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Abstract: Based on our initial visual selection (IVS) criteria and low vacuum (LV)
SEM/EDS data, we successfully selected candidates of unmelted chondritic Antarctic
micrometeorites (AMMs) from the unsorted sample set collected by Maurette's group
in 1991. AEM data of some of the selected microparticles show that they are unmelted
but probably dehydrated AMMs. An AMM candidate, 91-1-C4, contains ferroan (around
Fo30) olivine grains which have planar channels parallel to (001). Their textures quite
resemble those shown in the initial stage of iddingsite formation of olivine phenocrysts
in terrestrial basalts. These findings indicate that some olivine crystals in AMMs can
be altered even in the Antarctic environment.

1.

Introduction

Micrometeoroids in size range of -50-500 µm are considered to be a major con
tributor for the mass accretion of extraterrestrial material on the Earth of 4±2xl0 10 g per
year (LovE and BROWNLEE, 1993), whereas stratospheric interplanetary dust particles
(IDPs) (i.e. 1 µm <diameter ( d) <50 µm) and conventional meteorites ( <10 10 g) gener
ally make up only 1 % of the total mass (GRON et al., 1985). Blue lakes in Greenland and
ice sheets in Antarctica provide high concentrations of micrometeorites (MAURETTE et
al., 1987, 1991). In addition, Antarctica is the most remote land from major industrial
nations and continental winds keep the surface snow dry and relatively clean. Unlike
the micrometeorites from Greenland blue lakes, Antarctic micrometeorites (AMM) are
preserved in "cryconite-free" blue ice sheets and provide complementary insights of
extraterrestrial materials collected from other terrestrial environments (i.e. stratosphere
and deep sea sediments) and Low Earth Orbit (LEO).
Since 1994, one of the authors (HY) has been trained in the initial selection and
processing of melted and unmelted AMMs with M. Maurette 's group in the CSNSM,
Orsay, France, mainly for comparative studies with micrometeoroid impacts in space
(YANO, 1995; YANO et al., 1996). In parallel to this effort, the Japanese Antarctic Re
search Expedition (JARE) team is currently preparing for their first collection of AMMs
near the Syowa Station and Yamato and Belgica Mountains in the 1997-1999 term
(KonMA, 1997). Thus it is our intention to establish a curation system for AMMs which
is consistent with previous work outside Japan.
While some detailed studies of samples from the same collection with EPMA (YADA
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et al. , 1997), this paper focuses on standardizing selection criteria of AMMs from mix
tures with terrestrial and artificial particles and sample processing for initial character
ization of the microparticles using low vacuum SEM/EDS (LV-SEM/EDS) and TEM,
including the ultra-microtoming technique.
2.

Sample Collection in Antarctica

Since 1983, extraction of AMMs from deep ice cores (depth -100-700 m) has been
attempted by the Japanese Antarctica expedition team, as a by-product of a paleo-cli
matic survey near Mizuho Station, Asuka Station and the Advance Camp (HIGASHI and
Furn, 1994; YANO, 1991). Yet the small volumes of ice cores used for this effort were
much less efficient to collect AMMs than filtering melt water of shallow ice. In 1988, a
"micrometeorite factory" was constructed near the French station at Cap-Prudhomme
(MAURETTE et al., 1991). Steam generators were used to deliver water jets at 70-80 °C
into a 2-3 m deep drilled hole and made a melt ice pocket in the blue ice sheet. The
stream of melt water was filtered with four stainless steel sieves of 25, 50, 100 and 400
µm size holes to separate the microparticles by these size fractions. In December 1990
to January 1991, they melted 260 t more of blue ice. They repeated the AMM excava
tion with an improved micrometeorite factory (i.e. cleaner from in-house contamina
tion) at Cap-Prudhomme in December 1993 to February 1994. Excluding the most re
cent samples, MAURETTE et al. have extracted -40000 AMMs from 360 t of blue ice in
total (MAURETTE et al., 1994).
The samples analyzed in this study were collected at a blue ice field near Cap
Prudhomme, Antarctica in January 1991 by Maurettes' team. One bottle of "unproc
essed" samples of 50-100 µm-sized particles sieved from 1 t of ice melt water, out of
100 t ice in total, was allocated to us. As can be seen from past reports, one of the key
issues in the timely and systematic curation of abundant AMMs (e.g. in order of 103 -104
samples per campaign) is how quickly and precisely one can distinguish AMMs from
terrestrial and artificial microparticles. The first step of this challenge is a reduction of
terrestrial and artificial inclusions in sieved samples. This requires a careful choice of
collection sites in terms of contamination level (i.e. remoteness from exposed lands and
human bases) and thorough design and operation of the "micrometeorite factory", or a
ice melting and sieving instrument, on selection sites. After that, simple but reliable
selection criteria of AMMs with only optical properties, morphology and X-ray EDS
spectra must be established (e.g. CDPET (1981-1994) for stratospheric IDPs and
ZoLENSKY et al. (1993) for impact craters on Low Earth Orbit spacecraft).
3.

Experimental Procedure

(1) Initial visual selection (IVS) with a brush under a stereo optical microscope was
performed at ISAS, Kanagawa, Japan. Among some thousands of the unsorted
microparticles in the processed bottle, 50 AMM candidates were selected and placed
onto a brass sample holder (6x6 matrix).
(2) The AMM candidates were observed by a low vacuum (LV-) SEM equipped
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with EDS (JEOL JSM-5300LV and Oxford Link ISIS EDS system) at the Venture Busi
ness Laboratory, Tokyo Institute of Technology (TiTech), Tokyo, Japan. During the SEMI
EDS observation and analysis, 20 terrestrial contaminants were identified by the combi
nation of backscattered electron photomicrographs and EDS spectra.
(3) AMM candidates were embedded in a low-viscosity epoxy resin, TAAB Spurr
kit. Ultramicrotomy was performed at the Center for Instrumental Analysis, Ibaraki
University, Ibaraki, Japan using a Reichert-Leica Super Nova. Thickness of
untramicrotomed sections was -100 nm.
(4) The sections were observed by AEM (JEOL JEM-2000 FX II TEM equipped
with Philips DX4 energy dispersive X-ray analysis system) at the Center for Instrumen
tal Analysis, lbaraki University. Quantitative analysis was based on the Cliff-Lorimer
thin film approximation. Experimental k factors were determined from many mineral
standards.

4.

Initial Processing

Among the above, a key for time-saving and reliable curation is to establish a rou
tine training program of "initial visual selection" (IV S) of AMM candidates from obvi
ous terrestrial and artificial contamination before carrying out further analyses. Here we
adapted the criteria with the stratospheric IDPs by CDPET (Table 1) and inherited
Maurette's technique for the selection to prevent or minimize loss and post-capture con
tamination of the samples.
However, it should be noted that this preliminary criteria is valid mainly for chon
dritic AMMs. This is by no means a tool for the final judgment of finding all types of
extraterrestrial particles, such as non-chondritic ones, for instance Ca- and Al-rich in
clusion-like micrometeorites. Also glassy melted AMMs were found in the past (e.g.
YANO, 1995). We admit that there are always a group of particles of non-trivial origins
between the "possible chondritic AMMs" group and the "obvious terrestrial contamina
tion" group. We must not discard such particles before applying detailed analyses to
them. However, such a group held only a few% of the total in this study and it has been
kept for future studies.
First of all the sample bottle was washed with distilled water and deposited all the
grains on to a paper filter under an optical stereo-microscope. A new, fine water paint
brush being wet with the distilled water was used as a "manipulator" to hold and move
Table 1.

IVS criteria and typical EDX peaks for AMMs (Refer the CDC for stratospheric
!DPs and LDEF results; CDPET, 1981-94 and ZoLENSKY et al., 1993).

Morphology
Color
Transparency
Luster
EDX peaks

Possible AMM

Obvious contaminations

spherical to porous
black to brown
opaque
dull
Si�Mg>Fe (olivine and pyroxene)
with Al, S, Ca plus traces of Mn and/or Cr

sheets, crystals
red, yellow, white
translucent, transparent
metallic
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several hundreds of the microparticles to separate possible AMM candidates from obvi
ous contamination. The following contaminants were identified and separated from the
AMM candidates:
(1) terrestrial morainic debris such as silicate grains from surrounding mountains,
(2) fragments of penguin and other bird feathers (!),
(3) ashes ejected from the chimney of the steam generator engine,
(4) fragments released from plastic tubes, and
(5) rust from corrosion of steam generator pipes and the pumps made of ordinary steel.
The first group included such as crystal quartz, feldspar, mica, ilmenite suggesting
continental and volcanic origin (YANO, 1991). In particular platelet grains were abun
dant in this size range compared to larger size regimes (e.g. 100-400 µm). Presence of
bird feathers indicates that the collection site is near the coast close enough to receive
other oceanic materials. In fact, oceanic materials like sea salt crystals and biological
materials were found from surface snows collected by the 30th Japanese Antarctic Re
search Expedition (JARE-30) team around the Japanese Advance Camp (74 ° 12'S,
34 °59'E), where was even about 500 km away from the closest coast line at >3000 m
elevation, much more inland than the Cap Prudhomme station (YANO, 1991; HIGASHI et
al., 1992). YANO (1991) subdivided 174 microparticles from theAsuka Station and Nansen
ice field of Antarctica into their origins by referring to obtained data such as morphol
ogy, size, reflection, elemental composition and estimated age and location they accu
mulated. The classification of origin included (1) artificial vs. natural, (2) terrestrial vs.
extraterrestrial, (3) continental (e.g. moraine debris), volcanic (e. g. sea salt, globular
particles) and biological among the terrestrial particles, and (4) pollen, spore, plant opal,
diatom, microfossils, etc. among the biological particles (Fig. 1). Examples of SEM
Unsorted
Microparticles
i n Antarctic Ice

Fallen
Space
Debris
(AOS)

Remote
Activities
(Industrial
Pollution/
Aeroplanes)

Local
Terrestrial
Activities Contamination

(Expedition /
Ba�e Camp)

Extra
Terrestrial
(AMMs)

Biological

Volcanic
(e.g. tephra)

(e.g. moraine
debris)

Bird Feathers
Fig. 1.

Microfossil

Subdivisions of microparticles collected from ice cores and sur
face snow in Antarctica (modified from YANO, 1991).
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Fig. 2. EDS spectrum for sample 91-2-C4, a cosmic spherule. Inset: its BE! photograph.
Many light-gray spots (fine-grained magnetite) exist on the surface of this sample.
Fine-grained magnetite crystals are concentrated in upper left of the sample. This
spectrum has major peaks of Si>Mg>Fe>Al>Ca = S > > Cr in the order of height.
Sample size is -88x80 µm.

images and EDS spectra of such terrestrial contamination can also be referred elsewhere
(e.g. NISHIO et al., 1985; SASE et al., 1988; KuMAI and LANGWAY, 1990; HIGASHI et al.,
1990; HIGASHI and Furn, 1994).
Another contaminant frequently found was reddish colored rust grains as reported
in the last group. The 1991 collection suffered from such a contamination with rust
particles, because the tubing of three steam generators used to melt ice were made of
ordinary steel. To eliminate these, we carefully turned over even black colored grains
with the wet brush and removed them if showing even the thinnest speck of red colored
surfaces. However this operation still leaves some ambiguity for selection because most
of partially melted (scoriaceous) AMMs have magnetite that can be oxidized during the
interaction with ice water. Similarly terrestrial iron particles also rust in red first (iron
hydroxide), but become dark (magnetite type) after further oxidation. Because fine
grained terrestrial volcanic glass beads are also present, all the black particles with sub
µm to µm size magnetite rims may not be extraterrestrial. However , most of the volca
nic glass beads can be excluded from "cosmic spherules", on the basis of their EDS
spectra ("cosmic spherule": 91-2-C4; Fig. 2). We mounted black or glassy (olivine-like
green-to-yellow color), irregular-shaped AMM candidates on a multiple (6x6 matrix)
sample holder made of brass for the low vacuum (LV)-SEM/EDS studies.
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LV-SEM/EDS Analysis

A total of 44 AMM candidates with 5 cosmic spherules were investigated by LV
SEM/EDS (JEOL JSM-5310LV) equipped with an Oxford-Link ISIS EDS system. The
advantage of using LV-SEM/EDS from ordinary (high-vacuum) SEM is that samples do
not require any conductive coating; thus they will not be contaminated during initial
qualitative determination of bulk elements for curation/cataloguing.
Another method to observe samples without conductive coating is low voltage (a
few kV) scanning electron microscopy. The spatial resolution of backscattered electron
images (BEis) is lower than that of secondary electron images (SEis). Because only
BEis can be acquired by LV-SEM, the spatial resolution of the images acquired by LV
SEM is lower than that of secondary electron images taken at low accelerating voltage.
It is also well known that SEM observation at low accelerating voltage permits investi
gation of the fine-structures of the surface of IDPs (e.g. figure in p. 50, in Analysis of
Interplanetary Dust (1994), ed. by M.E. ZoLENSKY et al.). However, heavy elements in
the sample will not be excited efficiently by such low energy electron beams. Therefore,
scanning electron microscopy at low accelerating voltage is inadequate for collection of
elemental abundances of the samples even qualitatively. On the contrary, LV-SEM/EDS
cps
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Fig. 3. EDS spectrum for sample 91-1-C4, an unmelted AMM candidate. Inset: its BEi
photograph. This sample is irregular in shape. The BEi photograph shows that
many light-gray globules (fine-grained magnetite crystals) cover the surface of this
sample. This spectrum has major peaks of Si>Fe>Mg>S>Al in the order of height.
Zn and Cu peaks are due to the brass holder. Sample size is -JJOx76 µm.
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can take as high accelerating voltage as 15 kV. Therefore, elements therein are excited
well enough to give EDS spectra. 100 s live time was given for the EDS spectra. We
could further identify terrestrial particles with multi-layer structure or melted droplets
or clusters of large crystals. The remaining particles appeared porous and were usually
covered with magnetite rims in sub-µm size.
EDS spectra of the unmelted AMM candidates (porous particles) typically had Si as
the strongest peak followed by Mg or Fe, suggesting the existence of ferromagnesian
silicates such as olivine, pyroxene, and some kind of clays. Figure 3 shows an EDS
spectrum for such an unmelted AMM candidate, the sample 91-l-C4. It has major peaks
of Si>Fe>Mg>>S>Al, in order of peak height. Relatively stronger peaks of Al, S and Ca
were often apparent in cosmic spherules. In some cases, Cr and Ni peaks were also
identified. A typical EDS spectrum of cosmic spherules (the sample 91-2-C4) shows
major peaks of Si>Mg>Fe>Al>Ca=S>>Cr in the order of peak heights (Fig. 2). On the
contrary, many terrestrial particles we found in this study include a large Fe peak with a
small S peak while the others lacked Mg, but were enriched in Al and light elements like
K and Cl.
6.

Ultra-Microtoming and TEM Analysis

By combining the micro-morphology and qualitative EDS results, it appeared
straightforward to identify unmelted or least-melted AMM candidates. The samples
were ultra-microtomed for TEM analysis.
After being embedded in epoxy resin and sliced by an ultramicrotome, two of the
least-melted AMM candidates with likely extraterrestrial EDS features were observed
with TEM. One of them was a sample "guaranteed" as an AMM by Maurette's group
(94-22-5) through their selection criteria. Another particle (91-1-C4) was selected by
the procedure described above.
6.1. Mineralogy of the AMM candidates
Figure 4 is a low-magnification bright-field image of particle 94-22-5. Grain sizes
of the constituent minerals vary from <50 to about 300 nm across. Dark-field image of
the particle displays that it is composed mainly of fine-grained olivine and low-Ca py
roxene, and magnetite embedded in an amorphous matrix (Fig. 5). Because the texture
and the mineralogy of the particle are quite similar to those of AMMs (e.g. KLOCK et al.,
1994), this is most probably an AMM. Most of the olivine grains in this particle do not
show terrestrial weathering (Fig. 6).
Magnetite-rich rims can be clearly seen in particle 91-l-C4 (Fig. 7). Because the
surface of the particle is uneven, magnetite-rich rims appear around the outline of the
particle and around the reentrant holes. The apparent thickness of the magnetite-rich
rims is <2 µm. The rims contain coarse-grained (200 nm to > 1 µm across) magnetite
and olivine, embedded in an amorphous matrix (Fig. 8). Just inside of the rims is com
posed of fine-grained (<50 nm across) low-Ca pyroxene and rarely olivine, also embed
ded in an amorphous matrix (Fig. 9).
There are two types of olivine grains with different microstructures in this particle
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Fig. 4. A low-magnification bright
field TEM image of particle 94-225. A microtomed section is embed
ded in epoxy resin. Grain sizes of
the constituent minerals vary from
<50 to about 300 nm across. Hon
eycomb-like network in this figure
is a thin supporting plastic film.
Lineaments which run from upper
left to lower right are artifacts due
to slicing.

Fig. 5. A dark-field TEM image of a
part of the area shown in Fig. 4.
This particle consists of fine
grained olivine, low-Ca pyroxene
and magnetite embedded in an
amorphous matrix. Low-Ca pyrox
ene crystals show polysynthetic
twins. A part of the supporting film
is shown in the left corner as a
bright band.

-

20nm

Fig. 6. A TEM image of a typical un
altered olivine grain in particle 9422-5. Olivine crystals are irregu
lar in shape. Parallel bands shown
in the upper part of the olivine
grain are moire fringes.

micrometeorite
94-22-5
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Fig. 7. A low-magnification bright-field TEM image of particle 9 J -1-C4. Magnetite
rich rims are present around the periphery of the particle and around the cavi
ties inside the particle. The dark band shown in the lower right corner is an
artifact (a fold of the section). Lineaments shown in this figure are artifacts
due to slicing.

(Fig. 10). One is similar to the olivine grains in particle 94-22-5. Another contains
lamellar-structured zones. Such olivine crystals viewed perpendicular to the c-axis re
veal that the lamellar-structured zones are regions of planar channels developed parallel
to (001), as shown in Fig. 10. In the selected area electron diffraction patterns of such
olivine crystals, diffraction spots show streaks parallel to the c-axis. The spacing of the
channels are 10-20 nm. Because the length of olivine strips along the c-axis is very
short, each diffraction spot has streaks along the c-axis. Amorphous materials fill these
channels.
6.2. Chemical compositions of olivine and low-Ca pyroxene in the AMM candidates
Olivine grains in both of the AMM candidates are Fe-rich (94-22-5: Fo61 to Fo75;
91-1-C4 : Fo31 to Fo73). The compositional range of the olivine grains in 91-1-C4 is
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Fig. 8. A dark-field TEM image of a coarse-grained magnetite-rich area in particle 91 -l
C4. The area contains magnetite and olivine embedded in an amorphous matrix. A
honeycomb-like supporting plastic film is shown as light-gray bands.

Fig. 9. A dark-field TEM image of a fine-grained area in particle 9 1 - J -C4. This area is
composed mainly of low-Ca pyroxene embedded in an amorphous matrix. A honey
comb-like supporting plastic film is shown as vague light-gray bands.
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olivine in Antarctic

20 nm

micrometeorite
91· 1·C4

Fig. 10. A TEM image of a typical altered olivine grain in particle 9 I -1-C4. These olivine
grains contain planar channels parallel to (001) plane. Selected area electron
diffraction (SAED) pattern shows that diffraction spots have streaks parallel to c*
of olivine due to the planar channels. Some diffraction spots from the adjacent
grains are also shown in the SAED pattern, because the selected area aperture
used here could not exclude diffraction from other grains. It is thought that ter
restrial weathering proceeded along (00 1).

wider than that in 94-22-5. Olivine grains in the two AMM candidates contain relatively
high MnO and CaO (Fig. 11 and Table 2) (94-22-5: 0.9-1.6 MnO wt% and 0.5-1.5 wt% ;
91-1-C4: 0.4-1.9 MnO wt% and 0-1.1 CaO wt%). The olivine grains in both particles
lie significantly above the solar abundance line in a FeO vs MnO diagram (Fig. 11).
Particle 91-1-C4 contains two types of olivine grains, as described above. Olivine grains
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Fig. 11. FeO vs MnO diagram of the newly formed olivine grains in the two AMM candi
dates. The olivine grains are plotted well above the line with the ratio of solar
abundances of iron and manganese. Abbreviations filled circle: unaltered olivine
in 94-22-5. open circle (91-J -C4 A): unaltered olivine in 91-1-C4; open square
(9 J -l-C4 B): olivine including planar defects in 91-J -C4.
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Si+Al
D fine-grained areas
Ca-rich px
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(b)
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D fine-grained areas

Fig. 12. Atomic (a) (Si +Al)-Mg-Fe and (b) Al-(Mg +Fe)-Si ternary diagrams of the fine
grained areas in particle 91-IC4. Bulk compositions of the fine-grained areas
were acquired by broad beam (1 µm in diameter) and lie almost on the low-Ca
pyroxene solid solution line. Abbreviations open square: fine-grained area.

similar to those in particle 94-22-5 range from Fo73 to Fo54. On the other hand, olivine
grains including planar defects are more Fe-rich, up to Fo31.
Bulk compositions of the fine-grained areas were analyzed by defocused ( -1 µm in
diameter) beams. Two fine-grained areas were analyzed. They have similar major ele
ment abundances (Fig. 12). Their Mg/(Mg+Fe) ratios are 0.59 and 0.62, respectively.
They lie almost on the low-Ca pyroxene solid solution line in Fig. 12. Table 2 indicates
that the fine-grained areas contain sulfur (shown as S03 in Table 2) as well as elements
which can be incorporated in low-Ca pyroxene such as Al and Cr. The chemical compo
sitions of the fine-grained areas suggest that the areas analyzed here may contain a small
amount of (iron) sulfide or at least some sulfur-bearing phase(s), although sulfides were
not identified by TEM observation.
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Table 2.
AMM N o .
m i n erals

Ti0 2
Al 2 0 3

Cr 20 3
FeO
NiO
MnO
MgO

Cao

Na 2 0
K2 0
P2 0,
SO,
total wt%

YANO

and T. NoGUCll l

Representative compositions of olivine and fine-grained areas in two AMM
candidates.
94-22-5
olivine

9 1 - l -C4
olivine

9 1 - l -C4
olivine

9 1 - l -C4
fine-grained
area

9 l - l -C4
fine-grai ned
area

37. 1 5
b.d.
b.d.
b.d.
27.05
b.d.
1.1 9
33.48
1 . 13
b.d.
b.d.
b.d.
b.d.
100.00

36.28
b .d.
b.d.
b.d.
33.29
b.d.
0. 97
29 .03
0.43
b.d.
b .d.
b.d.
b.d.
1 00.00

32. 20
b.d.
b.d.
b.d.
5 1 . 62
b.d.
l. 89
1 3. 1 8
1.1 1
b.d.
b.d.
b.d.
b.d.
l 00.00

48.77
b.d.
2.62
0.79
25.42
b.d.
b.d.
20.42
b.d.
b.d.
b.d.
b.d.
1 .98
100.00

50.93
b.d.
2.6 1
0. 65
23.41
b.d.
b.d.
2 1 .05
b.d.
b.d.
b.d.
b.d.
1 . 34
1 00.00

All composi tions were measu red by AEM and normal i zed to 1 00 wt%.
Beam diameters: 50- 100 n m for olivin e grains, 1 µm for fine-grai ned areas.
b. d. : below detection l i m i ts.

7.

Discussion

7.1. Other techniques for AMM selection
So, what is the "smoking gun" of extraterrestrial origin for unme lted microparticles
in Antarctic ice? The mineralogy, including detection of fission track by solar wind
impacts, is surely a strong tool for it but this technique requires considerable difficulties.
Detection of isotopic anomaly of heavy elements such as I r by INAA technique is an
other choice whi le estimating cosmic-ray exposure duration with AMS and others re
quires much larger bulk mass than a 50-100 µm porous particle. Thus we are currently
cross checking the potential AMMs between TEM and I NAA ana lyses. Also we are
studying one sample of scoriaceous A M Ms from the 1 992 collection (YANO, 1 995) by
TEM to understand what level of clarity of mineralogy is availab le in the "real" AMMs.
Unless we succeed in linking the ir results with the initial survey of morphology and
EDS spectrum, it won ' t be trivial to establish a practical and reliable routine for cata
loguing AMMs when the J ARE brings tens of thousands of grains back from Antarctic
ice in 1 999.
We should also invest igate the same size range of Maurette 's samples from other
collection sites in 1994 with an improved "micrometeorite facility" and see if contami
nation levels and difficulty of AMM detection are reduced. The 1 994 collection was the
best one made so far, in particular because the b lue ice fields were shielded from man
made contamination by the heaviest snow falls ever recorded since the building of the
French station of Dumont d' Urville, 44 years ago.
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7.2. Problems on sample collection and processing
What is more, the samples collected in the expedition at Cap-Prudhomme on 10
January 1994 by Maurette's group witnessed considerably reduced contamination than
the 1991 collection faced, because the tubing was replaced by stainless steel of a type
used in nuclear reactors. The same careful planning is strongly recommended for the
instrumentation of the forthcoming JARE collection.
The sample holders for LV-SEM observation and EDS analysis used in this study
are made of brass (an alloy of Cu and Zn). The brass sample holders were used because
peak positions of Cu and Zn do not overlap peak positions of elements which are in
cluded in common rock forming minerals, and because brass is easy to process. How
ever, analysis of Cu and Zn contents in AMMs may become erroneous due to contamina
tion of these elements from the holders.
Sample holders made of other materials such as graphite, and boron nitride also
have shortcomings. Use of graphite holders precludes for the analysis of C, and C stable
isotopic composition is important for determination of their origin(s) (e. g. G RAHAM et
al. , 1996). Cubic BN is so hard that it is difficult to make sample holders. Probably Be
sample holders are the most suitable for usual elemental analysis. For an example, Be
foil which is glued to a carbon holder is routinely used at NASA. However, we did not
use Be sample holders because of their expense and the difficulty to process the holders
by ourselves due to its toxicity. AMM researchers should discuss the materials for the
sample holders before the curation starts.
In this study, sample selection for TEM observation was only based on LV-SEM/
EDS observation and analysis, because the main purpose of TEM observation was to
assess our sample selection criteria. In order to investigate the petrology and mineral
ogy of AMMs which were heated weakly during atmospheric entry, observation of cross
sections of AMMs is required. TEM study protocols should be based on results of such
SEM observation.
7.3. Comparison of texture and mineralogy of the two AMM candidates with previously
identified AMMs
KLOCK et al. ( 1994) reported that most unmelted micrometeorites were in fact
strongly heated during atmospheric entry. Due to this transient heating, the original
m inerals (including phyllosilicates) were transformed into the aggregates of olivine,
pyroxene, magnetite, and amorphous materials. Particle 94-22-5 has a very similar tex
ture to that of the strongly heated AM Ms (cf Fig. 24 in KLOC K et al. , 1994 ). The grain
sizes of the constituent minerals are also similar to the same AMMs ( <50 nm to several
hundred nm across). Olivine, pyroxene, and magnetite are uniformly distributed through
out AMM particles. On the other hand, the constituent minerals are distributed hetero
geneously in particle 9l-l-C4. Fine-grained crystalline areas just inside the magnetite
rich rims are composed mainly of minute (<50 nm across) low-Ca pyroxene crystals.
The grain size variation of the ferromagnesian silicates newly formed due to flash
heating was investigated by KLOC K et al. (1994) and GRESHAKE et al. ( 1994 ). Most of the
newly formed ferromagnesian silicates in particle 94-22-5 have grain sizes around 100
nm. Based on the data by G R ESHAKE et al. (1994), it is estimated that this particle was
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heated to about 1100 °C for 20 s. In particle 91-1-C4, grain sizes of the newly formed
ferromagnesian silicates is <50 nm except for those of olivine in magnetite rims (about
200 nm). The estimated heating temperature and time duration for the fine-grained ar
eas are 900 °C and 20 s, respectively, according to the data by GRESHAKE et al. (1994).
An evidence of lower heating temperature for particle 91-l-C4 comes from the presence
of sulfur in the fine-grained areas. GRESHAKE et al. (1994) reported that 30% of sulfur
had been lost during 20 second-heating at 700 °C and that 99% lost during 40 second
heating at 1200 °C. At 900 °C, S may still remain in particle 91-l-C4. Based on the
grain sizes of olivine in the magnetite-rich rims, 1200 °C for 20 s was estimated. Higher
estimated temperature for the surface of the particle may be explained by processes that
might have occurred during atmospheric heating or unequilibrium flash heating. When
the particle entered the atmosphere, it would be severely heated and surface volatiliza
tion would occur. Due to the latent heat, the temperature inside a particle of this size
would never reach that of the surface, if the duration of flash heating was too short.
However, in the case of particle 94-22-5, the temperature inside it would approach to the
surface temperature due to longer duration of flash heating.
Olivine crystals which were formed during atmospheric entry in the unmelted AMMs
are Fo30 to Fo80 (KLOCK et al., 1994); the AMM candidates are within this range. As
already described, there are more ferroan olivine grains in particle 91-l-C4 than in par
ticle 94-22-5. GRESHAKE et al. (1994) reported that the olivine newly formed at lower
temperature is more ferroan than that formed at higher temperature. Because particle
91-1-C4 contains more ferroan olivine than particle 94-2-5, the data also support the
idea that the former was heated to a lower temperature than the latter. The MnO concen
tration of olivine in chondritic meteorites rarely exceeds 0.5 wt% (KLOCK et al. , 1989),
while many olivine grains in IDPs contain >0.5 MnO wt% (KLOCK et al. , 1989). Olivine
grains which were formed during atmospheric entry in the AMM candidates contain
>0.4 MnO wt% (most are >0.8). These high MnO concentrations may reflect the com
positions of the precursor mineral(s) if the mineral(s) would include low-iron and man
ganese-enriched (LIME) olivine. Olivine grains which were formed during atmospheric
entry with considerable amounts of Ni was also reported for the unmelted AMMs (KLOCK
et al., 1994). However, such olivine crystals were not observed in this study.
If 91-1-C4 was originally a hydrous micrometeorite, the bulk compositions of the
fine-grained areas would have smectite-like compositions, because most hydrated IDPs
include smectite rather than serpentine (e.g. ZoLENSKY and LINDSTROM, 1992). Hydrated
micrometeorites recovered from Antarctica also contain abundant smectite (e.g. KLOCK
et al., 1994). As expected from the fact that the fine-grained areas are composed mainly
of low-Ca pyroxene crystals, these areas have low-Ca pyroxene-like compositions. If
the precursor was a smectite-rich AMM, there should be abundant Si-rich material to
keep the bulk composition smectite-like. The amount of Si-rich material seems to be too
deficient to compensate the amounts of the newly formed ferromagnesian silicates and
magnetite. On the contrary, the newly formed low-Ca pyroxene crystals do not contain
detectable amounts of MnO. The data seem to be consistent with the hydrated precursor
hypothesis, because smectite in IDPs (and probably AMMs) does not contain a detect
able amount of Mn (e.g. BLAKE et al. , 1988). If 91-1-C4 was a ferroan serpentine-rich
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AMM, magnetite-rich rims may be a complementary part of fine-grained areas. During
flash heating, Si may have been fractionated from the surface (magnetite-rich rims) and
added to the inner part (fine-grained areas) of 91-1-C4. Although there is no direct
evidence for the precursor mineralogy, the available information suggests that this AMM
candidate was originally hydrated.
7. 4. Evidence for terrestrial weathering ofAMMs
In 91-1-C4, ferroan olivine grains (about Fo30) include planar defects parallel to
(001) plane. TEM mineralogy of olivine phenocrysts in weathered basalt was studied by
EGGERTON (1984) and SMITH et al. (1987). These studies revealed that lamellar iddingsite,
which was formed in the initial stage of weathering, has planar etch channels parallel to
(001). Such planar defects parallel to (001) are formed under acidic aqueous conditions
(Ism1 et al., in press). The morphology of the planar iddingsite quite resembles the
defects that were observed in the ferroan olivine in particle 91-1-C4. Therefore, these
data probably display that AMMs (or at least, this AMM candidate) experienced terres
trial weathering, as is the case for the Antarctic meteorites.
It has been reported that terrestrial weathering affected the chemistry of both par
tially melted and scoriaceous AMMs (e.g. FLYNN et al., 1993,1995; KuRAT et al. , 1994).
These data show that AMMs are depleted in Na, Ca, Ni, S, Se, and Zn or enriched in Pb,
K, Rb, U, As, and Sb, compared to CI chondrites. FLYNN et al. (1995) suggested that the
depletions of the elements mentioned above result from weathering. For an example,
Fe-Ni sulfides weathered to sulfates and dissolved in water. The large Pb enrichment
most likely resulted primarily from terrestrial contamination. In addition to the Fe-Ni
sulfide, our data indicate that even olivine crystals suffer from terrestrial weathering if
they are ferroan (about Fo30 or less), in the Antarctic environment. RrnTMEIJER (1985)
pointed out that cryogenic alteration can occur at temperatures below the melting point
of water-ice due to the reaction in an interfacial water layer between solid grains and
water-ice. In the permanently frozen soils of Antarctica, diagenetic mineral formation
occurs on a time scale of 104- 106 yr (RrnTMEIJER, 1985; ZoLENSKY and PACES, 1986).
Because the grain size of altering olivine is <50 nm across in 91-1-C4, the formation of
iddingsite from ferroan olivine might occur much faster than 104 - 106 yr.
8.

Conclusions and Recommendations

We selected AMM candidates from the unsorted sample set collected by Maurette's
group in 1991, based on our initial visual selection (IVS) criteria. After the selection of
samples under a stereo-microscope, these samples were observed and analyzed by LV
SEM equipped with EDS. Final selection of AMM candidates was made from LV-SEM/
EDS data. Some selected AMM candidates were observed and analyzed by AEM. One
AMM candidate, 91-l-C4, contains ferroan (around Fo30) olivine grains which show
planar channels parallel to (001). Their textures quite resemble those shown in the ini
tial stage of iddingsite formation of olivine phenocrysts in weathered basalts. This re
port supports previous contentions that some olivine crystals in AMMs can be altered
even in the Antarctic environment. This is important to be noted for the studies of both
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mineralogy and chemistry of AMMs.
Our original I V S criteria to choose unmelted AMMs appeared to work, and now we
can extend this program to the JARE-39 and 41 AMM collections. However, the ratio of
extraterrestrial grains to background terrestrial and artificial grains vary at each collec
tion site and sampling device. Thus, when we receive unsorted JARE-39 samples, we
should check the validity of this I V S criteria for the particular sample set by random
sampling of, say, -5% of the total number and analysis by SEM/EDS results. This pre
liminary assessment is critical to determine the best strategy for curation and catalogu
ing each collection, and to best facilitate their more detailed studies. In the JARE-39
and -41 campaign, it is also important to collect as small AMMs as stratospheric IDPs
for mineralogically unaltered samples. Comparative studies at same sizes will be cru
cial for understanding of origins of both AMMs and IDPs.
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