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Abstract. Recently, ALLEGRE et al. (1993) and ANDERSON (1993) proposed that sub-
duction of interplanetary dust particles (IDPs) contained in deep sea sediments could have
introduced significant solar He and Ne to the Earth’s mantle, which may explain solar-like
Ne and 3He observed in the mantle. However, it is not certain if IDPs would retain solar noble
gases during subduction. In order to examine this possibility, a diffusion experiment was
conducted for He and Ne in IDPs in a magnetic separate from Pacific Ocean sediments. Good
linearity was obtained for He and Ne between 800°C and 1200°C in the Arrhenius (D/a? vs.
1/T) diagram. The obtained activation energies for diffusion of “He and 2°Ne are 80 + 4 and
126 + 6 kJ/mol, respectively. The results show that He and Ne would be lost from IDPs within
0.1 and 10 years, respectively, at 500°C, and possibly within 10° years even at 100°C and
250°C, respectively. This strongly suggests that solar noble gases would be lost from
subducting slabs at shallow depths. If this is the case, solar-like Ne and He observed in the
mantle should be considered as a primordial signature of the mantle.

1. Introduction

Recent work on noble gas geochemistry has revealed that a solar-like Ne
component (2°Ne/22Ne ~ 13) is present in most mantle-derived samples such as mid-
oceanridge basalts (CRAIG and LUPTON, 1976; HIYAGON etal., 1992; MARTY, 1989;
POREDA and BROZOLO, 1984; SARDA et al., 1988), Loihi and Kilauea basalts
(HIYAGON et al., 1992; HONDA et al., 1991, 1993) and gases (CRAIG and LUPTON,
1976), mantle xenoliths (KYSER and RISON, 1982; POREDA and FARLEY, 1992),
diamonds (HONDA et al., 1987; OZIMA and ZASHU, 1988), CO,-well gases (CAFFEE
etal., 1988; PHINNEY etal., 1978), and Yellowstone Park geothermal gases (KENNEDY
et al., 1985). Recent work by Honda and his colleagues (HONDA et al., 1991, 1993)
further suggests that the >He/*He ratios and the slope of the correlation line in the
20Ne/22Ne vs. 2!Ne/22Ne diagram can both be interpreted on the assumption that both
mantle He and Ne are solar (solar hypothesis). The presence of solar-type He and Ne
in the mantle, supported by these observations, provides strong constraints on the
early history of the Earth.

Recently, however, it was proposed that solar Ne and *He in the mantle may not
represent primordial noble gas signature, but may reflect later addition of solar noble
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gases introduced by Interplanetary Dust Particles (IDPs) in subducting sediments. It
is well known that IDPs have solar He and Ne characterized by high 3He/*He and
20Ne/22Ne ratios of ~10~* and 12 to 13, respectively (NIER and SCHLUTTER, 1989;
OLINGER et al., 1990; RAJAN et al., 1977), and that deep sea sediments, especially
their magnetic fractions, contain high concentrations of solar He and Ne associated
with IDPs (AMARI and OZIMA, 1985, 1988; FUKUMOTO et al., 1986; KRYLOV et al.,
1973; MATSUDA etal., 1990; NIER et al., 1990; OziMA etal., 1984; TAKAYANAGI and
0Oz1MA, 1987). On the basis of these observations, ALLEGRE et al. (1993) attributed
solar Ne and ANDERSON (1993) attributed solar Ne and 3He in the mantle to sub-
duction of sediments carrying IDPs rich in solar noble gases. Because some fraction
of deep sea sediment is considered to be subducting into the mantle, He and Ne in
IDPs may contribute to the present noble gas signature in the mantle if (i) the fallout
rate of IDPs is high enough to account for the present noble gas signature in the
mantle and (ii) IDPs can retain solar He and Ne during the subduction process.

As to the first point, it can be shown that the present IDP flux is two to three
orders of magnitude too low to explain the present degassing flux of He and Ne from
the mantle (ANDERSON, 1993; HIYAGON, 1994; STUART, 1994). This result is di-
rectly derived from the observed noble gas concentration in sediments and their
subduction rate, and is not dependent on the choice of IDP fluxes estimated by
various methods (e.g., OZIMA et al., 1984; BROWNLEE, 1985; ESSER and TUREKIAN,
1988). The question, then, is whether the IDP flux in the past was high enough to
account for the present Ne (and *He) in the mantle. Unfortunately, we do not have
a correct answer to this question at present.

The second point can be examined more quantitatively. Diffusion experiments
for He and Ne in magnetic fines of deep sea sediments have been conducted by
several authors. AMARI and OZIMA (1988) examined diffusion of He and obtained
the activation energy to be 17 kcal/mol (71 kJ/mol). MATSUDA et al. (1990) obtained
the D/a? values (D is diffusion coefficient and a is radius of the grains) for *‘He and
20Ne at 1000°C to be (6 to 8) x 1073 (s1) and (6 to 7) x 10-¢ (s7!), respectively, but
activation energies were not given supposedly due to the small number of data
points. A more refined diffusion experiment was conducted by HIYAGON (1994) for
He and Ne in a magnetic fraction separated from Pacific Ocean sediment. In the
present paper, the results of HIYAGON (1994) are briefly summarized and the re-
tentivity of solar noble gases in IDPs is discussed.

2. Experimental

Sample preparations and experimental procedures are presented in HIYAGON
(1994). Here, they are briefly summarized with some additional experimental
details.

About 200 mg of magnetic fraction was separated from a Pacific Ocean
sediment with the use of hand magnets, and two duplicate samples of this magnetic
fraction, MG1-2 (60.10 mg) and MG1-3 (106.95 mg), were prepared for noble gas
analysis. Each sample was wrapped with platinum foil to avoid possible reaction of
magnetite (the major constituent of the magnetic fraction) with the molybdenum
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crucible at high temperatures during the noble gas extraction. Stepwise heating was
applied to extract noble gases; MG1-2 was heated from 600°C to 1400°C with 200°C
steps and MG1-3 from 500°C to 1300°C with 100°C steps. The temperature was
maintained for 2 hours at each temperature step. Samples were finally melted at
1600°C to extract all the remaining gas. (MG1-3 was further heated to 1700°C to
make sure that all the gas had been released at 1600°C.) Temperature at the bottom
of the crucible was monitored with a thermocouple (W-Re). An optical pyrometer
was also used to measure temperatures higher than 800°C, and the measurements
agreed well within £30°C. After two hours of heating, the extracted gas was
expanded into a larger volume of the extraction line for two minutes, and a valve
connected to the furnace part was closed, then the gas was purified with a Ti-furnace
heated to 800°C. The furnace part was pumped out for 1 minute before starting the
next temperature step. Some of the extracted gas must be lost during this procedure,
but it was ignored from the diffusion calculation because loss of the gas would be
only ~1% of'the total gas (i.e., roughly corresponds to 1 minute/2 hours) and because
the fractions of gas loss would be roughly equal with each other for all the
temperature steps. The temperature became constant within 3 minutes at >1000°C
or within 5 minutes at <1000°C at the beginning of each temperature step. The
heating time for each temperature step was assumed to be 120 minutes in the
diffusion calculation and no correction was made for the pumping time of the furnace
(1 minute) or for the time for temperature equilibration (3—5 minutes), because the
error caused by this treatment would be only a few percent, which is minor in
considering the analytical errors (typically 5 percent). The purified gas was separated
into He and Ne fractions using a helium refrigerator and separately analyzed with a
sector-type mass spectrometer. Corrections for hot blanks and for doubly charged
ions in Ne analysis were applied. These procedures were almost the same as those
given in HIYAGON et al. (1992).

3. Results and Discussion

The observed concentrations of “He and 29Ne are ~9 x 1079 cm3/g and ~7 x
10-8 cm3/g, and the observed 3He/*He and 2°Ne/2?Ne ratios are (2.3 t0 2.6) x 10~* and
11.2 to 12.6, respectively (see Table 1), which agree well with other published data
(AMARI and OZIMA, 1988; FUKUMOTO et al., 1986; MATSUDA et al., 1990; NIER et
al., 1990). In the previous paper (HIYAGON, 1994), in order to avoid possible con-
tribution of atmospheric Ne, excess?’Ne defined below was used in the diffusion
calculation.

Excess2Ne = [22Ne]ops X {(2'Ne/22Ne)obs — (2°Ne/22Ne)air} ,

where “obs” refers to the observed concentration or the observed isotopic ratio for
the sample run. However, as is clearly seen in Fig. 1, variations in the observed
isotopic compositions of Ne for different temperature steps cannot be interpreted as
simple mixing of air and a single solar component. Instead it is more reasonable to
consider them as reflecting variations in Ne isotopic composition of solar energetic
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Fig. 1. Three isotope plots of Ne for different temperature fractions of MG1-3. SW indicates solar wind,
MORB indicates the MORB correlation line obtained by SARDA et al. (1988) and mfl refers to the
mass fractionation line.

particles (SEP) having different energies or mixing of a SEP component with
variable amount of solar wind component (e.g., AMARI and OZIMA, 1988; NIER et
al., 1990). For this reason, uncorrected 20Ne data instead of excess2Ne data are used
here in the diffusion calculation. This, however, does not change the results greatly.

The diffusion coefficients (D) of He and Ne are calculated for the assumption
that IDPs are spheres with a single grain radius a and that the initial concentrations
of solar He and Ne are uniform in the grains (CRANK, 1956). The values of D/a? thus
calculated are listed in Table 1 and plotted against 1000/7 (Arrhenius diagram, Fig.
2). Both “He and 2°Ne data in Fig. 2 show good linearity for a temperature range from
800°C to 1200°C, suggesting that the observed gas release was controlled by a
thermally activated process, i.e., most likely a diffusion process. At lower tempera-
tures (from 500°C to 700°C), the data show discrepancies from the linear trend
toward higher D/a? values. HIYAGON (1994) interpreted this as contribution of very
fine IDP grains, which would release all the gases at low temperatures. However, it
is also possible to interpret it as a change in the activation energy at ~700°C. If this
is the case, extrapolation of the data to lower temperatures would give much higher
D/a? values than the following calculation. (Another possibility is the presence of a
solar wind component released at low temperature fractions. However, this has only
aminor contribution judging from the observed 20Ne/22Ne ratios of 11.2-12.6, which
are much lower than the solar wind ratio of 13.6 (GEISS et al., 1972).) Since most of
the gas (more than 80% of 20Ne and about 60% of “He) were released above 800°C,
Iignore in the following calculation the data of low temperature steps and consider
only the data of high temperature steps (800°C to 1200°C).

The linear correlation line in the Arrhenius diagram can be expressed as
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