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The global accretion rate of extraterrestrial materials in the last glacial period
estimated from the abundance of micrometeorites in Antarctic glacier ice
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The accretion rate of micrometeorites in the last glacial period was estimated from the concentrations of
micrometeorites in the blue ice around the Yamato Mts. in Antarctica. The samples from this study were collected
from the five sampling points (M03, K02, K11, J09 and J10) in the blue ice. The blue ice was melted and filtered,
and the micrometeorites were handpicked from the collected “glacial sands”. The weight of the micrometeorites in
the blue ice was estimated from the abundance of recovered micrometeorites and the solar noble gas concentrations
in the “residue” after handpicking. The age of the blue ice from the K area was estimated to be 27-33 kyr before
present based on oxygen isotope data. The estimated accretion rate to the whole Earth ranges from 5300 x 10*kg/a to
16000 x 10°kg/a. However, the lower end of this range probably represents lower limits due to possible loss of solar
noble gases during long residence in the glacier ice. Hence, we estimate that the accretion rate of micrometeorites
27-33 kyr before present to be in the range between (11000 % 6600) x 10°kg/a and (16000 & 9100) x 10*kg/a.
These results, as well as the other estimates, suggest that the accretion rate of micrometeorites in the last glacial

period was comparable to that in the present.
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1. Introduction

The accretion rate of extraterrestrial material to the Earth
is a fundamental parameter that helps to clarify the interac-
tion of the extraterrestrial and terrestrial environments. The
influx of interplanetary dust to the Earth at present has been
estimated as (40000420000) x 10*kg/a based on the density
of hypervelocity impact craters on the surface of the Long
Duration Exposure Facility (LDEF), which orbited Earth at
330-480 km for 5.77 years (Love and Brownlee, 1993). This
mass influx of interplanetary dust is at least 100 times larger
than the annual influx of meteorites (~200 x 10°kg/a by
Wetherill (1976); (2.9 — 7.3) x 10°kg/a by Bland et al.
(1996)). Thus, the accretion rate of interplanetary dust dom-
inates that of extraterrestrial materials. The accretion rate
of interplanetary dust in the past provides a constraint on
abundances of interplanetary dust at 1 AU. For example,
Griin et al. (1985) predicted that the flux of interplanetary
dust at 1 AU is increasing with time, based on an orbital

*Present address; Laboratory for Space Sciences, CB 1105, Physics
Department, Washington University, 1 Brookings Drive, St. Louis, MO
63130-4899, USA.

Copy right(© The Society of Geomagnetism and Earth, Planetary and Space Sciences
(SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRA-
PUB.

67

evolution calculation considering collisional destruction be-
tween dust grains in interplanetary space. Accretion rates
in the past have been estimated from concentrations of *He
in deep-sea sediments (10’—10%kg/a by Parkin and Tilles,
1968; 400 x 10°kg/a by Takayanagi and Ozima, 1987), and
from Os and Ir concentrations in the deep-sea sediments
((30000415000) x 103kg/a by Peucker-Ehrenbrink and Rav-
izza, 2000). A comprehensive review of the accretion rate
studies is provided in the appendix of Peucker-Ehrenbrink
(1996).

Because of their pristine conditions, micrometeorites,
which are melted or unmelted extraterrestrial grains with
sizes between 100 um and a few mm, have been collected
from Antarctic ice and snow and are an important source
of extraterrestrial material. From the dawn of the scien-
tific research in Antarctica, micrometeorites were collected
from Antarctic snow (Nishibori and Ishizaki, 1959; Shima
and Yabuki, 1968), and later from ice cores (Tazawa and
Fujii, 1987; Yiou and Raisbeck, 1987; Yiou et al., 1989),
moraine sand (Koeberl and Hagen, 1989; Harvey and Mau-
rette, 1991) and inland blue ice (Tazawa and Fujii, 1987;
Zolensky et al., 1989). Yiou et al. (1989) estimated the
accretion rate of cosmic spherules (i.e., melted micromete-
orites) to be ~ 1500 x 10°kg/a based on their concentration
in the Dome C ice core. The first large-scale sampling of
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Fig. 1. Area map of blue ice fields around Yamato Mits. in East Antarctica. A total of 4000 km? of blue ice fields are distributed around Yamato Mts. In
1998, the AMMs collection was carried out in three areas of the blue ice field: South of Minami-Yamato Nunataks (M), Kuwagata Nunatak (K) and
JARE IV Nunataks (J). The white cross marks the point where an ice core was drilled in 1983.

Antarctic micrometeorites (hereafter AMMSs) was performed
by the French research team in Cap-Prudhomme of West
Antarctica in 1988 (Maurette et al., 1991), and several sub-
sequent expeditions for AMMs collection were carried out
in the same area (Maurette et al., 1994; Engrand and Mau-
rette, 1998; Gounelle et al., 1999). U.S. researchers collected
AMMs from the bottom of the water well at the South Pole
Station, and the accretion rate of AMMSs has been estimated
to be (2700 £ 1400) x 10*kg/a from AD1000 to AD1500
(Taylor et al., 1998). However, Gounelle et al. (1999) and
Maurette et al. (2000) suggested that the collection might be
biased due to an inefficient collection method. The Japanese
AMM working group also separated AMMs from sediments
in the water tank at the Dome Fuji Station recovered by
the Japanese Antarctic Research Expedition (JARE) team in
1996 (Nakamura et al., 1999; Noguchi et al., 2000). A large-
scale sampling of AMMs was performed by the 39th JARE
at the inland blue ice area around the Yamato Mts. in 1998—
1999 (Yada and Kojima, 2000). This sampling was the first
attempt to perform a large-scale collection of AMMs directly
from blue ice in the interior of Antarctica. An AMM sam-
pling was also performed at the blue ice area near the Syowa
station in 2000 by the 41st JARE (Iwata and Imae, 2002)
using the same method as Yada and Kojima (2000).

In order to better estimate the accretion rate of extraterres-
trial materials, we investigated the concentration of AMMs
in Antarctic glacier ice collected by the 39th JARE. We
tried to recover as many AMM:s as possible in order to bet-
ter understand the chemistry, mineralogy and size distribu-

tion of AMMs. We also performed noble gas analyses on
the “residue” of glacier sand, from which the AMMs were
picked, and estimated the amount of AMMSs remaining in
the residue using solar Ne concentrations. Combining the
abundance of AMMs recovered by handpicking and those
estimated to be remaining in the residue, we calculated a to-
tal abundance of AMMs in the blue ice for each sampling
point.

2. Y98 Antarctic Micrometeorite Samples—
General Descriptions and Collection Method—
The samples from the present study were collected at a
blue ice area around the Yamato Mts. in Antarctica during
the austral summer of 1998 (Yada and Kojima, 2000), and
are hereafter, referred to as the Y98 samples. A general
description of inland blue ice areas around the Yamato Mts.
is shown in Appendix A. The Y98 samples were collected
from three different areas among the Yamato blue ice: South
of the Minami-Yamato Nunataks (M) area, the Kuwagata
Nunatak (K) area and the JARE IV Nunataks (J) area, which
are all 30 to 50 km distant from one to another (Fig. 1).
2.1 Estimation of the age of the ice in the K area
The age of the ice was estimated from glaciological data
in the K area. In the blue ice field around Yamato Mts.,
a 1014 m long ice core was recovered at 72°11'13"S,
35°11'00”E in 1983 (Nakawo et al., 1988; Nakazawa et al.,
1993; Machida et al., 1996). As shown in Fig. 1, this drilling
point is only ~2 km west-northwest of the K area in the
present study. The oxygen isotopic composition of the an-
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Fig. 2. The fit of the § 1804y variation of the ice core at Yamato Mts. (close

d circles) with that of (a) the Vostok station and (b) the GISP2. The precisions

of these analyses are £0.04%o (10). With subtraction of 0.1%o from the Yamato data, the § 180,m variation of the Yamato ice core corresponds to that
from 50 kyr BP to 31 kyr BP of the Vostok ice core and from 51 kyr BP to 32 kyr BP of the GISP ice core.

cient atmosphere trapped in the ice core was measured with a
dry air-extraction system. The experimental procedure is de-
tailed in Nakazawa et al. (1993). In Fig. 2, obtained 880,m
variations are compared and fit to (a) the data of the Vostok
station in Antarctica (Bender et al., 1994) and (b) the data
of Greenland glacier (the Greenland Ice Sampling Project 2
(GISP2); Petit et al., 1999). The correspondence of the vari-
ation of §'80,,, with age was confirmed in the two ice cores.
With a 0.1%o offset in the vertical direction, the §'80 vari-
ation of the 101.4 m Yamato Mts.” core fits to that of the
Vostok core whose age ranges from 50 kyr before present
(BP) to 31 kyr BP (Fig. 2(a)), and it also fits to the Green-
land core whose age ranges from 51 kyr BP to 32 kyr BP
(Fig. 2(b)). The 0.1%o offset may be attributable to differ-
ent standards and mass spectrometers used to make the mea-
surements. Here, we use the Vostok ice core data to estimate
the age of the Yamato ice core, because the snow accumula-
tion conditions for the Vostok core should be more similar to
those for the Yamato ice core than those for the Greenland
ice core. However, the actual snow accumulation age of the
blue ice is considered to be 2000-6000 years older than the
age of the air bubbles enclosed in the blue ice. This differ-
ence results from the enclose time needed to the air bubbles
in the blue ice from the surrounding atmosphere. This oc-
curs at ~120 m depth from the snow surface and it would
take about 2000-6000 years to reach such a snow accumula-

tion depth due to small snow accumulation rate in the inland
of the Antarctica. In the case of the Vostok core, the dif-
ference between the age of the ice and that of the enclosed
air was estimated to be 5.35 & 0.3 kyr at 110 kyr BP, using
8N and §*Ar values of trapped gas (Caillon et al., 2001).
In addition, the fit is done visually, adding around 1 kyr un-
certainty. Therefore, the age of the top of the ice core drilled
close to the K area is estimated to be 27-33 kyr BP.

Based on numerical simulations of ice flow, the age of ice
6 km away from the J area has been estimated to be several
tens of thousand years BP (Azuma et al., 1985). The age
of ice in the M area has not been determined, but it must
be younger than that in the K area, because the age of blue
ice increases with increasing distance from mountains or
nunataks (cf. Azuma et al., 1985; see Fig. 1). Consequently,
we estimate that the age of the blue ice from which AMMs
were collected corresponds to the last glacial period (from
110 kyr to 10 kyr BP) and the age increases in the order
M, K and J. This estimate is consistent with Terada et al.
(2001), who reported that average Mg/Si ratios of unmelted
AMMs decrease from K to J samples and the abundance of
jarosite, an alteration product in glacial ice, increases from M
to K samples. They suggested that the Mg content of AMMSs
decreases due to aqueous alteration during their residence in
the blue ice.
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Fig. 3. A schematic diagram of the sampling system used at the blue ice area of the Yamato Mts. in 1998. Glacial ice was heated and melted with a
radiator hung in a melted water pond, whose shape was like an “upside down cowboy hat”. After the radiator was pulled out of the pond, the melted
water was pumped and filtered through a series of stainless-steel meshes with 10, 40, 100 and 238 m openings.

2.2 A sample collection method and its efficiency

Sampling was performed at a total of 24 points: three in
the M area, eleven in the K area and ten in the J area. The
sampling points are designated by the area name followed
by the sampling number in each area; e.g., the third point in
the M area is M03. Glacial ice was melted with a radiator,
in which warmed non-freezing liquid was circulated. The
melted water was pumped up and filtered through a series
of sheets of stainless-steel meshes, whose pore sizes were
10 pum, 40 pm, 100 um and 238 pm, respectively (Fig. 3).
The method is detailed in Yada and Kojima (2000). The
samples (“glacial sands”) are mixtures of particles originally
contained within the glacier ice, including AMMs, and ter-
restrial materials introduced during sample collection. In to-
tal, 1.19 g of particles were collected by melting 34.5 x 10°kg
of blue ice from 24 points in these three areas. Because of
the low pumping speed of the system, only 250 liters of the
melted water, corresponding to 10-20% of the water in the
pond, could be filtered in an hour before it began to refreeze.
In order to collect particles effectively, the end of the tube in
the pond was controlled to sweep all areas of the bottom of
the pond during pumping.

The collection efficiency of AMMs is described briefly
here. During melting of the glacial ice, the “glacial sand”
originally included in the ice descends to the bottom of the
pond. Silicate particles of 40 um diameter in water at 5°C
sink at a speed of ~0.13 cm/s, so that they reach the bottom
of the pond (~1 m depth) within about 15 minutes. Thus,
particles larger than 40 um could well precipitate on the bot-
tom of the pond during the sampling procedure. It is ex-

pected that silicate particles up to ~900 pm in diameter can
be recovered with this system; according to Stokes’ law, a
silicate spherule of 900 m diameter sinks at 58 cm/s, which
corresponds to the actual intake flow speed of water during
pumping (60 cm/s). This is comparable to the maximum size
of AMMs (~800 pm) collected at the South Pole water well,
in which a larger volume of ice (~ 5000 x 10°kg) was melted
(Lever et al., 1996; Taylor et al., 1998; Taylor et al., 2000).
Hence, the present sampling system is capable of collect-
ing AMMs with sizes from 40 um to 900 um in diameter.
Smaller (<40 pum) or fluffy AMMs, however, might not be
collected, because they are less likely to sink to the bottom of
the pond due to convection or turbulence (see details in Ter-
ada et al., 2001). Gounelle et al. (1999) and Maurette et al.
(2000) suggested the possibility that glacial sand at the bot-
tom of the pond would be re-trapped in the ice due to refreez-
ing of thin layer of water at the bottom of the pond. However,
since the bottom water was continuously stirred, this effect
would not be important in the present study. Hence, we ex-
pect that AMMs with sizes between ~40 um and 900 um
were recovered effectively in the present study.

3. Experimental Methods

Of the twenty-four Y98 samples, M03, K02, K11, J09,
and J10 were selected for estimation of accretion rates be-
cause of their low contamination, as observed under a stere-
omicroscope. Total weights of these five samples are shown
in Table 3. The analytical procedures are shown as a
flowchart in Fig. 4. First, candidate AMMs were handpicked
from the glacial sand under a stereomicroscope. Particles
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Fig. 4. A flowchart showing sample handling and estimate of the AMMs flux in this study. The weight of AMMs collected at sampling point was
determined by a combination of both handpicking and noble gas analysis of residues after handpicking.

Table 1. Number of handpicked AMMs from each sampling point.

Sampling Point MO03 K02 K11 JO9 J10 Total
Total AMMs 155 251 257 127 152 942
Unmelted AMMs 98 152 173 81 87 591
(fraction) (63%) (61%) (67%) (63%) (57%) (63%)
Spherules 57 99 84 46 65 351
S-type spherules 21 44 45 27 40 177
G-type spherules 33 49 36 16 22 156
I-type spherules 3 6 3 3 3 18

in the 1040 pm size fraction were not handpicked because
such small particles were not collected effectively, as dis-
cussed previously. However, the contribution of extrater-
restrial material to this size fraction is reported to be minor
(<10% of the total; Love and Brownlee, 1993). For identifi-
cation of AMMs, the particles were analyzed with a scanning
electron microscope equipped with an energy dispersive X-
ray spectrometer (SEM-EDS). The SEM-EDS mainly used
for this study was a JEOL JSM-5800LV, located at the Na-
tional Institute of Polar Research (NIPR), Japan, which can
be operated at a low vacuum for the analysis of samples
without conductive coatings. The principles for identifica-
tion of AMMs are basically the same as those described in
Nakamura et al. (1999). For silicate particles, those with
major peaks in Si, Mg and Fe and minor peaks in Al, Ca
and S were identified as AMMs. This criterion is effective;
27 particles from the Dome Fuji station that were identified
as AMMs using these criteria all proved to be extraterres-
trial based on the detection of solar-wind related He and Ne
(Osawa and Nagao, 2002). For iron-oxide spherules, those

containing more than a few wt% Ni were identified as cos-
mic spherules. For all identified AMMs, backscattered elec-
tron images were recorded. Based on studies of microme-
teorites recovered from Greenland and Antarctic glacier ice,
AMMs have been divided into four types: irregular-shaped
unmelted AMMs, stony (S) type spherules, glassy (G) type
spherules and iron (I) type spherules (Maurette et al., 1987;
Maurette et al., 1991; Taylor et al., 2000), where S-type and
G-type spherules correspond to opaque and transparent sil-
icate spherules, respectively. We also use this classification
for the AMMs identified in the present study.

After handpicking AMMSs, some AMMs might still re-
main in the rest of the glacial sand residues. Solar-type noble
gases (He and Ne) have been detected in AMMs (Maurette et
al., 1991; Nakamura and Takaoka, 2000; Osawa and Nagao,
2002) and, thus, noble gas contents are expected to be corre-
lated with the AMM contents of the residues. We analyzed
He, Ne and Ar isotopes in the residues of the 40-100 um
and 100-238 um fractions with an MM5400 noble gas mass
spectrometer installed at Kyushu University; the analytical
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in the direction of the cosmogenic component.

procedure was described by Nakamura and Takaoka (2000).
About 21-74 wt% of the residues were used for the analyses.
Samples were heated at 1700°C, except for the 100-238 um
fraction of K02, which was heated in two steps at 700 and
1700°C.

4. Results

The numbers of the various types of AMMSs handpicked
from the five sampling points are shown in Table 1. These
numbers have been revised from those given in Terada et

al. (2001), in which the number of I-type spherules (8—43%
of the total spherules) is apparently overestimated compared
with previous estimates (1-2%; Taylor et al., 2000). The
ratios of unmelted AMM:s to total AMMs do not vary much
among sampling points (57-67%), and are comparable to the
result of Maurette ef al. (1991), whose ratio of unmelted to
the total AMMs for all size fractions is ~54%. Micrographs
and EDS spectra of all identified AMMs are available on the
web (http://www.gakushuin.ac.jp/amm/).

The results of our noble gas analyses are summarized in
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Table 3. The evaluated weights of AMM:s and the calculated accretion rates.

Sampling Point MO03 K02 K11 JO9 J10
Melted ice (10° kg) 0.91 0.90 1.86 1.11 1.01
Total collected glacial sand (mg) 13.8 11.3 8.17 10.4 6.06
Handpicked AMMs (mg) 0.248 0.282 0.357 0.137 0.256
AMMs in residues (mg) 0.409 0.346 0.596 0.126 0.099
AMMs conc. (10710 g/g ice) 7.25 6.98 5.12 2.38 3.53
Error 1.26 1.39 0.93 0.46 0.90
Accretion rate (10° kg/a) 16000 16000 11000 5300 7900
Error 9300 9100 6600 3100 4800

Table 2. The observed helium isotopic ratios indicate that
most of the helium in the residues is a mixture of solar
energetic particle (SEP) and solar wind (SW) components
(Benkert et al., 1993). Smaller size fractions (40-100 pm)
have higher “He concentrations and higher *He/*He ratios
than larger size fractions (100-238 um) in the M and K
samples. This is probably due to better retention of low
energy SW helium in smaller AMMs due to less heating
upon atmospheric entry. In the J samples, however, the
smaller size fractions are more contaminated by atmospheric
noble gases, possibly caused by alteration of the J samples
in the glacial ice. These samples have the longest residence
time in the glacial ice and should have experienced the most
severe aqueous alteration, as noted earlier.

The Ne data are shown in Figs. 5(a) and (b). Most Ne iso-
topic ratios are close to SEP-Ne, except for the 100-238 um
fraction of J10, which contains a considerable cosmogenic
component relative to other samples (Fig. 5(b)). The 40—
100 pum fractions of the J samples plot below the mixing
line between SEP and the cosmogenic component (Fig. 5(a)),
suggesting that they contain some amount of atmospheric
Ne.

For the 40-100 pm fractions, “°Ar/*°Ar ratios in the J
samples (272-296) are much higher than those in the M and
K samples (32—75) and closer to the atmospheric value (296).
J10, in particular, has the highest ®Ar concentration among
the all samples and has 3¥Ar/*®Ar and “°Ar/*®Ar ratios in-
distinguishable from the atmospheric values. This indicates
that atmospheric Ar contamination is more dominant in the J
samples than in the M and K samples due to the longer res-
idence of the J samples in the glacial ice. For the M and K
samples, 4 Ar/* Ar ratios are higher and closer to the atmo-
spheric value in the 100-238 um fractions (214-302) than in
the 40—100 pm fractions (32-75). This could be due to more
severe heating upon atmospheric entry for larger AMMs.

The neon data were mathematically decomposed into solar
(solar wind, SW, or solar energetic particles, SEP), cosmo-
genic (C) and atmospheric (A) components. The obtained
concentrations of solar 2’Ne were then used to estimate the
concentrations of AMMs in the residues. The following iso-
topic ratios (**Ne/*2Ne, 2!Ne/*?Ne) were used for this cal-
culation: (13.8, 0.0328) for SW, (11.2, 0.0295) for SEP
(Benkert et al., 1993), (0.8, 0.9) for cosmogenic Ne (Eug-
ster, 1988) and (9.80, 0.029) for atmospheric Ne (Ozima and
Podosek, 2002), respectively. When the Ne isotopic ratios
plot above the mixing line of SEP and C in Fig. 5, the mea-

sured 2’Ne concentrations are decomposed into SW, SEP and
C. Those that plot below the SEP-C mixing line are decom-
posed into SEP, A and C. The abundances of solar 2°Ne in
the residues thus calculated are listed in Table 2. There is
a possibility that the measured Ne in the residues consists
of SW, A and C. Our deconvolution assumption should,
however, be plausible based on the properties of both the
A and SW components. Atmospheric contamination to the
AMMs should not result from adsorption onto their surfaces,
but from implantation during atmospheric entry and/or incor-
poration into secondary minerals growing on their surfaces
during residence in the blue ice. Both events are surface-
related, as is SW, which penetrates only several angstroms
into exposed rock surfaces (Benkert ef al., 1993), in con-
trast to SEP, which penetrates a few tens of microns into the
rock surfaces (Wieler et al., 1987). Thus, the degree of at-
mospheric contamination to the AMMSs might be possibly
anti-correlated with the SW components. Based on this as-
sumption, the samples that plot above the SEP-C mixing line
should be less contaminated than those that plot under the
mixing line.

Based on the solar ?’Ne concentrations in the residues de-
duced above and that in a single AMM particle, we can cal-
culate weights of AMMs in the residues. We assume that
noble gases are retained only in unmelted AMMs, because
the melted spherules are easily distinguished in the glacial
sand and few should be left in the residues. There is an
inverse correlation between solar gas concentrations in pul-
verized meteorite samples and grain sizes (Eberhardt et al.,
1965). This is because the solar gases are surface-related and
smaller grains have greater surface/volume ratios than large
ones. We can therefore assume the same tendency for mi-
crometeorites. Moreover, a smaller interplanetary dust parti-
cle will be less heated and thus less degassed than a larger
one during atmospheric entry (Nier and Schlutter, 1993).
Thus we have to optimize the solar 2’Ne concentration of
AMMs for each size fraction. In previous work, 22 AMMs of
100-260 pum in diameter were analyzed individually with a
noble gas mass spectrometer equipped with a laser extraction
line, and the average 2’Ne concentration of the AMMSs was
1.61 x 10~°cm’STP/g (Osawa and Nagao, 2002). We apply
this value for the 100-238 um fraction. Based on the same
study, the average of 2’Ne concentrations of five AMMs 60—
90 um in diameter is 1.89 x 1073 cm®STP/g, which can be
applied for the 40~100 um fractions. The *’Ne concentra-
tions for both size fractions have large deviations because
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the AMMs studied by Osawa and Nagao (2002) have vari-
able 2°Ne concentrations. In the present study, we used only
the average *°Ne concentrations. Because most Ne isotopic
ratios for individual analysis of AMMs overlapped with SEP
within experimental errors (Osawa and Nagao, 2002), we as-
sume that for each size fraction of AMMs all 2’Ne consists of
the solar components. The estimated abundances of AMMs
in the residues are shown in Table 3.

5. Discussion
5.1 Estimation of accretion rate from concentration of
AMMs in blue ice
Based on the concentration of AMMs in the blue ice, the
accretion rate of extraterrestrial materials onto the Earth, F,
is calculated by the following equation,

me
F=A, v s
(5 )

1

ey

where A., m., M;, and f; represent the total surface area
of the Earth (5.1 x 10'8cm?), the gross weight of accumulated
AMMs (g), the weight of melted ice (g), and the accumula-
tion rate of snow (g/cm?/a) for the blue ice of the sampling
point at the time of deposition, respectively. Here, m./M;
represents the AMMSs concentration in the blue ice (i.e.,
grams of AMMs in 1 gram of the blue ice) and (m./M;) x f;,
corresponds to the accumulation rate of AMMs to the Earth’s
surface in gram per cm? per year.

The accumulation rate of snow, f;, is estimated as follows.
Glacier ice now exposed around Yamato Mts. originated
from snow accumulated at the upstream area of the glacier
flow, located south of the Yamato Mts. The present snow ac-
cumulation rate in this area ranges from 3.0 to 10.0 g/cm?/a
(NIPR, 1997). As discussed earlier, the ages of the blue
ice at the five sampling points are estimated to be from the
last glacial period. The snow accumulation rate in the last
glacial period (2-3 g/cm?/a) was about two thirds of that in
the present interglacial period (3—4.5 g/cm?/a) at the top of
the Dronning Maud Land ice cap, the upstream region of the
Yamato blue ice areas (Watanabe et al., 1999a,b). Therefore,
the snow accumulation rate for the blue ice at each sampling
point is estimated to be within 2.0-6.7 g/cm?/a. Here, we
apply an average value of 4.4 & 2.4 g/cm?/a as f, for each
sampling point. The weight of melted ice at each sampling
point, M;, is shown in Table 3 (10% errors are assumed).
These values are revised slightly from those in Yada and Ko-
jima (2000) because the latter ignored the effect of air bub-
bles in blue ice on the density. Note that deformation of the
ice due to compaction and ice flow would not affect this es-
timate of the AMMs accumulation rate F, because m./M;
should be constant during ice deformation.

The apparent volume of each identified AMM was esti-
mated by assuming a spherical shape, whose radius is ap-
proximated by the arithmetic average of the major and mi-
nor axes of the AMM measured on the SEM image. The
densities of the AMMs are 3.0 g/cm® for S- and G-type
spherules (i.e., approximate density for mafic silicate min-
erals), 5.0 g/cm? for I-type spherules (i.e., approximate den-
sity for iron oxide) and 1.0 g/cm? for unmelted AMMs. This
last value was estimated from the total weights and apparent
volumes of 15 and 30 unmelted AMMs measured together

using an ultra-microbalance and SEM images. Errors for
the weights of handpicked AMMs are 32%, resulting from
a 10% error for both the diameter and density of each parti-
cle.

The total weight of AMMs in each sampling point, m., is
calculated from the weight of handpicked AMMs, estimated
above, and that in the residues estimated from solar Ne con-
centrations. The results are summarized in Table 3. Finally,
the accretion rate of AMMs, F, is determined for each sam-
pling point and is shown in Table 3. The estimated accre-
tion rates are (16000 & 9300) x 10°kg/a for M03, (16000 &
9100) x 10°kg/a for K02, (1100046600) x 10°kg/a for K11,
(530043100) x 10*kg/a for J09 and (7900+4800) x 10*kg/a
for J10 (Table 3).

5.2 Comparison of accretion rates from this study with
those in the literature

5.2.1 The accretion rate in the last glacial period
This study is the first attempt to estimate the accretion rate of
extraterrestrial materials using handpicking of AMMSs com-
bined with noble gas analysis. As shown in Table 3, the
abundances of AMMs in the residues are greater than the
handpicked AMMs in the M and K samples and are not neg-
ligible in the J samples. This indicates that considerable
numbers of AMMs are missed in handpicking and suggests
that noble gas analysis of a residue after handpicking is nec-
essary for determining the total weight of AMMs in the sam-
ple. The estimated weights of AMMs in the JO9 and J10
residues (~0.1 mg) are much lower than those of the M and
K samples (0.35-0.60 mg). Moreover, Ne isotope data for
40-100 pum fractions of JO9 and J10 samples show higher
levels of atmospheric contamination (Fig. 5(a)). As pointed
out before, J samples may have lost some part of their solar
gases and acquired atmospheric gases due to aqueous alter-
ation during long residence in the glacier ice. Hence, the
obtained accretion rates of AMMs for JO9 and J10 must be
considered lower limits.

The estimated accretion rate of AMMs for the K area, at
27-33 kyr BP, is in the range between (11000 £ 6600) x
10%kg/a and (16000 & 9100) x 10°kg/a. The age of blue
ice in MO3 is unknown but is younger than that of the
K area, and the estimated accretion rate for the M area,
(16000 % 9300) x 10%kg/a, is comparable to that of the K
area. From the Ir concentrations in filtered fractions of the
Greenland ice core, the accretion rate at around 1908 AD is
estimated as (10000 £ 2000) x 103kg/a (Rasmussen et al.,
1995). Although the method for determining the accretion
rate is different from that used in the present study, these re-
sults are comparable to ours. This implies that the accretion
rate of extraterrestrial materials to the Earth has been approx-
imately constant from 27-33 kyr BP to the present.

5.2.2 Evaporated portion of influx of extraterrestrial
materials As described above, the present influx of inter-
planetary dust has been reported to be (40000 + 20000) x
10°kg/a (Love and Brownlee, 1993). The accretion rates ob-
tained in this study are about a third of this influx. Taylor et
al. (1998) suggested that the difference in the accretion rates
between their data, (2700 + 1400) x 103kg/a, and the in-
flux calculated by Love and Brownlee could be due to evap-
oration occurring during atmospheric entry. Recently, the
fraction of extraterrestrial material evaporated during atmo-
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Fig. 6. Cumulative flux as a function of particle mass. The fluxes obtained from handpicked AMMs from M03, K02, K11, J09 and J10 are compared with
those of meteoroids by Griin et al. (1985) and Love and Brownlee (1993). The meteoroid flux of Griin et al. (1985) is based on a theoretical model of
orbital evolution of interplanetary dust and that of Love and Brownlee (1993) is based on the density of hypervelocity impact craters found on the LDEF

satellite.

spheric entry was estimated to be (4000 — 19000) x 10°kg/a
based on the chemical analysis of stratospheric aerosol (Cz-
iczo et al., 2001). The sum of this evaporation rate and
the accretion rate obtained in the present study essentially
agrees with the influx of interplanetary dust given by Love
and Brownlee (1993) within the estimated errors. This also
indicates that the evaporated portion of extraterrestrial dust,
if recondensed, must exist either in a water-soluble state
such as the stratospheric sulfate aerosols reported in Cz-
iczo et al. (2001), or as very fine grains in the glacier ice.
Hunten et al. (1980) postulated that meteor vapor might con-
dense as nanometer-sized meteoric dust in the thermal sink
of the mesosphere, and Murphy et al. (1998) found its candi-
dates: >0.2 um Fe-rich aerosols at lower stratosphere that
contained Mg, Na, K, Ca, Cr and Ni. Rasmussen et al.
(1995) deduced a global accretion rate of chondritic mate-
rials of (10000 £ 2000) x 10°kg/a, that is comparable to
the values of our study, based on the Ir abundances in the
Greenland ice core filtered with a 0.45 um Millipore fil-
ter. Thus the recondensates might be smaller than 0.45 um.
An Os and Ir isotopic study of deep-sea sediment (Peucker-
Ehrenbrink and Ravizza, 2000) suggests that an accretion
rate of (30000 & 15000) x 103kg/a, almost the same as the
total influx of extraterrestrial materials to the Earth. This in-
dicates that the evaporated portion of extraterrestrial dust is
indeed included in deep-sea sediment in some forms differ-
ent from micrometeorites.

5.2.3 Implication from mass distribution of the accre-
tion rate Figure 6 plots the cumulative meteoroid flux vs.

particle mass, in which the present data obtained from hand-
picked AMMs are compared to the data of Griin et al. (1985)
and Love and Brownlee (1993). The slope of the line indi-
cates the mass distribution of particles. The cumulative flux
of AMMs in M03, K02, K11 and J10 roughly overlap in the
mass range heavier than 107%g, or >100 um in diameter,
but the slope generally decreases for <107%g. The cumula-
tive flux of K02 is a little larger than those of the other four
samples and is similar to that of Griin et al. (1985). This in-
dicates that AMMs in K02 have been recovered effectively
by handpicking for >50 um in diameter, whereas consider-
able fractions of AMMs in the M03, K11, J09 and J10 have
not been recovered by handpicking for particles <100 pum in
diameter. This trend is consistent with relatively high con-
tents of AMM s in the residues of M03 and K11 relative to
that of KO02.

There are a few estimates of the accumulation rate of
micrometeorites collected from polar glacier ice. One is a
value estimated from unmelted micrometeorites and cosmic
spherules separated from sediments of Greenland ice com-
bined with analysis of their Ir content, which gives > 4100 x
103kg/a in the last 2000 years (Maurette et al., 1987). The
other is the present accretion rate, (2700 £ 1400) x 103kg/a,
which is evaluated from the number of cosmic spherules
found in sediments in the water well at the South Pole Sta-
tion (Taylor et al., 1998). The former value is only a third
and the latter only a fifth of the values determined for the K
area at 27-33 kyr BP.

Figure 7 shows various estimates of the micrometeorite
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Fig. 7. Size distributions of micrometeorite flux. Each point represents the flux for a 50 um width of particle diameters. Fluxes of handpicked AMMs
from the present study are compared with those of Maurette et al. (1987) and Taylor et al. (1998). The size distribution of micrometeorites in Maurette
et al. (1987) was deduced from both handpicking of sediments found on the blue ice of Greenland and Ir analyses of the sediments. The distribution of
Taylor et al. (1998) was obtained from spherules handpicked from sediments at the bottom of the water well at the South Pole Station.

flux vs. size using a 50-um bin width; the estimates for the
five samples studied here are compared with the data of Mau-
rette et al. (1987) and Taylor et al. (1998). The distributions
obtained in the present study are similar to each other, with
peaks at 100—200 pm and extremely low fluxes for grains for
<50 um. The distribution of Taylor et al. (1998), in contrast,
shows a peak at 200-250 pm with a gradual decrease toward
smaller grains. The difference is understandable, however,
because their data are based only on cosmic spherules, i.e.,
completely melted AMMs. Smaller interplanetary dust par-
ticles would have less frictional heating during atmospheric
entry, and would tend to survive as unmelted AMMs. There-
fore, if a flux of unmelted AMMs is added, the data of Taylor
et al. (1998) should come closer to the present results.

The distribution of Maurette et al. (1987) is different from
that of our study; its peak is at 50-100 um size fraction
with the <50 um size fraction coming next. This may re-
sult from differences in the procedure used to deduce the
size distribution of samples. Their AMMs distribution for
the <50 pum size fraction was based on Ir abundances and
that of the >50 um fraction was based on handpicked chon-
dritic spherules and Ir contents of the residue after hand-
picking. Their samples were deposits recovered from small
ponds, which they called “cryoconite”, on the blue ice in the
Greenland; thus, they might have suffered less loss of ex-
traterrestrial material in the <50 pum size fraction than the
present study. Their global accretion rate of extraterrestrial
materials is, however, lower than that of the present study
(> 4100 x 10*kg/a). One of the possible reasons is that their
estimation for sedimentation age of the cryoconite might be

overestimated.

6. Conclusions

The accretion rate of micrometeorites to the Earth in the
last glacial period has been determined from the concentra-
tion of AMMs collected from blue ice around Yamato Mts.,
East Antarctica. The weight of AMMs contained in the blue
ice was estimated from the weight of AMMs recovered by
handpicking from the glacial sands and those in the residues
estimated by solar Ne concentrations. The estimated abun-
dances of AMMs in the residues are higher than those of the
handpicked AMMs, suggesting that estimates of the former
are essential for obtaining correct evaluations of the accre-
tion rate of AMMs to the Earth. The obtained accretion rates
are (16000 £ 9300) x 10°kg/a, (16000 £ 9100) x 10*kg/a,
(11000 £ 6600) x 10°kg/a, (5300 % 3100) x 10°kg/a and
(7900 =+ 4800) x 10°kg/a for M03, K02, K11, J09 and J10
sampling points, respectively. The values for JO9 and J10
should be considered lower limits, because solar noble gases
might have been partially lost from these samples due to
aqueous alteration during long residence in the glacial ice.
The accretion rate of AMMs around 27-33 kyr BP obtained
for the K area ranges between (11000 £ 6600) x 10°kg/a
and (16000 £ 9100) x 103kg/a, and that for the M area is
similar. The estimated accretion rates are almost the same as
estimates of the present accretion rate. This indicates that the
influx of extraterrestrial dust onto the Earth has been nearly
constant since the last glacial period. The present results for
the AMM flux, 14000 x 103kg/a on average, together with
the evaporated portion of the extraterrestrial material flux es-
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timated by stratospheric aerosol, (4000 — 19000) x 103kg/a,
give a value nearly comparable to the estimated total influx of
extraterrestrial dust to the Earth, (40000 +20000) x 10°kg/a,
within errors. The evaporated extraterrestrial materials may
exist as very fine grains (<0.45 um), which cannot be recov-
ered by filtering of melted glacial ice.
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Appendix A. Description of Inland Blue Ice Areas
in Antarctica and Comments on AMM
Concentrations

In the inland snow accumulation areas of Antarctica, com-
pressed snow becomes glacier ice. The glacier ice formed
in the inland usually flows down toward the shore and fi-
nally become icebergs when it reaches the ocean. However,
if there are mountains blocking the ice flow, the glacier ice
rises in the front of the mountains and is consumed by wind
and sunshine to form blue ice areas (Yanai, 1978; Cassidy et
al., 1992; Bintanja, 1999).

In blue ice areas at an altitude lower than 1000 m, such
as Cap Prudohomme near the Dumond d’Urville Station,
some concentrations of micrometeorites have been reported
(Maurette et al., 1994; Gounelle et al., 1999; Maurette et
al., 2000). These concentrations are favorable for collecting
AMMs, but it is impossible to estimate the accretion rate of
micrometeorites, because the distribution of AMMs in the
blue ice was disturbed.

Such concentrations of AMMs may occur in two ways.
In the lower altitude blue ice areas, cryoconite holes, which
are round-shaped transparent patches of ice, occur due to ab-
sorption of solar radiation by a stone (Bintanja, 1999). With
this process, a small black particle such as a micrometeorite
should sink to the glacial ice and stay at a certain depth be-
low the ice surface where the heat given by solar radiation
balances the conductive heat loss from the particle. Thus
AMMs showed concentrate at a certain depth from the sur-
face of ice. However, no cryoconite holes have been reported
in high altitude blue ice areas, such as the blue ice area of the
Yamato Mts. studied here, which is located 20002300 m
above sea level (Bintanja, 1999).

In high altitude blue ice areas, micrometeorites would

be blown by a strong katabatic wind and are concentrated
among moraine sand where the wind is weakened due to
geomorphic conditions (Koerberl and Hagen, 1989; Harvey
and Maurette, 1991). However, sampling areas of AMMs in
the present study were in clear blue ice fields at least 2 km
windward from the nearest moraine, where such a concentra-
tion of AMMs due to wind transportation should not occur.
Consequently, we conclude that no AMM concentration pro-
cess would have occurred at the sampling areas of the present
study.
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