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Abstract—We measured concentrations and isotopic ratios of noble gases in enstatite (E) chondrites
Allan Hills (ALH) 85119 and MacAlpine Hills (MAC) 88136. These two meteorites contain solar and
cosmogenic noble gases. Based on the solar and cosmogenic noble gas compositions, we calculated
heliocentric distances, parent body exposure ages, and space exposure ages of the two meteorites. The
parent body exposure ages are longer than 6.7 Ma for ALH 85119 and longer than 8.7 Ma for MAC
88136. The space exposure ages are shorter than 2.2 Ma for ALH 85119 and shorter than 3.9 Ma for
MAC 88136. The estimated heliocentric distances are more than 1.1 AU for ALH 85119 and 1.3 AU
for MAC 88136. Derived heliocentric distances indicate the locations of parent bodies in the past
when constituents of the meteorites were exposed to the Sun. From the mineralogy and chemistry of
E chondrites, it is believed that E chondrites formed in regions within 1.4 AU from the Sun. The
heliocentric distances of the two E chondrite parent bodies are not different from the formation
regions of E chondrites. This may imply that heliocentric distances of E chondrites have been

relatively constant from their formation stage to the stage of exposure to the solar wind.

INTRODUCTION

Enstatite (E) chondrites are the highly reduced group of
chondrites. The highly reduced characteristics of E chondrites
likely indicate their formation in the inner region of the solar
nebula (Kallemeyn and Wasson 1986). Larimer and Anders
(1967) conclude that E chondrites formed in the inner fringes
of the asteroid belt. Specific locations range within 1 AU from
the Sun (Baedecker and Wasson 1975) and in regions near the
orbit of Mercury (Sears 1980). The oxygen isotopic
compositions of E chondrites are similar to those of the Earth
and the Moon (Mayeda and Clayton 1980; Clayton and
Mayeda 1985; Clayton et al. 1984; Ivanov et al. 1987;
Newton et al. 2000). This may also imply formation in the
inner regions of the solar nebula. Lugmair and Shukolyukov
(1998) found a correlation between relative abundances of
radiogenic 33Cr in solar system objects and their heliocentric
distances. From this correlation and the relative abundance of
radiogenic 33Cr in E chondrites, Shukolyukov and Lugmair
(2004) recently inferred that E chondrites formed within
1.4 AU. Thus, formation regions of E chondrites are
considered to be in zones closer to the Sun than the asteroid
belt.
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Few studies have attempted to quantitatively estimate
heliocentric distances of E-chondrite parent bodies. Gas-rich
brecciated meteorites are available for such a quantitative
estimation. The brecciated meteorites show characteristic
light-dark structures composed of coarse-grained “light” and
fine-grained “dark” portions. The dark portions contain solar
and cosmogenic noble gases (Suess et al. 1964; Signer 1964),
which is indicative of direct exposure to the Sun. The light
portions contain only cosmogenic gases, indicating shielding
from solar radiation. It is generally agreed that these
brecciated meteorites originate from surface regoliths of
parent body asteroids (Wénke 1965; Lal and Rajan 1969;
Pellas et al. 1969; Wilkening 1971; Pellas 1972; Schultz et al.
1972; Rajan 1974; Anders 1975; Housen et al. 1979; Keil
1982; Goswami et al. 1984). Noble gases in the brecciated
meteorites and the following approach may provide
information regarding heliocentric distances of the meteorite
parent bodies at the time when constituents of the meteorites
were exposed to the Sun.

The surficial regions of the regolith are exposed to solar
winds (SW), solar energetic particles (SEP), and galactic
cosmic rays (GCR). The SW penetrates to several hundred
Angstroms and SEP from millimeters to centimeters below
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the surface (Walker 1980), and are implanted directly on
mineral grains residing on the surface. Their fluxes are
inversely related to the square of the heliocentric distance.
The GCR penetrates ~1 m or so (Walker 1980) and produces
cosmogenic noble gases via spallation reactions with target
elements. Since the GCR flux is assumed to be constant in the
whole solar system, the production of cosmogenic gases is
independent of the heliocentric distance. GCR exposure ages
can be calculated from the cosmogenic gas concentrations.
Cosmogenic gases are also produced by the higher-energy
component of the SEP (i.e., solar cosmic rays). Solar cosmic
rays (SCR) produce cosmogenic gases in the top few
centimeters of the regolith. Although SCR production rates
for cosmogenic nuclides are high relative to the GCR
production rates, regolith mixing processes (Housen et al.
1979) continuously mix surface grains into lower regions of
the regolith. Following Wieler et al. (1989), we assume that
the SCR contribution can be neglected. The concentration of
solar noble gas implanted per unit time (solar gas
implantation rate) is inversely related to the square of
heliocentric distance, because fluxes of SW and SEP are
inversely proportional to the square of the heliocentric
distance. The heliocentric distance of the meteorite parent
body is obtained by comparison between the solar gas
implantation rate of the meteorite and that of lunar samples,
because the Moon is known to be located at 1 AU. Since the
concentration of solar noble gases varies both with exposure
time and heliocentric distance, it is difficult to estimate the
exposure duration from solar gas concentration. However,
some meteorites do show a correlation between solar gas
concentrations and GCR exposure ages (e.g., Anders 1975).
Anders (1975) interpreted the ratios of solar gas
concentrations to GCR exposure ages in these meteorites as
solar gas implantation rates and used them to estimate
heliocentric ~ distances of meteorite parent bodies
(carbonaceous and ordinary chondrites, and also howardites).
This estimation is based on the assumption that the ratio of the
SW/SEP exposure duration to GCR exposure age is similar
for the Moon and meteorite parent body surfaces. Based on
comparison to lunar materials, Anders (1975) reasoned that
an upper limit to the location of exposure is 8§ AU. Anders
(1975) could not give a more constrained estimate (the upper
limit could be as low as 4 AU) because it was not possible to
resolve cosmogenic noble gases produced on parent bodies
from those produced during the meteoroid exposure. Wieler
et al. (1989) and Nakashima et al. (2002) used an extended
approach to distinguish between parent body and meteoroid
exposure, and derived distances of ordinary chondrite parent
bodies from the Sun. However, heliocentric distances of E
chondrite parent bodies have never been estimated.

The purpose of this study is to determine heliocentric
distances and the parent body exposure ages of E chondrites
to reveal the orbits and regolith evolution of E chondrite
parent bodies. We prepared small chips from two solar gas-
bearing EL3 chondrites: Allan Hills (ALH) 85119 and
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MacAlpine Hills (MAC) 88136 (Patzer and Schultz 2002).
Concentrations of solar 3°Ar (3®Arg) and cosmogenic 2!Ne
(?'Nec) in many pieces of the two meteorites were determined
by noble gas analyses. Heliocentric distances, parent body
exposure ages, and space exposure ages of the two meteorites
were calculated.

EXPERIMENTAL PROCEDURES

Although ALH 85119 and MAC 88136 are solar-gas-
bearing meteorites (Patzer and Schultz 2002), they do not
exhibit a light-dark structure. This may be due to terrestrial
weathering effects (limonitic staining). Meteorite samples
were crushed into small pieces, weighing from 0.3 to 2.2 mg,
to see variations in concentrations of 3°Arg and 2!Ne¢. Each
sample was heated to 1700 °C. Concentrations and isotopic
ratios of He, Ne, and Ar were measured with a noble gas mass
spectrometer (Nakamura et al. 2003). Concentrations of 84Kr
and '32Xe were also measured.

Trapped and cosmogenic components of He, Ne, and Ar
were separated based on their isotopic ratios. E3 chondrites
are known to contain primordial gases enriched in Xe (sub-Q;
36Ar/132Xe ~37) (Patzer and Schultz 2002), which are
believed to originate from fractionation of Q gases. The “He/
20Ne/132Xe ratios of sub-Q gases are not known. Following
Busemann et al. (2000), we assume that the “He/2'Ne/!32Xe
ratios are ~374/3.2/1; however primordial “He and primodial
20Ne concentrations are only ~1% of trapped “He and trapped
20Ne concentrations. The percentages must be lower than 1%
if sub-Q gases are formed by larger depletions of lighter
elements relative to Xe from Q-gases. Unlike He and Ne,
primordial Ar may account for some part of trapped Ar in the
two E chondrites. The 3°Arg concentrations were obtained by
subtracting primordial 3°Ar concentrations from those of
trapped 3°Ar where primordial 3°Ar concentrations were
obtained based on measured '3%Xe concentrations. For the
correction, a (*®Ar/132Xe), imorgial Value of 28.6 was assumed
for ALH 85119, which is the ratio between concentrations of
trapped 3°Ar and 32Xe in the solar-gas-poor sample
(ALH 85119: A3 in Appendix 1). The (**Ar/'32Xe),imordial fOr
MAC 88136 was assumed to be 37.3, from the solar-gas-free
EL3 chondrite MAC 88184 paired with MAC 88136 (Patzer
et al. 2001), because heavy noble gases in a solar-gas-poor
sample of MAC 88136 could not be measured.

RESULTS

Figure 1 shows a Ne three-isotope diagram. Ne isotopic
ratios are distributed in an area defined by Ne SW, Ne SEP,
and Ne cosmogenic, showing that the Ne in the individual
samples is the mixture of solar Ne and cosmogenic Ne. This is
consistent with the previous results of Patzer and Schultz
(2002). The presence of solar gases indicates that constituents
of the two meteorites had been exposed to solar wind particles
on the surface of the parent bodies.
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Fig. 1. A Ne three-isotope diagram showing Ne data of many pieces
of ALH 85119 and MAC 88136. Ne isotopic ratios of solar wind
(**Ne/22Ne, 2INe/??Ne)gy = (13.8, 0.0328) and solar energetic
particles (2*'Ne/?2Ne, 2!Ne/?2Ne)ggp = (11.2, 0.0295) are given by
Benkert et al. (1993).

The (*He/*°Ne)g ratios of ALH 85119 (49.6 = 5.4 on
average) and MAC 88136 (104 + 6 on average) are lower than
the typical value for solar-wind-implanted species (“He/?Ne
= 253 £ 10 for lunar soil ilmenites 12001) (Eberhardt et al.
1972). There are two possible explanations for the low (*He/
20Ne)g ratios: “Heg saturation and “Heg diffusive loss. If the
low (“He/?%Ne)g ratios are due to “Heg saturation, (“He/?'Ne)g
ratios decrease with increasing 2%Neg concentrations.
However, such an inverse correlation is not observed (Fig. 2a).
Hence, it is more likely that the low (*He/?'Ne)g ratios are due
to “Heg diffusive loss. The (*’Ne/3°Ar)g ratios and 3°Arg
concentrations show no inverse correlation either (Fig. 2b),
which indicates neither 2°Neg nor 3°Arg are in saturation. The
(*'Ne/30Ar)g ratios of ALH 85119 (34.7 + 7.8 on average) and
MAC 88136 (31.5 + 2.1 on average) are consistent with the
value for lunar soil ilmenites 12001 (*Ne/3°Ar = 26.8 £ 5.4)
(Eberhardt et al. 1972) within lo variations. Although the
lunar soil ilmenites 12001 might have lost some Ne, they have
not lost Ar (Eberhardt et al. 1972). The same is likely true also
for the two meteorites. Thus, elemental ratios suggest that the
two E chondrites have lost some He and Ne, but not Ar, and
indicate that 3%Arg is not in saturation.

Figure 3 shows correlations between concentrations of
2INec and 3°Arg in the samples of ALH 85119 and MAC
88136 (Table 1). The 2!Ne¢ concentrations correlate also with
those of “Heg and 2°Neg. However, we are focusing on the
correlation between 2'Nec and 3°Arg because 30Arg has not
suffered diffusive loss. The interpretation of the correlations
is discussed in the next section.

Unlike ?'Nec, 38Ar¢ concentrations do not correlate with
solar gas concentrations, which may be due to 38Ar¢ loss
during terrestrial weathering (Okazaki et al. 2000; Patzer and
Schultz 2001). Also 3Hec concentrations and solar gas
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Fig. 2. a) The relationship between (“He/2'Ne)g and 20Neg. The solid
line is the average (*He/*'Ne)g ratio for samples of ALH 85119,
whereas the dotted line is the average (*He/?'Ne)g ratio for samples
of MAC 88136. b) The relationship between (2°Ne/3¢Ar)g and 3°Arg.
The solid line is the average (*Ne/*°Ar)g ratio for samples of ALH
85119, whereas the dotted line is the average (**Ne/3®Ar)g ratio for
samples of MAC 88136. The dashed line is the (2Ne/30Ar)g ratio of
lunar soil ilmenites 12001 (Eberhardt et al. 1972). Data fall far above
the other data might be due to underestimation of 3Arg by inaccurate
correction for primordial 3°Ar. In both figures, solar-gas-poor
samples are excluded.

concentrations do not show correlations, which may be due to
3He,. diffusive loss.

INTERPRETATION AND CALCULATION
Interpretation of Figure 3

Wieler et al. (1989) and Pedroni (1991, 1992) found a
correlation between solar and cosmogenic gas concentrations
in samples from the dark portions of the meteorites. They
interpret the correlation as mixtures of irradiated and
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Fig. 3. The relationship between 2'Nec and 3°Arg in ALH 85119 (a)
and MAC 88136 (b). The solid lines are the correlation lines for
samples of the two meteorites. (2'Nep)p corresponds to 2!Nec
produced during the parent body exposure, and (3!Ne)g corresponds
to 2!Ne produced during the space exposure. Points “A” and “M”
are defined by the highest 3%Arg concentrations measured in ALH
85119 and MAC 88136, respectively. They correspond to the point
for irradiated small grains in Fig. 4c. Data points with large
deviations are marked by arrows. They are discussed in the “Results
of Calculations and Discussion” section.

unirradiated grains in various proportions. The former
acquires solar and cosmogenic gases during exposure to SW,
SEP, and GCR on the parent body surface and to GCR in
space. The latter acquires cosmogenic gases by GCR
exposure in space only. Although the two E chondrites
studied here do not have the classic light-dark structure, the
process of mixing irradiated and unirradiated grains is
applicable also to the correlation in Fig. 3.

To understand this interpretation, we consider exposure
scenarios of four types of materials: irradiated small grains,
irradiated fragments, unirradiated small grains, and

D. Nakashima et al.

Table 1. Concentrations of 3°Arg and 2'Nec
36

21

Arg Nec
Sample 10 *em’/g
ALH 85119 Al 77.4 1.04
A2 99.8 1.07
A3 n.c. 0.603
A4 7.64 0.786
A5 11.5 0.935
A6 25.8 0.790
A7 114 1.72
A8 167 1.53
A9 97.1 1.77
Al10 102 1.03
All 16.8 0.902
Al2 93.4 1.26
Al3 124 1.35
Al4 38.7 0.612
AlS 7.17 0.269
Al6 136 1.46
Al7 145 1.25
Al 91.7 2.39
Al19 77.3 1.06
A20 111 3.67
A21 124 1.36
MAC 88136 M1 81.5 1.56
M2 151 1.97
M3 163 2.60
M4 77.4 2.67
M5 60.7 2.09
M6 88.4 2.07
M7 943 242
M8 100 2.55
M9 56.3 1.18
M10 60.2 1.42
Ml1 n.c. 0.640
MI12 29.8 1.06
M13 83.1 1.86
M14 61.6 1.58
M15 83.8 2.01
M16 72.3 4.88
M17 78.5 1.70
M18 57.7 1.45
M19 78.3 2.55
M20 84.1 1.73

n.c. = not calculated; the concentrations of solar Ar are not calculated
because of lack of discernible solar gases.

unirradiated fragments (Fig. 4). The small grains are assumed
to have a size of ~50 um, which is comparable to average
grain sizes in the dark portions of solar-gas-bearing
meteorites (Eberhardt et al. 1965; Schultz 1973). The
fragments are assumed to have a size of ~1 cm, which is a
typical size of the light portions (mm—cm; e.g., Housen and
Wilkening 1982). In this scenario, we do not include SCR,
because it is inferred from a comparison between 2'Nec
production rates by GCR and SCR that SCR contribution to
2INec production is not significant.



Parent bodies of chondrites ALH 85119 and MAC 88136

855

® [rradiated small grains O Unirradiated small grains

D Irradiated fragments [ unirradiated fragments

Ay
53]
72
=

Cosmic dust
Meteoroids

21
Ne
(¢

36
Ar
s

(b)

Ay
sa|
w2
=
[70]

21
Ne
e

Ejected meteoroid

Dark portions
Light portions

Light-dark structures in the meteorite

Fig. 4. a) Exposure on the regolith of the meteorite parent body. b) Exposure in space. ¢) The light-dark structures in the meteorite. In each
illustration, the 2'Ne-3°Arg diagram describes concentrations of 2!Ne and 3°Arg in the materials.

Figure 4a shows the appearance of regolith, and the
2INe-30Arg diagram in the figure shows data points expected
for the different materials in the regolith. To simplify the
scenario, it is assumed that surface regolith is continuously
mixed in the 0—1 m depth range (GCR active zone) due to
bombardment of cosmic dust and meteoroids and exposed
similarly to SW, SEP, and GCR (i.e., well-mixed regolith
stratum). Irradiated small grains are plotted as one discrete
point in the Ne-Ar diagram (Fig. 4a). On the other hand,
irradiated fragments are plotted as one point near the y-axis of
the diagram (Fig. 4a), because they cannot acquire high
concentrations of solar gases like small grains due to the small
surface/volume ratio (200 times less than that of the small
grains). Unirradiated small grains and fragments below GCR
active zone are plotted on the origin in the diagram (Fig. 4a),
because they acquire neither solar nor cosmogenic gases.

After the admixture of unirradiated materials to irradiated
materials and residence in a deep site to which even GCR
cannot penetrate, all the materials within the meteoroid are
ejected from the parent body upon a large-scale impact
(Fig. 4b). During transit to the Earth, all materials are then
exposed to GCR only. As a result, only the 2!Nec
concentration increases, and all data points are shifted
upwards in the Ne—Ar diagram (Fig. 4b).

Meteorites that experienced such exposures show the
light-dark structure (Fig. 4c). The light portions are
equivalent to irradiated and unirradiated fragments, and their

data are plotted along the y-axis in the Ne-Ar diagram
(Fig. 4c). The dark portions are equivalent to mixtures of
irradiated and unirradiated small grains in various proportions
(Fig. 4c), and their data plot along the tie line between
irradiated and unirradiated small grains (gray points in
Fig. 4c).

Thus, the two E chondrites experienced two exposure
stages: exposure on the parent body with 27n geometry
(parent-body exposure, Fig. 4a) and exposure in space with
41 geometry (space exposure, Fig. 4b). The concentration of
2INe produced during the parent body exposure is equivalent
to (2!Ne¢)p (Fig. 4c). Assuming that irradiated small grains in
Fig. 4c plot at points “A” and “M,” respectively in Fig. 3,
(®3'Neg)p in Fig. 4c corresponds to that in Fig. 3. The
concentration of 2!Ne¢ produced during the space exposure is
equivalent to (2!Necp)s (Fig. 4c), corresponding to that in
Fig. 3. The correlation in Fig. 3 is attributed to the mixtures of
irradiated and unirradiated small grains in various proportions
(Fig. 4c). Solar-gas-poor samples in Fig. 3 may be dominated
by unirradiated materials in Fig. 4c. Some of data in Fig. 3 fall
far above the correlation lines, which may be due to higher
2INe. production rate. It is discussed in detail in the next
section.

The above interpretation applies to the samples measured
by Wieler et al. (1989) and Pedroni (1991, 1992) without any
further consideration. However, for our samples (Fig. 3), we
did not measure noble gases separately in light and dark
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portions. It is quite possible, therefore, that the samples are
mixtures of light and dark portions, requiring a more complex
interpretation. Admixture of the light portions to the dark
portions is separated into two cases: admixture of unirradiated
fragments and admixture of irradiated fragments. Addition of
unirradiated fragments to the dark portions does not affect the
correlation in Fig. 3 because the influence is the same as that
of unirradiated small grains. Addition of irradiated fragments,
on the other hand, results in an increase of 2!Nec
concentrations and decrease of 3%Arg concentrations. Thus,
the data points move to upper left from their original positions
(gray points in Fig. 4c). As a result, the slope of the
correlation line decreases and the ordinate intercept increases.
Therefore, owing to the presence of irradiated fragments, the
slope of the correlation line used for the calculation of
heliocentric distances (next subsection) and (2!Ne¢)p may be
underestimated, and (2!Nec)s may be overestimated. The
slope and (2!Ne()p can be taken as lower limits and (2'Nec)g
can be taken as an upper limit.

For the data presented in this work, we do not make the
assumptions described in Nakashima et al. (2002). The
assumptions are flawed in two respects. First, the irradiated
grains are assumed to be located in the top cm of the regolith
for several Ma. According to theoretical modeling of asteroid
regolith (Housen et al. 1979), mixing on a 10 cm scale can
occur within 1 Ma, indicating that the assumption is invalid.
Second, the possibility that grains exposed exclusively to
GCR on the parent body (and also in space) are mixed with
irradiated and unirradiated grains is neglected.

Calculation of Heliocentric Distance

The heliocentric distance rp we obtain here is the distance
of the meteorite parent body from the Sun when constituents
of the meteorite were exposed to solar wind. It can be
obtained from the following equation:

[36Arsj [36Ar3]

N /|5 ‘R M
Nec/ \"Nec/,

Here subscripts P, L, S, and C represent parent body, lunar,
solar, and cosmogenic, respectively, and R is the correction
factor for 2!Ne¢ production rates, which is explained later.
The calculation of rp includes two assumptions: 1) the fluxes
of energetic particles are the same during the lunar regolith
exposure and parent body exposure, and 2) the ratio of the
SW/SEP exposure duration to the parent body exposure age is
similar for the Moon and meteorite parent body surfaces.

As found in Equation 1, rp is obtained by comparison
between the solar gas implantation rate of the meteorite and
that of lunar samples. By using assumption (2), the solar gas
implantation rate can be expressed as the ratio of solar gas
concentration to the parent body exposure age deduced from
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(®3'Nep)p. However, the 2!Neq production rate, which is
necessary for the calculation of the parent body exposure age,
is not known due to lack of information about shielding
conditions on the parent body. Therefore, the solar gas
implantation rate is expressed as (3°Arg/2!Ne()p, which is the
inverse of the slope of the correlation line in Fig. 3. This is an
upper limit and derived rp is a lower limit, because the slope
is a lower limit as mentioned in the previous section.

The 3°Arg and 2'Nec in Apollo soils and breccias show a
correlation similar to those in Fig. 3 (Hintenberger et al.
1974). We use the slope of correlation line (3®Arg/2!Ne), for
the calculation of rp The 3°Ar/3Kr ratios of the Apollo
samples (2100 £+ 300 on average) (Hintenberger et al. 1974)
are comparable to that of the Sun (~2000) (Wieler 2002),
suggesting no large diffusive loss of 3°Arg. It is known that
plagioclase from lunar soils lost some 2!Nec (e.g., Signer et
al. 1977). Therefore, only plagioclase-poor mare samples are
used for the (P°Arg/2!Ne(),. calculation. The 2!Ne¢ exposure
ages of the Apollo mare samples agree (or closely agree) with
those deduced from 38Arc within errors (Hintenberger and
Weber 1973), suggesting no large diffusive loss of 2!Nec.
Thus, it is unlikely that 3°Arg and 2!Ne losses affect the ratio
of (Arg/?'Nec), (=234) (Hintenberger et al. 1974;
L. Schultz, personal communication).

Samples of the E chondrites, except for solar-gas-poor
samples, show (*He/2!Ne) ratios lower than expected from
the Bern plot (Eberhardt et al. 1966; Nishiizumi et al. 1980),
suggesting preferential loss of *He. from solar-gas-bearing
samples. Also the possibility of 2!Ne¢ loss from solar-gas-
bearing samples cannot be excluded. If there is 2!Ne loss, the
slope of the correlation line in Fig. 3 will decrease, but the
ordinate intercept will remain unchanged. In light of these
observations (2'Nec)p is a lower limit, (3®Arg/2'Ne¢)p is an
upper limit, and the calculated rp is a lower limit.

The R in Equation 1 is the ratio of 2!Ne¢ production rate
for lunar regolith exposure to that for parent body exposure.
This ratio is used for correction of target element chemistry,
because the 2!Ne¢ production rate varies with target element
chemistry. During the parent body exposure (Fig. 4a), the
position of irradiated materials continuously changed in the
0-1 m depth range. Assuming the residence time of each
material at any depth is the same down to 1 m, R can be
estimated from the integrated 2'Ne¢ production rate profile in
lunar regolith and that in the parental regolith of the two
meteorites. With the production rates given by Leya et al.
(2001), the average chemical composition of Apollo mare
samples (Goles et al. 1970; Wénke et al. 1970, 1971, 1972;
LSPET 1973), and the chemical compositions of ALH 85119
and MAC 88136 (Wasson and Kallemeyn 1988; the average
chemical composition of EL chondrites is applied for the two
meteorites), R is calculated as 0.7.

The 3Arg/>'Ne( ratios are inversely related with grain
size, because solar gas concentrations are inversely
proportional to the grain sizes (e.g., Hintenberger and Weber
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Table 2. (36Ars/2lNec)P, (21Nec)1), and (ZINGC)S in ALH 85119
and MAC 881362

(21Ne(‘)P (ZINec)s
Meteorite (3%Arg/2'Ne()p 1078cm3/g
ALH 85119 <131 >1.28 <0.67
MAC 88136 <97.5 >1.67 <1.20

3(30Arg/2!Nec)p is the solar gas implantation rate. (2!'Nec)p and (2'Ne¢)g are
concentrations of 2'Ne¢ produced during the parent body exposure and
space exposure, respectively. These three values are deduced as described in
the “Interpretation and Calculation” section.

Table 3. Results of calculations?.

Meteorite rp (AU) Ty (Ma) Ts (Ma)
ALH 85119 >1.1 >6.7 <22
MAC 88136 >1.3 >8.7 <39

arp is the distance of the meteorite parent body from the Sun when
constituents of the meteorites were exposed to solar wind. 7p and T are the
parent body exposure age and space exposure age, respectively.

1973). Thus, the difference between the average grain sizes of
the Apollo samples and of the two E chondrites may affect p.
Grain sizes of the Apollo samples used for (3®Arg/2!Nec).
calculation are 35-54 pm (Hintenberger et al. 1974), which
are comparable with the assumed grain size of the dark
portions in the two E chondrites (see previous subsection).
Therefore, the influence of the grain-size difference on 7p is
not considered.

Calculation of Parent Body Exposure Age

A lower limit for the parent body exposure age Tp is
obtained from the 2!Ne¢ production rate (Pp) and the lower
limit of (3'Nec)p (Fig. 3; Table 2). During the parent body
exposure, the locations of irradiated materials continuously
change within the 0—1 m depth range (Fig. 4a), so we cannot
determine the shielding depth. The shielding depth is assumed
to be 40 g/cm?, where Pp reaches a maximum (Leya et al.
2001). Thus, Tp ((3'Nec)p/Pp) is a lower limit. Pp is obtained
from the following equation:

Pp = 931[Mg] + 822[Na] + 343[Al] + 271[Si]
+45[Ca] + 7.3[Fe] + 7.4[Ni] )

Here coefficients are the 2!Ne elemental production rates (in
10~ cm3/g - Ma) at the shielding depth of 40 g/cm?2, which
are given by Leya et al. (2001), and [X] is concentration of
element X as weight fraction. Concentrations of elements X
are adopted from the chemical compositions of ALH 85119
and MAC 88136 (Wasson and Kallemeyn 1988; the average
chemical composition of EL chondrites is applied for the two
meteorites).

Calculation of Space Exposure Age

An upper limit for the space exposure age Tg is obtained
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by dividing the upper limit of (3!Nec)s by the 2INec
production rate (Pg) (Fig. 3; Table 2). The shielding
parameters (22Ne/2!Ne). for bulk ALH 85119 and MAC
88136 is assumed to be 1.11 (Patzer and Schultz 2001),
corresponding to the average shielding parameter for
chondrites. The 2'Ne¢ production rates (in 10719 cm3/g - Ma)
for the two meteorites in space are obtained from the equation
given by Schultz and Freundel (1985) for the average
shielding:

Pg = 163[Mg] + 60[Al] + 32[Si] + 22[S]
+7[Ca] + 2.1[Fe+Ni] 3)

Again, [X] is the concentration of element X as weight
fraction.

RESULTS OF CALCULATIONS AND DISCUSSION

Table 3 shows the calculated rp 75 and Ty for ALH
85119 and MAC 88136.

Exposure Ages

Based on the arguments presented earlier we consider the
parent body exposure age Tp is a lower limit. This argument is
reinforced by the observation that the “true” irradiated small
grains (Fig. 4c) may contain higher concentrations of solar
and cosmogenic gases than the samples represented by points
“A” and “M” in Fig. 3. Langevin and Maurette (1980)
inferred from their regolith evolution model that parent body
exposure ages are ~10 Ma and ~1 Ma for constituents of
regoliths on strong and weak asteroids, respectively. For both
E chondrites 7p are >7 Ma, which suggests strong parent
bodies for both.

In our exposure scenarios (Fig. 4), we have assumed that
all the regolith materials became shielded from all energetic
particles including GCR after the parent body exposure.
However, it is also possible that material was reexposed only
to GCR due to reexcavation. If this occurred, only the 2/Ne
concentration would increase in a similar way as during space
exposure. This means that (2!Nec)s may include 2!Nec
produced during a reexposure on the parent body, and the
2INe. produced during space exposure is actually lower than
the (*'Ne)g determined by our approach. It follows that Ty is
an upper limit, as already concluded in the previous section.
Even if the re-exposure did occur, 7p is not changed, because
(3'Ne()p and 30Arg are not changed.

Assumptions for the rp Calculation

In the calculation of 7p, we made two assumptions: 1) that
fluxes of energetic particles are the same during lunar regolith
exposure and parent body exposure, and 2) that the ratio of the
SW/SEP exposure duration to parent body exposure age,
estimated from GCR-produced 2'Ne, is similar for the Moon
and meteorite parent body surfaces. These two assumptions
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need to be discussed. As for the first assumption, Geiss (1973)
and Wieler (1997) suggested that the SW flux ~4 Ga ago was
higher than today. Below we discuss the consequences of SW
exposure with higher flux in the case of the E chondrites. The
(“OAr/36Ar)yapped Tatios of lunar samples are indicators of the
time when SW implantation occurred (Eugster et al. 1983).
They vary among the Apollo samples (0.42-7.4)
(Hintenberger and Weber 1973; Hintenberger et al. 1974),
which suggests that the Apollo samples consist of soils
exposed to SW at various times (~0—3 Ga) (cf. Eugster et al.
2001). Thus, the (3°Arg/2'Nec), ratio deduced from the
Apollo samples can be taken as the long-term average flux of
solar gases. If the flux of solar gases implanted to the E
chondrites was higher than this long-term average flux, the
result underestimates 7p due to a higher (3®Arg/2!Ne()p ratio.
In this case rp is a lower limit. Thus, the results are not
changed even if the SW flux during the parent body exposure
was higher than the average SW flux: rp is a lower limit.
Regarding the second assumption, by using this assumption,
Anders (1975) and Wieler et al. (1989) inferred that meteorite
parent bodies are located in the asteroid belt. This is also
inferred from reflectance spectra (e.g., Pieters and McFadden
1994) and calculations of meteoroid trajectories (Lowrey
1971; Levin et al. 1976; Wetherill 1976; Ballabh et al. 1978;
Brown et al. 2000), which also indicate that meteorites
originate in the asteroid belt.

Comparison between Formation Regions of E Chondrites
and rp

It is inferred from the mineralogy and chemistry of E
chondrites that they formed in regions within 1.4 AU
(Larimer and Anders 1967; Baedecker and Wasson 1975;
Sears 1980; Kallemeyn and Wasson 1986; Shukolyukov and
Lugmair 2004). Our results indicate that the regolith exposure
occurred at the heliocentric distances of >1.1 AU for ALH
85119 and >1.3 AU for MAC 88136. The similarity in
presumed formation location and exposure location may
imply that the heliocentric distances of E chondrite parent
bodies were relatively constant from their initial formation
stage up to the time of their exposure to the Sun.

Data Deviations from the Correlation Line in Figure 3

Here we discuss the data plotting far above the
correlation lines (marked by arrows in Fig. 3). There are two
possible explanations for the large deviations: 1) preferential
solar gas loss and 2) higher 2!Ne production rate.

With preferential solar gas loss, if 3®Arg loss occurs, the
data would shift to the left and would plot above the
correlation line (Fig. 3). This must be accompanied by the
preferential loss of 20Neg, resulting in lower (2°Ne/3°Ar)g
ratios relative to those not having experienced 2°Neg loss.
However, the (2Ne/3%Ar)q ratios of the samples with the large
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deviations are comparable to those of the others, indicating no
larger loss of 20Neg or 3°Arg.

With a higher 2!Nec production rate, the 2!Nec
production rate depends on target element chemistry and
shielding conditions. The main target element for 2!Nec
production is Mg, which is mainly present in enstatite and
forsterite in E chondrites. It is possible that the samples with
the large deviations are dominated by enstatite and forsterite.
Another possibility is that the samples include irradiated
small grains and/or fragments located at a depth with higher
2INe. production rate. We have assumed that irradiated
materials are mixed continuously in the 0—1 m depth range
during the parent body exposure (Fig. 4a). However, regolith
mixing is an inherently random process. Therefore, it is
possible that part of the irradiated materials spent most of
their parent body exposure time at a depth having a higher
2INe. production rate. We regard “higher 2!Ne production
rate” as the most likely explanation for data plotting above the
correlation lines.

Small deviations from the correlation lines in Fig. 3 may
be due to small diffusive losses of 2!Ne and/or 3%Arg or to
different 2!Ne production rate by variations in the chemical
compositions of samples and/or different shielding condition
during the parent body exposure.

CONCLUSIONS

Concentrations and isotopic ratios of noble gases in the
two E chondrites ALH 85119 and MAC 88136 were
determined in order to calculate heliocentric distances of the
parent bodies, parent body exposure ages, and space exposure
ages. The parent body exposure ages are longer than 6.7 Ma
and 8.7 Ma for ALH 85119 and MAC 88136, respectively,
while upper limits of the space exposure ages are 2.2 Ma and
3.9 Ma. The heliocentric distances at which the regolith was
exposed to the Sun are greater than 1.1 AU and 1.3 AU. They
are not different from the formation regions of E chondrites
(<1.4 AU). This may imply that heliocentric distances of E
chondrites have been relatively constant from their formation
stage to the stage of exposure to the Sun.
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