, CNRS, Aix-en-Provence, Francggnstituent of every surface material on Earth. The study

Dipartimento di Scienze della Terra, Universita di Pisa, Pisa, Italy. . . - o et
3Museo Nazionale dell’Antartide, Universit di Siena, Siena, Italy. of the magnetization and magnetic suscept|b|l|ty distribu

4CSNSM, Orsay, France. tions of MMs allowedSuavet et al[2008] to estimate
°Department of Geological Sciences, Case Western Reserve Univerthgir potential contribution to the magnetic properties of
Cleveland, Ohio, USA. sediments. The study of the magnetization of unmelted

micrometeorites is also important to decipher potential

Copyright 2009 by the American Geophysical Union. preatmospheric magnetizations and to understand and
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quantify the processes by which extraterrestrial materialaocular microscope. Selection was made according to the
acquired remanence in the Solar System. morphology of the patrticles.

2. Samples: Origin and Preparation 3. Analytical Methods

[3] In order to assess possible effects of terrestrial weath11] Micrographs of the MMs were taken at CEREGE
ering, we analyzed samples with different terrestrial reghix-en-Provence, France) with a scanning electron micro-
dence times (the time elapsed since the MMs fell on Eartitope (SEM, Hitachi S-3000N) using a 24 kV accelerating
ranging from tens of years to hundreds of thousands \afitage, either with secondary electrons (SE) or backscattered
years, and different residence conditions on Earth. Télectrons (BSE). A number of physicochemical analyses
studied collections are as follows: were performed on the samples. The largest MMs were

[4 1. MMs found in natural traps at the top of Frontiedirectly weighed using a micro balance r(fy precision).
Mountain (204 CSs) and Miller Butte (180 CSs anBulk chemical analyses were made using a Micro X-Ray
4 ScMMs), in the Transantarctic Mountains, Victoria Landkluorescence (XRF) microscope (Horiba XGT-5000 at
Antarctica Rochette et al.2008b]. The samples wereCEREGE, accelerating voltage 30 kV). The analyses are
collected during the 2003 and 2006 PNRA (Programnparformed with a 100m or 10 rm diameter beam. Beam
Nazionale di Ricerche in Antartide) expeditions. These trggsnetration is of the order of 100n, so the analysis is an
are believed to have sampled direct cosmic infall for seveaakrage of the weathered outer layer and the pristine inner
hundreds of thousands of years, as evidenced by the presematerial. The XRF instrument is calibrated for a semi-infinite
of 0.8 Ma old microtektites [Folco et aR008]. medium, therefore these analyses are semiquantitative. All

[s] 2. We analyzed 82 CSs and 1 ScMM that wenmmagnetic measurements were performed at CEREGE. The
extracted from eolian sediment traps on the crests MRM and saturation isothermal remanent magnetization
moraines of the Walcott N, Transantarctic Mountains, (sIRM), which was imparted in an inducing field of 1 T,
Antarctica Harvey and Maurette1991]. These MMs were were measured on MMs with a 2G Enterprises DC
incorporated into snow that was compacted into firn and ic&quid cryogenic magnetometer. The magnetic moment of
They were transported in a glacial flow before it wathe sample holder is in the range of 7.910 *2-1.1
ablated. The entrained MMs were then transported b9 *° Am? with a median value of 3.2 10 ** Am2.
wind and deposited in sedimentary traps on the crestsAdfer saturation, the IRM of the samgle holder is in the
moraines. range of 4.32 10 °-1.9 10 ° Am? with a median

[6] 3. 17 studied MMs (16 CSs and 1 ScMM) werealue of 6.9 10 *° Am?2 The reproducibility is within a
sampled from surface snow of Dome C, Antarctica: thessnge of +2.8 10 **-1.2 10 ** Am? with a median
samples are part of the CONCORDIA collecti@uprat et value of +5.7 10 > Am? Some samples were subjected
al., 2007]. The studied samples were extracted from ttestepwise alternating field demagnetization of NRM and
snow layers corresponding to years 1970 to 1980. sIRM (at 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 80,

[71 4. We analyzed 8 CSs, 7 FgMMs and 2 CgMMsand 100 mT), or thermal demagnetization of SIRM (at 200,
found in the Cap Prudhomme blue ice fields, on the E&80, 300, 380, 400, 415, 480, 500, 530, 560 and 680
Antarctic ice sheetMaurette et al. 1991]. This collection For thermal demagnetization, samples were wrapped in
was obtained by melting hundreds of tons of blue ice. Th@uminum foil after saturation, and during the whole process
MM were carried by the ice flow prior to their collection.of heating and measurement of moment. The magnetic

[§] 5. 11 CSs from Greenland seasonal lake sedimentsment of the aluminum foil is 9 + 5 10 ** Am2
[Maurette et al. 1986] were analyzed. Hysteresis parameters were measured with a Princeton

[s] 6. 3 CSs were extracted from Pacific deep-sédeasurements Corporation (PMC) Alternating Field
sediments that are curated at the Lamont-Doherty Edwthgnetometer (AGM) with a peak field of 0.3 Tor 0.5 T
Observatory Deep-Sea Sample Repository. The sedinfentthe hysteresis loop (noise level ofl0 ** Am?). A
samples were chosen from low sedimentation rate envirggstematic correction was made for the sample holder
ments (0.08-0.2 cm/ka) of cores 5—38 (Eocene zeolitic claypeasured at least once per measurement session). However,
North East Pacific, 382.12N, 140 21.27W) [McManus et the effect of this correction on hysteresis parameters values
al., 1970] and 16-160 (Pleistocene zeolitic clay, from thig small (+0.02 on the ratio of saturation remanent magne-
west flank of the East Pacific Rise, ¥R.27N, tization and saturation magnetization, +0.3 mT on the value
130 55.81W) [van Andel et a).1973]. of the coercive field). Some of the largest samples (FRO1,

[10] For Frontier Mountain, Miller Butte, Walcott Me FRO2 146-158, FRO3 7-22, see Data Set S1 in the
and Pacific Ocean sediments, the MMs were extracted usingiliary materiaf) were measured with a PMC Vibrating
different techniques depending on the original sample, af8ample Magnetometer (VSM) with a peak field of 0.5 T
wet sieving at 200, 400, 808m (400, 800mm for Miller (noise level of 10 ° Am?).' Magnetic susceptibility was
Butte). The fractions were separated using heavy liquitkeasured with a KLY 2 Kappabridge (noise level &
(methylene iodider = 3300 kg/nf) and the light fraction 10 ** m® or MFK1-FA magnetic susceptibility meter for
was further sorted by magnetic extraction (which therefeseme samples (noise level 08 10 **m?®). The sample
excluded this fraction from natural remanent magnetizatibalder was measured frequently (every 2—3 samples) to
(NRM) analyses). The Miller Butte sample was the onlyancel the effect of the instrumental drift. We measured
one that did not require further separation after sieving
owing to its high concentration of cosmic particles.

[
; ; ; ; IAuxiliary material data sets are available at ftp://ftp.agu.org/apend/jb/
Potential extraterrestrial particles were handpicked unde{OBSjbOOSS)él. Other auxiliary material files are b it
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sample 05-13-01 (total magnetic susceptibility = 5.4 Si
10 *2m?®) with the MFK1-FA meter at different times during

the measurement session (20 measurements) to evaluate
reproducibility. The standard deviation of these measure-
ments iss = 1.6 10 *m?>. The anisotropy of magnetic
susceptibility was measured on the largest samples using the y
MFK1-FA meter. Temperature-dependent magnetic suscep- A

tibility analyses were performed in an argon atmosphere on _A yA
SV OV AVAYAN

furnace (a furnace correction was made on the data). After
these analyses, MMs from Frontier Mountain, Miller Butte,
Walcott Nevéand the Pacific Ocean were embedded in epoxy
and polished. SEM images of the sections were taken at
CEREGE (Hitachi S-3000N, 24 kV acceleration voltage,

BSE). Wavelength dispersive spectrometry (WDS) chemical _2FRO- & MIL e WAL
analyses (Cameca SX 50, accelerating voltage 15 kV) were Sk Cosmic spherules
performed at Istituto di Geoscienze e Georisorse Pad
Italy, on polished sections of MM samples from Frontier
Mountain and Walcott Nee, and at UniversitPierre et Marie Figure 1. Mg-Si-Fe (atoms) ternary diagram presenting

Curie, Paris, France, on polished sections of MM sampigg wavelength dispersive spectrometry chemical analyses
from Miller Butte. Two CSs, representative of iron angssults for Frontier Mountain, Miller Butte, and Walcott
stony spherules, were studied through synchrotron X-RRgvé micrometeorites. Local volcanic rockseMasurier
diffraction data, collected at BM8-GILDA beamline, ESRFRand Thomson, 1990] and teph€ujzio et al, 2008] have a
Grenoble. A monochromatic bear € 0.6904A for the different compositional range, which allows distinction
stony particle antl = 0.776 1A for the iron particle, calibrated hetween extraterrestrial and terrestrial particles. Particles
against X-Ray absorption of pure metal foils) was used apgtside the compositional range of cosmic spherigdr

the diffractions were collected with a Fuji Imaging-Plate (IR} al., 2000] have been identified as micrometeorites on the
detector. The beam dimension on the sample was 0.2hasis of their texture.

0.2 mm. The sample to detector distance and the image plate

tilt were calibrated with X-Ray powder diffraction of standarginer Antarctic and deep sea CSayflor et al, 2000]. This
LaBs (NIST-SRM 660a). Data were collected uptapace angeis distinct from that of local volcanic rockeasurier
resolution of 0.8 A for both data sets, and reduced with thg, Thomsonl990] and tephradurzio et al, 2008]. Very
Fit2D software Hammersley1997]. Phase identification minor fly ashes may be emitted in Antarctica from the
was performed through the EVA (Bruker-AXS) software. Activity of permanent stations (from welding, waste
Rietveld study was performed through the TOPAS softwafineration, vehicles) or large ships, but our major Antarc-
(A. A. Coelho, TOPAS-ACADEMIC, 2004) to determine thgjc sampling site (TAM) was at >100 km from the coast or

6 samples using the MFK1-FA meter equipped with a CS3
/%

. Volcanic rocks and tephra

relative abundances of the phases. any permanent station. In the other sites care was taken to
avoid pollution from the surface layers, and sampling sites
4. Characterization of Micrometeorites were upwind from Antarctic stations. Despite the high-

: ' . _altitude injection of volcanic tephra from South American
[12] Chemical analyses confirm that all spherules in our lcanoes in AntarcticaBasile et al.[2001] have shown

. L g YO
samples are of extraterrestrial origin. Such origin (w@h t the maximum diameter for these particles iSTE0

g?/?g src]éég me;ﬁcét, \r/gé%?::'g gfr Sing]nrgpg?etﬂg :t?tTr? ézlr?csgl' refore, the presence of fly ashes in our samples is highly
Mg (M A)I/ andpM Si), and the ver ’Iow level of Ti mqgrobable in the size range we studied. Characteristic

g (Mg ' 9 ! y ' syrface features of MMs can be identified in whole particle
K, Al v_wth respect to ter_restrlal m_at_ter._For unmelted angL_JI M images (Figure 2, samples CSa—CSe). The volume has
;nnaati/rsl?sl' x;;pggé%%é:rsyligs d?slfltrigiﬁlgﬁ gggN;Zi Ctgfrrgg ein estimated using whole particles SEM images, assuming
X : : the semiminor axes are equal for spherules, or using a

(ell\%l.’ tgplr;ra)( and e;<traterrestr||al p?rt'ﬁlei Figure 1C%res ifferent geometry for particles?/vith a no[r)leven shape SEgM

a Mg-Si-Fe (atoms) ternary plot of the Antarctic CSs . . Lo oPe

) X " ages of the polished sections enabled classification of the

have studied, with the compositional range of Greenla Ms into different categories. The main factor determining

Figure 2. Scanning electron microscope backscattered electron images of polished sections (except for the whole
spherules when specified as secondary electron (SE)) of cosmic spherules. CSa is barred olivine cosmic spherule FRO2-007
(SE) with visible bars, CSb is cryptocrystalline cosmic spherule FRO2-006 (SE) with knobbly protrusions, CSc is
porphyritic olivine cosmic spherule 03-40-17 (SE) with olivine microphenocrysts, CSd is I-type cosmic spherule FRO2-090
(SE), and CSe is G-type cosmic spherule FRO2-071 (SE). Barred olivine (BO) cosmic spherules. BOa is WAL-015, BOb is
FRO2-013, BOc is FRO2-037, BOd is FRO2-113, and BOe is WAL-038. Porphyritic olivine (PO) cosmic spherules. POa is
WAL-079, POb is FRO2-085, POc is FR0O2-092, POd is FRO2-115, and POe is FRO2-075. Cryptocrystalline (CC) cosmic
spherules. CCa is WAL-060, CCb is WAL-011, and CCc is WAL-119. V-type (V) cosmic spherules. Va is 03-40-06 and Vb

is MIL-135. I-type (I) cosmic spherules. lais FRO2-028, Ib is FRO2-026, Ic is WAL-009, Id is FRO2-090, and le is FRO2-016.
G-type (G) cosmic spherules. Ga is MIL-073, Gb is MIL-087, Gc is FRO2-071, Gd is WAL-059, and Ge is FRO2-039.
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parallel growth olivine within a glassy mesostasis with
magnetite (Figure 2, samples BOa—BOe). Porphyritic olivine
CSs (PO) are dominated by olivine microphenocrysts within
a glassy mesostasis with accessory magnetite/chromite, and
relict olivine grains are commonly found (Figure 2, samples
POa—-POe). Cryptocrystalline CSs (CC) contain micron to
submicron olivine crystals and magnetite grains (Figure 2,
samples CCa—CCc). V-type (glass) CSs do not contain
olivine microphenocrysts (Figure 2, samples Va and Vb).
Figure 3 shows close up SEM images of magnetite grains at
the surface of BO CSs. Dendrites of magnetite can have
sizes up to a few tens ain, whereas the smallest grains are
<1 mm.

[14] I-type (iron) CSs contain iron oxides "atite and
magnetite Genge et a).2008] (Figure 2, samples la—le). In
rare cases metal cores have been described, but none were
observed in this study or in that bfarfaing et al.[2008].

[15] G-type CSs are dominated by dendritic magnetite
within a mesostasis of silicate glass [Genge et24108]
(Figure 2, samples Ga—Ge).

[16] ScMMs are highly vesicular particles consisting
mainly of microporphyritic olivine crystals in a silicate
glass (Figure 4, samples SCa—SCe), often containing crystal
and/or lithic relics. They are surrounded by a magnetite rim
that is produced during the atmospheric entry.

[17] The most heated unmelted MMs also have a
magnetite rim. Fine-grained micrometeorites (FgMMs)
(Figure 4, samples FGa—FGd) are dominated by a ground-
mass similar to the fine-grained matrices of chondritic
meteorites, whereas coarse-grained micrometeorites
(CgMMs) (Figure 4, samples CGa—CGb) are dominated
by anhydrous silicate grains larger thafh nm.

[18] In order to check the presence of magnetic phases
other than magnetite, one I-type CS and one S-type CS were
studied through synchrotron X-Ray diffraction (Figure 5).
Phase identification shows that the I-type particle is made of
magnetite and minor Vgtite, whereas the S-type particle is
constituted of forsterite and minor magnetite. The possible
presence of other magnetic phases was carefully checked
but none were revealed. A Rietveld study (see Figure S1 in
the auxiliary material) allowed us to determine the relative
abundance of the identified phases, namely, not accounting for
the presence of a possible amorphous component: the I-type
spherule has a magnetite tostite ratio of 89:11, whereas the
S-type particle has a forsterite to magnetite ratio of 97:3. The
scrutiny of refined cell parameters allows us to get information
on the crystal chemistry of the constituting phases. For the
Figure 3. Close up scanning electron microscope backtype particle, refined cell parameters for magnetite and
scattered electron images of magnetite grains on the surfatstite are respectively= 8.404(1)N anda = 4.298(1)A,
of barred olivine cosmic spherules. (a) Magnetite dendritéhich compare well with the literature data for these phases,
(b) Small magnetite grains (<im). (c) Large magnetite indicating that both magnetite and wiistite are pure phases.
dendrites (>1Gmm). For the S-type particle, the refined cell parameters for

magnetite is = 8.382(1)A, which is smaller than the value
the texture of micrometeorites is the extent of thermf@r pure magnetite. This indicates substitution of magnetite,
reprocessing during atmospheric en@ghge et a.2008].  but the substitution degree and the substitute elements

[13] The most common CSs are S-type (stony). Thetannot be deduced from these measurements.
composition is broadly chondriticGenge et al. 2008].

They are dominated by olivine microphenocrysts, silicate \Magnetic Properties

glass and magnetite and/or chromite, and they can also ) . .
contain relict grains that survived atmospheric entry[td In order to characterize !Y'MS In terms of magnetic
Depending on the texture, S-type CSs can be subdividéileralogy, we measured the S rati§’ o 3 of 10 stony
into subclasses. Barred olivine CSs (BO) are dominated by Samples from Frontier Mountain: it is the IRM obtained
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Figure 4. Scanning electron microscope backscattered electrons images of scoriaceous micrometeorites
and secondary electron images of unmelted micrometeorites. Scoriaceous (SC) micrometeorites. SCa is
FRO2-107, SCb is MIL-040, SCc is MIL-082, SCd is MIL-090, and SCe is MIL-144. Fine-grained (FG)
unmelted micrometeorites. FGa is 05-37-02, FGb is 05-37-19, FGc is 05-37-10, and FGd is 05-37-23.
Coarse-grained (CG) unmelted micrometeorites. CGa is 05-37-14 and CGb is 05-37-22.

after applying a 3 T field and then a back field 0.3 T
normalized to the 3 T IRM. The S ratios are in the range
0.94-1.00, with a mean value of 0.98. Such high values are
typical of magnetite. Iron spherule
[20] Temperature-dependent magnetic susceptibility anal-
yses performed on 6 Miller Butte CSs (Figure 6) allow us to 500
estimate Curie temperaturdg)( According taPetrovsky and
Kapiegka [2006], the commonly used two-tangent method 400
[Grommeet al. 1969] overestimatélk by up to afew tens of 2 | magnetite
degrees. They recommend to deflp@s the intersect of the 5 300}
linear fit to inverse susceptibility and the temperature axii‘s
when linear behavior of inverse susceptibility is observedZ 200
We estimatedl. with both methods (Table 1): the inverse 5
susceptibility method yields values in the range of 517— 4qo]

s)

i wistite

552 C, whereas the two-tangent method yields values in the I l

range of 500—58%. The Curie temperatures for BO sam- 0 ' ‘ — et !{ '
ples MIL-036, MIL-051, MIL-127 are 60 C below the 7 10 20 30 40
580 C expected for pure magnetit®nlop and @demir 26 scale

2001], which indicates that magnetite in these samples
contains impurities. WDS bulk analyses indicate the presence
of Ni, Cr and Ti. These elements can be substituted for Fe140000
in magnetite. Unfortunately, we could not measure single120000
magnetite grains with the microprobe, but we observed thgt
measurements averaged on magnetite grains and silic&t®oooo
surrounding minerals reveal higher concentrations of thege
elements than measurements on silic&ebin et al[1992] < 80000
analyzed single magnetite grains in micrometeorites usingaesoo000
SEM with energy dispersive spectrometer: the range is 0—3%
for NiO, 0—20% for C305 and 0—1% for TiO. The 40000
Curie temperatures of BO samples MIL-118 and MIL-004, 54000
and G-type sample MIL-073 are closer to 580 |
which indicates that magnetite in these samples contains less 077~ et
impurities than for other samples. However, WDS bulk 20 scale
analyses do not reveal differences in the chemical composi-
tion of these samples. Figure 5. X-Ray diffraction pattern of iron and stony
[211 Thermal demagnetization of sIRM (Figure 7) meaosmic spherules, with superimposed patterns of diffracting
sured on 13 CSs gives maximum blocking temperaturespinases: magnetite and'stite.

Stony spherule

| olivine

i magnetite

30
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Figure 6. Temperature-dependent magnetic susceptibitily apalyses for selected micrometeorite
samples. The Curie temperatures are estimated with the inverse susceptibilitgo(ipare inset)
method Petrovskyk and Kapkg, 2006]. The thick solid curve is a smoothed curve (moving average of
5 measurements) of the heating path. The dashed curve is smoothed curve of the cooling path (the cooling
path was not measured for sample MIL-036).

the range of 555—-58& (Table 1). These temperatures an@manence is carried by small magnetite grains, whereas
significantly higher than estimatéld values. BO sample larger magnetite grains dominate the magnetic susceptibility
MIL-004 is the only particle for which both analyses wer@vhich was used to estimafg). The difference found

made. ItsT. is 540 C (Table 1), and its maximum block-between thermal demagnetization and temperature-
ing temperature is 566 + 6 (Table 1). Most of the dependent susceptibility analyses may indicate the presence

Table 1. Temperature-Dependent Magnetic Susceptibility Analyses and Thermal Demagnetization of sIRKl Results

Sample TypR Mg Al Si Ca Ti Cr Mn Fe Ni o Sum T Teot MBT
MIL-004 PO 1499 181 1511 039 0.03 057 0.06 8.82 0.03 58.16 99.98 540 500-550 566+5
MIL-013 S NA NA NA NA NA NA NA NA NA NA NA 560 £ 5
MIL-019 \ 16.71 129 16.30 099 0.03 0.04 0.13 6.05 0.00 58.49 100.02 564 + 5
MIL-020 BO 1548 149 1420 103 0.06 0.10 0.05 9.88 0.16 57.53 99.97 565 + 5
MIL-023 PO 1925 0.61 1453 047 0.01 0.09 0.07 7.46 0.05 57.44  99.96 568 £ 5
MIL-024 BO 16.01 090 1459 123 0.04 0.03 0.08 955 0.00 5755 99.98 569 + 5
MIL-027 BO 1649 136 16.20 122 0.02 0.10 0.09 6.01 0.02 58.48 100.00 565 + 5
MIL-036 BO 11.85 228 1749 139 0.03 0.07 0.10 7.33 0.02 59.30 99.85 517  510-550
MIL-044 BO 1528 140 1649 020 0.02 0.11 0.08 7.75 0.00 58.63 99.97 562 + 5
MIL-051 BO 15.87 1.24 1423 069 0.05 0.19 0.09 9.62 0.49 57.49 99.96 518 510-550
MIL-073 G 1140 066 1134 040 0.03 011 0.02 1998 0.01 55091 99.87 552  575-585
MIL-118 BO 15.17 154 1508 0.67 0.05 0.09 0.09 9.08 0.25 57.97 99.97 546  520-560
MIL-120 BO 1395 156 1454 111 0.05 0.07 0.07 1089 0.07 57.69 99.99 580 + 5
MIL-127 BO 13.34 147 1384 145 004 019 011 1172 047 5735 99.98 521 525-575
MIL-157 cc 1791 055 1596 040 002 0.07 0.13 6.82 0.01 58.14 100.01 576 + 5
MIL-158 BO 1487 142 1467 114 0.05 0.14 0.06 9.70 0.25 57.75 100.05 5715
MIL-160 BO 1225 147 1392 126 002 021 0.08 1285 041 57.39 99.85 574 + 5
MIL-161 CcC 1799 114 1578 089 0.03 0.06 0.13 5.77 0.02 58.20 100.02 560 + 5

Bulk chemical analyses were obtained by averaging wavelength dispersive spectrometry measurementsaihnand@indow. They are given in
atom percentag€élp is the Curie temperature (irC) obtained with inverse susceptibility methd®e{rovskx and Kajpka, 2006], Ty is the Curie
temperature (inC) obtained with the two tangent meth@&r¢mme et al, 1969]. MBT is the maximum blocking temperature (@) obtained with the

thermal demagnetization of sSIRM.
PO, porphyritic olivine cosmic spherule; S, stony cosmic spherule; V, glass cosmic spherule; BO, barred olivine cosmic spherule; G, G-type cosmic
spherule; CC, cryptocrystalline cosmic spherule.
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1.27 different redox and temperature conditions. Chemical
1 analyses on individual magnetite grains would be necessary
101 to confirm this hypothesis.
] [22) Hysteresis loop measurements (Figure 8) give values
for the coercive fieldB., saturation magnetizatiols,
saturation remanent magnetizatibhs. A comparison
between the value d¥l,s determined using the AGM and
the sIRM measured with the 2G Enterprises DC Squid
cryogenic magnetometer reveals that the AGM does not
give reliable absolute values fidl,s andMg. Therefore, only
their ratio is used in the following. The remanent coercive
field B., was determined by DC backfield demagnetization
of the sIRM using the AGM. The Day ploDay, 1977]
(Figure 9) indicates that the magnetic inclusions in BO, PO
0 100 200 300 400 = s00  e00 and CC CSs have pseudosingle domain (PSD) to single
Temperature (°C) domain (SD) grain sizes. SEM images and hysteresis
measurements are in agreement, with smaller magnetite
selected cosmic spherules from Antarctica (Miller But r?:]n;nb?m%)sIgg:]z\ﬂg??:lgraggcﬁ r%%r ?;Sgssg?]\ql;)r;gsmxilttﬁ]
sample). smaller magnetite grains (Figure 2, samples BOa—BODb,
of two populations of magnetite grains with differenPOa—POb, and CCa—-CCb and Figure 8b) tend to have
degrees of cation substitution within magnetite, the lard@gherM,sJ/Ms ratios whereas samples with larger magnetite
grains being more substituted. Within a single Mmgrains (Figure 2, samples BOc-BOe, POc—-POe, and CCc
magnetite grains could have different origins and grow &nd Figures 8a and 8d) have lower ratios. One glass CS
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Figure 7. Stepwise thermal demagnetization of SIRM f
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Figure 8. Hysteresis loops measured with a Princeton Measurements Corporation Alternating Field
Magnetometer after correction of high-field slope (70% interval). (a) Barred olivine cosmic spherule
WAL-085 (m = 24ng). (b) Porphyritic olivine cosmic spherule WAL-079 (m = £§). (c) Glass
cosmic spherule 03-40-06 (mean diameter =rh®2. (d) Cryptocrystalline cosmic spherule FRO2-001

(m =53nm). (e) I-type cosmic spherule FRO2-031 (m =nTJ. (f) Fine-grained unmelted micrometeorite
05-37-23 (mean diameter = 26#). (g) Scoriaceous micrometeorite WAL-086 (m =n2g. (h) G-type
cosmic spherule WAL-096 (m = 2dg). (i) Coarse-grained unmelted micrometeorite 05-37-22 (mean
diameter = 230m).
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Figure 9. Day plot [Day, 1977] of the hysteresis parameters for different types of micrometeorites. The
dashed and dashed-dotted curves are the mixing curves for a SD—MD mixture accobdigdl®77]
and Dunlop [2002], respectively.

sample (05-06-24) has SD magnetite inclusions, while otliezm I-type CSs. Owing to the sample bias caused by
samples contain PSD magnetite (Figure 8c). Magnetite in I-typagnetic separation, these MMs are overrepresented in the
and G-type CSs has MD to PSD magnetic behavior. In I-typeontier Mountain sample. This bias and the fact that
CSs with lower amounts of magnetite (Figure 1, la arsinall diameter samples with low volume susceptibility are
Figure 8e) the magnetite is closer to a PSD domain stdielow the noise level of the magnetic susceptibility meter
whereas CSs with larger amounts of magnetite have highgplain the apparent trend of increasing susceptibility with
B./B. ratios (Figure 2, samples Ib—le with increasindecreasing particle diameter. In order to scale the potential
proportions of magnetite from Ib to le). Among G-typeontribution of MMs to the susceptibility of sedimentary
CSs, samples with bigger magnetite dendrites (Figurer@cks in which they deposited, we calculated the limit above
samples Gd—Ge and Figure 8h) have loWgy/Mq ratios which the signal of a single MM exceeds that of a standard
(closer to MD magnetite values), whereas samples waten? sediment sample used in rock magnetic studies. Only
finer magnetite dendrites (Figure 2, samples Ga—Gc) hdew of the measured MMs have a susceptibility approaching
hysteresis parameters that are closer to those expectedhfatrof a 10° SI (low value for calcareous ooze or siliceous
SD magnetite. The two measured ScMMs (FRO2-107 andze) sediment sample (Figure 10). The probability for a
WAL-086, Figure 8g) and FgMM 05-37-23 (Figure 8f) haveediment to have its magnetic susceptibility record biased by
PSD magnetite inclusions. Although metal and sulphiddge presence of a MM is negligible for most sediments
can be present as minor primary phases in FgMMs, thEhuavet et a).2008].
contribution to the magnetic properties is not evidenced24] The volume susceptibility distributions for different
by our hysteresis data. Of the two measured CgMMs, otypes of MMs are shown in Figure 11. Owing to the
(05-37-22) has PSD magnetite and the other (05-37-1hcertainty in the estimation of the volume of samples,
Figure 8i) has magnetic properties that are close to the volume susceptibilities we give have a reliability of
border between PSD and MD magnetitel et al.[1994] +10%. Comparison with the value for pure magnetitg I
measured hysteresis properties of magnetite spherdtesa sphere) allows us to estimate the proportion of
extracted from limestone. Most spherules they measuredgnetite in the samples. As expected, there is a correlation
show MD magnetic characteristics. According to our measubetween the volume susceptibility and the magnetite content
ments, most magnetic spherules of extraterrestrial originoinserved on SEM images. Most BO and CC CSs have
sediments would show PSD grain size. susceptibilities in the range of 0.03—0.8 SI. PO CSs have
[2s] Measured low-field total magnetic susceptibilitpusceptibilities in the same range, but their peak is below
values for 337 CSs, 4 ScMMs, 1 F%MM and 1 CgMM falD.1 Sl. Glass CSs have significantly lower volume suscep-
in the range of 4 10 *-1.1 10 *m?® (45 more MMs tibilities, with the majority of samples in the range of 0.01—
had susceptibilities below the noise level of the magneficl Sl. I-type CSs all have volume susceptibilities greater
susceptibility meter used). The low-field volume magnetiban 0.57 Sl, and the peak of their distribution is in the
susceptibility is represented as a function of partictange of 1-2.9 Sl. G-type CSs can also have susceptibilities
diameter in Figure 10 for the Miller Butte, Frontier Mountaiabove 1 Sl, but most samples are in the range of 0.1-0.3 SI.
and Walcott Neé MMs. All of the data points above 1 Sl areScMMs have susceptibilities in the range of 0.07-0.12 SI.
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Figure 10. Volume magnetic susceptibility as a function of particle diameter for Miller Butte, Frontier
Mountain, and Walcott Ne&& micrometeorites from Antarctica. The instrumental noise level is indicated

with solid curves for the KLY 2 Kappabridge and MFK1-FA magnetic susceptibility meters, respectively.
Samples that were below the noise level are represented on the noise level line. Dashed curves represent
the limit above which the absolute susceptibility of a single micrometeorite exceeds that of &n 8 cm
sediment sample with a volume susceptibityqof 10 ° SI.

The 2 unmelted MMs measured, FgMM 05-37-281IL-036 has visible olivine bars, yet its fabrics are only
and CgMM 05-37-14, have susceptibilities of 0.12 andeakly oblate. Sample MIL-035 has a prolate fabric and its
0.055 S, respectively. texture is intermediate between barred olivine and micro-

[2s] The saturation magnetizatioMs (either directly crystalline. Sample MIL-024 also has a prolate fabric, this
measured with the VSM or calculated from the r&tijgMg sample has at least 5 populations of bars among which
using the sIRM measured with the 2G Enterprises DC Sq@didntersect on an axis. The estimated shape anisotropy, the
cryogenic magnetometer) is plotted in Figure 12 asaaisotropy of an object of the same shape with isotropic
function of the specific ferromagnetic susceptibility of
MMs. The ferromagnetic susceptibility was obtained by
subtracting the high-field susceptibility (the slope of the |Bo
saturation moment in a hysteresis loop) from the total [ N=127(+16)
susceptibility (measured with KLY 2 or MFKA-FA 1¢{po
magnetic susceptibility metersdchette 1987]. The data | N=28(+7)
for most of the samples lie below the theoretically expected [¢cc
line for spheres of pure magnetite. This may be |N=73(+2)
the consequence of two different effects: substitution 7y e
magnetite tends to reduce the valueMyf and departure _2‘5 N=75 (+5
from sphericity increases the magnetic susceptibility, &S ype
shown with the theoretically expected line for elongatefl | n=7
grains of pure magnetit&kpchette et a1.2003]. 227 ot

[26] The anisotropy of magnetic susceptibility was mea-1 N;épe
sured for 13 of the largest Miller Butte CSs (Table 2). They®
have an anisotropy degree (ratio of maximum to minimum ﬁi’:""\"
susceptibility) in the range of 1.15-1.64. The samples with
the highest anisotropy degree (MIL-174 and MIL-022) are™ ﬁzrz“ff%d
strongly anisometric samples (axial ratios of 1.79 and 1.35¢5 2 =
respectively). The shape paramefeidelinek 1981] indi- ™ Volume magnetic susceptibility (S)
cates oblate fabrics for most BO CSs. Sample MIL-104,
with the highest positive value fdr, has parallel olivine Figure 11. Volume magnetic susceptibility distributions
bars. BO CSs with lower positive values fbeither have for different types of micrometeorites. The bracketed
less visible bars (MIL-020 and MIL-120) or more than oneumbers indicate how many samples were below the
group of bars with different orientations (MIL-099). Samplestrumental noise level.
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Figure 12. Saturation magnetization as a function of the mass ferromagnetic susceptibility. The
theoretical curve for spheres of pure magnetite is given for comparison (slope = 1083 The effects

of substitution and departure from sphericity are shown with arrows. The dashed curve represents the
theoretical slope for elongated grains of pure magnetite with an axial ratidRafcBdtte 2003].

intrinsic susceptibility, is 1.07 for MIL-174, and 1.02 forfor 1 ScMM. The sIRM was also measured for 76 of these
MIL-022. This is much lower than their anisotropy ded?Pee CSs and for the 4 unmelted MMs. The NRM is in the range
(1.64 and 1.44, respectively). Therefore, the anisotropyaif<10 °-~1.6 10 ’ Am? The volume magnetization is
magnetic susceptibility of these samples is dominated by tepresented as a function of particle diameter in Figure 13
orientation and distribution of magnetite grains within thfer the Miller Butte, Frontier Mountain, Walcott”Meand
silicate matrix. Of the three PO CSs measured, one ha@@NCORDIA collections. In order to scale the potential
slightly oblate fabric (MIL-023) and two have a prolateontribution of MMs to the NRM of sedimentary rocks in
fabric (MIL-004 and MIL-006). The only measured G-typ&hich they were deposited, we calculated the limit above
CS has a strongly oblate fabric. which the NRM of a single MM exceeds that of a standard
8 cnt sediment sample for different sediment magnetization
6. Natural Remanent Magnetization values. All samples with NRM intensity above the noise
level of the magnetometer have a stronger moment than a
[271 The NRM of 230 CSs, 4 ScMMs and 4 unmeltedediment sample with a 18 A/m magnetization (lower
MMs was measured (only samples that were not subjectggige for siliceous/calcareous chalk or ooze), and some
to magnetic extraction were analyzed). The NRM wagMs have a moment exceeding that of a sediment sample
below the noise level of the magnetometer for 53 CSs aﬂﬁh alo 3A/m magnetization (deep sea C|ays for instance)

Table 2. Anisotropy of Magnetic Susceptibilfty

Sample Type Cm (M) Standard Error (%) Ch1 Cno (o T
MIL-004 PO 327 104 6.36 1.15 + 0.05 0.96 + 0.05 0.89 + 0.05 1.29 0.41
MIL-006 PO 340 104 9.17 1.12 + 0.07 0.99 + 0.07 0.90 + 0.07 1.25 0.10
MIL-020 BO 238 10 1.31 1.06 + 0.01 1.01 + 0.01 0.93 + 0.01 1.15 0.24
MIL-022 BO 238 10 7.22 1.18 + 0.06 0.99 + 0.06 0.82 + 0.06 1.44 0.05
MIL-023 PO 1.99 10 1 4.18 1.07 + 0.03 1.00 + 0.03 0.93 + 0.03 1.16 0.05
MIL-024 BO 295 10 3.06 1.09 + 0.02 0.96 + 0.02 0.94 + 0.02 1.16 0.68
MIL-035 BO 487 10 3.74 1.07 + 0.03 0.99 + 0.03 0.93 + 0.03 1.15 0.22
MIL-036 BO 258 10 4.42 1.12 + 0.03 1.00 + 0.03 0.88 + 0.04 1.27 0.08
MIL-073 G 282 10 8.34 1.11 + 0.06 1.03 + 0.06 0.86 + 0.06 1.29 0.38
MIL-099 BO 292 104 10.30 1.10 + 0.08 1.07 + 0.08 0.90 + 0.08 1.22 0.14
MIL-104 BO 233 10 1.94 1.13 + 0.01 1.05 + 0.02 0.83 + 0.02 1.36 0.52
MIL-120 BO 291 104 2.12 1.08 + 0.02 1.00 + 0.02 0.92 + 0.01 1.17 0.10
MIL-174 BO 8.42 10 10.37 1.26 + 0.08 0.97 + 0.08 0.77 + 0.08 1.64 0.04

Cmis the mean susceptibilitg,,1, 2, andc 3 are the normed principal susceptibilitiBsis the anisotropy degree (ratio of maximum and minimum
susceptibility).T is the shape parametdr € O for prolate fabricsT > O for oblate fabricsJelinek 1981]).
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Figure 13. Natural remanent magnetization as a function of particle diameter for Miller Butte, Frontier
Mountain, Walcott Neé, and CONCORDIA micrometeorites from Antarctica. The instrumental noise
level is indicated with a solid curve. Samples that were below the noise level are represented on the noise
level line. Dashed curves represent the limit above which the moment of a smgle mlcrometeorlte exceeds
that of an 8 cm sediment sample with a volume magnetizatigg, of 10 * A/m or 10 * A/m,
respectively.

(Figure 13). According t@uavet et al[2008], the proba- [29) As CSs are quenched after melting during atmo-
bility for a sediment to have its magnetization directiogpheric entry, their NRM should be a thermal remanent
biased of >30is not negl|g|ble (>1%) for sediments withmagnetization (TRM) acquired in the Earth’s magnetic
magnetizations up to 5 10 3 A/m and sedimentation ratesfield. Cap Prudhomme sample 05-13-01 and CONCORDIA
up to 10 cm/ka, and apparent reversals of polarisample 06-09-07 have NRM/sIRIVFl[IIer 1974] ratios
are possible (probabmty >1%) for sediments with logreater than 0.1. Such a high ratio is unexpected for a
magnetizations (<2 10 * A/m) and low sedimentation
rates (<1 cm/ka). Although the Miller Butte and Frontier
Mountain samples contain MMs with a terrestrial age of’Tgq
many tens of thousands of years, their magnetization rangg| N=71 (+3)
is not lower than that of 30—40 year old CONCORDIA o-
MMs. The effect of terrestrial weathering on the magnetic | PO L4
properties of MMs therefore appears to be small. In particular, M 0
transformation of magnetite into maghemite does not seem t§T ¢
occur, as can be deduced from the reversible paths 0¥ N=24 (+3) ‘
temperature-dependent magnetic susceptibility analysesa,w 20
Miller Butte samples (Figure 6). \r\f—tige+34 L10
[2] NRM intensity distributions for different types of3 =1
CSs are shown in Figure 14. Owing to the uncertainty in the T Gtype

estimation of the volume of samples, the NRM intensities N=3 _

we give have a reliability of +10%. BO and CC CSs have ©
similar distributions, with a range of1—-300 A/m and a ScMMs
peak at 10—100 A/m. PO CSs have lower NRM intensities N=3 (1)
on average, with a range of 1-55 A/m and a peak below2- ynmeited
10 A/m. Glass CSs have the lowest NRM intensities, mosti-| N=4

samples are in the range of 0.45—-20 A/m. G-type CSs are if§ o W o 102 00
the range of 6.8—35 A/m. ScMMs have NRM intensities in NRM intensity (A/m)

the range of 3.7-16 A/m. The 3 FgMMs and CgMM 5-37-22

unmelted MMs have magnetization intensities among tRigure 14. Natural remanent magnetization distributions
highest values measured, with a range of 78-526 A/far different types of micrometeorites. The numbers in
The NRM of the only analyzed I-type CS (16-160-1) is beloparentheses indicate how many samples were below the
the noise of the magnetometer because of its small volum@strumental noise level.
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sTRoNG FELD ARTIFICIAL - TRM. It might indicate that these samples have been
REMAGNETIZATION artificially remagnetized after their entry through the Earth’s
atmosphere by exposure to a strong (>mT) magnetic field.
Figure 15 shows the distribution of NRM/sIRM ratios for all
cosmic spherules we measured. All of the measured
unmelted MMs from Cap Prudhomme collection also have
NRM/sIRM ratios greater than 0.1. Remagnetization of
163 1G 0 o' these samples cannot be excluded, as they were collected
NRM/sIRM many years ago without particular efforts to protect them
from terrestrial and artificial magnetic fields, but most
F|gure 15. NRM/sIRM ratio distribution for all measuredmelted MMs from that collection have NRM/sIRM ratios
cosmic spherules. Ratios <0.1 are consistent with a thersglow 0.1 (which indicates that they have not been artifi-
remanent magnetization acquired by quenching in tBRily remagnetized). It is possible that the preatmospheric
Earth’s magnetic field during atmospheric entry. Ratiggagnetization of unmelted MMs was not completely erased
>0.1 may indicate that the samples have been remagnet@@pgng atmospheric entry. Although temperature gradients
after entry by exposure to a strong (>mT) magnetic fieldare not supposed to develop in particles with diameter less
than 600 nm [Love and Brownleel1991], Flynn [2001]
suggested that energy absorbing phases can allow temperature

THERMAL REMANENT MAGNETIZATION
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Figure 16. Orthogonal vector component plots of stepwise alternating field demagnetization data
for the natural remanent magnetization of selected micrometeorites. (a) Glass cosmic spherule MIL-008.
(b) Barred olivine cosmic spherule 06-09-33. (c) Cryptocrystalline cosmic spherule MIL-058. (d) Coarse-
grained unmelted micrometeorite 05-37-22. (e) Fine-grained micrometeorite 05-37-19. (f) Barred olivine
cosmic spherule FRO5-01. (g) Barred olivine cosmic spherule WAL-004. (h) Cryptocrystalline cosmic
spherule WAL-011. (i) Porphyritic olivine cosmic spherule MIL-004.
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gradients to develop in smaller particles. He calculated tiatues in the range of 560—-5&0 The difference between
about 50% of the total mass (before entry and ablation)tbése temperature estimations may be related to the presence
particles in the 10—100g mass range is not heated abovef different populations of magnetite grains with different
600 C during atmospheric entry. Conservation adegrees of cation substitution.
the preatmospheric magnetization therefore seems to e Measurements on scoriaceous micrometeorites, and
possible in unmelted MMs. This magnetization could b fine-grained and coarse-grained micrometeorites, gave
carried by primary magnetite, as hysteresis data poistsceptibilities in the range of 0.06—0.12 SI. The magneti-
toward magnetite as the main carrier of magnetization. zation of scoriaceous micrometeorites is in the range of
[30] Alternating field demagnetization of NRM and sIRM3.8—16 A/m. Unmelted micrometeorites have high magne-
was carried out for 39 CSs and 4 unmelted MMs. Orthogoriedation intensities (78—-525 A/m) that could represent
vector component plots of demagnetization data for CSs offgeatmospheric remanent magnetizations (acquired in a
have a single magnetization component (Figures 16a and 48ong field in the early Solar System, in the dynamo field
and 16g-16i), but curved demagnetization trajectories afehe asteroid parent body, or by shock magnetization), or
sometimes visible (Figures 16b and 16f). This curvaturemagnetizations that occurred after atmospheric entry of
might indicate that the MM was rotating during atmospheribe samples.
entry while cooling in the Earth’s field. In order to further [33] Micrometeorites are tiny objects, but their high
investigate the nature of the magnetization, we usedmagnetite content gives them higher magnetic susceptibility
different normalization technique, the normalization gnd magnetization than most terrestrial rocks. Therefore, a
isothermal remanent magnetization derivative vs. alternsitigle micrometeorite deposited in a sediment may induce a
ing field: REM = (dNRM/dAF)/(dIRM/dAF) [Gattacceca significant bias in the magnetic properties of the sedimen-
and Rochette, 2004] are in the range of 3010 *, whichis tary rock at the scale of samples used for paleomagnetic
consistent with the magnetization being a TRM acquired studies Suavet et al.2008].
the Earth’s field. Coarse-grained unmelted sample 05-37-22
(Figure 16d) has a tvyo-component magn.etlzatlon' As thi 34] Acknowledgments. We would like to thank S. Gilder, A. Roberts,
sample has well-defined components different from theGee, s. Brachfeld, and T. von Dobeneck for their comments on this work
typical curvature observed in samples that have beeﬂd%bﬁan%éan;n?r é’rré’lin(fé'l% n;uoclqgg:%tggntTehslgrsvrgthew gé)gucogtoelﬁ,bciﬁe
[g;ﬁggggggda;rgoé%thg;g%%t‘l]wntp isarggﬁ:?ellymt?g:e rench Ager;ce Nationale de la Recherche (project ANR-OS-?EJC-OlB)é).
this sample was remagnetized after collection, unless
one invokes two successive applications of magnets V\e/é@ferences
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