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Introduction: This work is dedicated to the memory
of Brian Mason. We report on the mineralogy, petrol-
ogy, chemistry, oxygen isotopes, *Al-*Mg and
%C|-*s isotope systematics of the Allende chondrule
AlI3509 discovered and described by [1] and [2]. This
spherical object (~1cm ¢) contains ~10% Na and 1%
Cl, and nearly pure #Xe [(**Xe&*) = 1.1x10™* [3)].
This high enrichment in halogens makes it of interest in
searching for radiogenic *S from *Cl (ty, ~ 0.3 Ma)
decay. While there is strong evidence for the presence of
%Cl in sodalite and wadalite in CV CAls [4,5], some
sodalites show no evidence for excesses of S (¥*S¥). In
contrast, high inferred initial **Cl/**Cl = 2x10™° has been
found in wadalite from the Allende CAI AJEF [5]. The
observed **S excesses in sodalite are not correlated with
radiogenic Mg, decay product of %Al (ty, ~ 0.72 Ma)
[4]. From the inferred initial *°Cl/**Cl ratios and consid-
eration of both AGB and SNe stellar sources, **Cl must
be the product of charged particle irradiation within the
early solar system. However, neither the specific nuclear
production mechanism nor the irradiation site have been
identified. Both sodalite and wadalite are found as late
stage dteration products of CAls together with grossu-
lar, monticellite, Al-rich pyroxene, wollastonite,
nepheline, ferroan olivine, and ferroan pyroxenes. This
late-stage dlteration has been found to extensively
change some CAls in Allende, but clear residues of
spinel, hibonite and Wark-Lovering rims are recogniz-
able remnants of the origina CAls. The nature of the
widespread volatile alteration process as well as that of
the fluid phase remain controversial.

Results and Discussion: Our studies were carried
out on two new polished sections of Al3509, Mann#1
and #2. Figures 1a, b show the combined elemental K,
x-ray maps in Mg/Cl (red), Ca/Na (green) and Al/Fe
(blue). The chondrule is radially zoned in Na, Cl, Ca,
Fe, Mg, and Al (Figs. 1ab); the zones are numbered
from 1 to 9 and illustrated in Figures 1c, d. The chon-
drule consists of fine-grained ferroan olivine, ferroan
high-Ca pyroxene, nepheline, sodalite, and andradite,
and is crosscut by numerous veins of nepheline, sodalite,
and ferroan high-Ca pyroxene. The mineralogy and
mineral chemistry of Al3509 are close to those found as
the ateration products of Allende CAls and chondrules,
which are attributed to late-stage iron-akali-halogen
metasomatic ateration of primary high-temperature
minerals.

The Al-*Mg isotopic data for sodalite and ferroan
pyroxene in AI3509 (Fig. 2% show no resolvable excess
of Mg (PAl/Z’Al < 3x10°°). All sodalite grains meas-
ured for **CI-**S isotope systematics show Iarge but
variable ®S*; however, there is no correlation of *S/*'S

with *CI/**S (Fig. 3). We infer that (i) **S* is due to
decay of **Cl originally present in AI3509, and (ii) the
radiogenic *°S was redistributed during subsequent ther-
mal metamorphism. An analogous process (post forma-
tional heating to ~800K for ~1 Ma) has been proposed
by [6] to explain the general absence of **Ar, the princi-
pal decay product of *Cl, which has not yet found in
sodalite grains (but with the preservation of X e*).

Oxygen isotopic data of ferroan olivine, ferroan py-
roxene, sodalite, nepheline, and olivinetchlorite(?) in
AI3509 plot along a mass-dependent fractionation line at
AY0 ~ —2.5%0 (Fig. 4). This pattern is the same as found
in secondary minerals resulting from iron-alkali-halogen
metasomatic alteration of Allende CAls and chondrules
and in melilite and anorthite of most CAls in Allende
[eq., 7,8]. The oxygen-isotope data suggest that the
AlI3509 minerals precipitated from or equilibrated with a
fluid of similar oxygen isotopic composition. These ob-
servations suggest that the formation of AI3509 and al-
teration products in CAls and chondrules in Allende
requires a very similar fluid phase, greatly enriched in
volatiles (e.g., Na and Cl). We argue that internal heat-
ing of even small planetesimals by °Al would effi-
ciently transfer volatiles to their outer portions and en-
hance the formation of minerals highly enriched in vola-
tiles. We conclude that this volatile rich outer zone was
the site for production of the Na- and Cl-rich fluids re-
sponsible for the formation of Al3509 and the alteration
of Allende CAls and chondrules transported into this
zone. This event must have occurred on a protoplanetary
body prior to incorporation into the Allende meteorite.

A difficult problem exists with regard to the produc-

tion of **Cl by solar energetic particle irradiation. Irra-
diation of dust would produce other short-lived nuclei
such as %Al, which is not observed to co-exist with *Cl
in any systematic pattern. A possible solution would be
irradiation of ice (with little dust) that is highly enriched
in Cl. This scenario would co-produce B and Li isotopes
and we suggest these effects should be looked for in
AI3509 and other sodalite- and/or wadalite-rich rich
samples.
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(2005) Proc. Nat. Acad. Sci., 102, 1306-1311. [5] Jacobsen B.
et al. (2009) LPS 40, #2553. [6] Turner G. et al. (2009) MAPS
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1 Fig. 3. Chlorine-sulphur isotope diagram of
sodalite in AI3509 and analyses of terres-
trial sodalite.
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Fig. 1. Combined elemental 3

(blue) and ClI (red), Na (green), and Fe (blue) ((a) and (b), respec- =

tively) and backscattered electron images ((c) and (d)) of the Allende £
§.
o

chondrule AI3509, Mann#1. The chondrule is rich in Al and Ca, but
contains no identifiable Mg-rich phases, typically observed in CaAl-
rich chondrules and CAls. It shows radial chemical and mineralogical
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matrix, & lithic clast

zoning (1-9) and is surrounded by athin fine-grained rim (FGR). The .} © sod, CAITS?I

yellow and green colors in Fig. 1b correspond to sodalite- and O e CAL TR
nepheline-rich portions of the chondrule that is depleted in Fe and %} o . lithic clast 3529
highly enriched in Cl and Na compared to the adjacent Allende ma- S0 W0 30 20 a0 0 10 2
trix. Fig. 1c and 1d show the core and the mantle portions of Al3509. 3180gnow (%o)

The chondrule has a quenched texture and consists of sodalite (sod),
nepheline (nph), ferroan olivine (ol), ferroan high-Ca pyroxene (cpx),
andradite (and), and possibly chlorite (chl).

Fig. 4. Three-isotope oxygen diagram of
ferroan Al-diopside (px), nepheline (nph),
sodalite (sod), ferroan olivine (ol) and a
mixture of ferroan olivine and chlorite
(ol+chl(?)) in AI3509 (this study) and of
secondary Ca,Fe-rich pyroxenes (px) and

0.14800 T sodalite in the Allende matrix, rim around
I @ Sodalite Allende CAl TS24 (data from [7]), and Al-
0.14600 | ® Pyroxene| lende dark inclusion 3529 (data from [8]);
i error bars are 2. Oxygen isotopic composi-
o 0-14400 1 tions of all these phases plot along mass-
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g 0.14200 | ] of ~—2.5%o suggesting precipitation from or
8 I —e— equilibration with a fluid of similar O-
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Fig. 2. Aluminum-magnesium isotope diagram of
sodalite and ferroan Al-diopside in Al3509.
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