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We present rare gas and Mg data on the Pink Angel inclusion in the Allen- 
de meteorite; this inclusion is described in a companion paper by Armstrong 
and Wasserburg [I]. It is enriched in Mg, Al, Na and halogens (MASHI), and, 
while it bears similarities with the Ca-Al-rich refractory inclusions, it can- 
not be considered in a simple manner as a direct condensate from the solar 
nebula. The Pink Angel has an interior composed of a fine-grained, porous ag- 
gregate of Fe-rich spinel (60%), sodalite (30%), and grossular (5%) and a rim 
composed of spinel, anorthite, and diopside which appears to have formed as a 
melt and to have coated the interior assemblage. It has been previously dem- 
onstrated in this laboratory that the occurrence of abundant 1 2 9 ~ e  from 1 2 9 ~  
decay is related to the presence of halogen-rich phases in inclusion EK-1-4-1 
[2] and to major sodalite in inclusion 3509 [3]. The present Xe study was 
undertaken to establish this fact also for the Pink Angel, in which sodalite 
again occurs as a well-characterized phase. MASHIs are the most promising link 
between 2 6 ~ 1  and 1 2 9 ~  chronologies in the early solar system. 

Ar and Xe were measured on a sample of the Pink Angel interior (1.4 ng) 
and a sample of the rim (1.2 mg) which included some minor attached matrix. 
The gases were extracted in three temperature steps using a micro-extraction 
assembly [3]. The Ar and Xe data are given in Tables 1 and 2. The total Ar in 
the rim sample is similar to air Ar in composition, but the stepwise release 
shows the Ar to be a mixture of radiogenic 4 0 ~ r  released at low temperatures 
and trapped Ar with high 36~r/40~r released at high temperatures. The rim 
and interior samples contain equal amounts of radiogenic 4 0 ~ r ,  indicating 
probably similar amounts of K in the two lithologies. 3 8 ~ r  in the interior is 
entirely cosmogenic, as estimated from the production rate P38(Ca) = 2.8~10-~ 
ccSTP 38~r/g Ca/m.y. [ 4 ] ,  the cosmic-ray exposure age of 5 m.y. of Allende [5] 
and a Ca content of 2% [I]. We conclude from the spallation Ar in the interior 
that the irradiation history of the Pink Angel is typical of Allende and shows 
no significant pre-irradiation before incorporation into Allende. 

The presence of C1 in the sodalite of the Pink Angel provides,via the re- 
action 3 5 ~ ~ ( n ,  y ~ ) ~ ~ A r ,  a direct monitor of the neutron fluence to which Allen- 
de samples have been exposed. C1 in the interior of the Pink Angel can be 
estimated from the modal composition to be 2% [I], although sodalite is quite 
inhomogeneously distributed on a tarn scale, comprising 10%-50% of the interior 
studied. 3 6 ~ r  in the interior sample is almost entirely derived from 35~l(n,y~) 
3 6 ~ r  reactions. With 3 6 ~ r / 3 5 ~ 1  = 2-l2xl0-~ and u(n,y) = 43 barns for thermal 
neutrons, the calculated neutron fluence to which the Pink Angel has been ex- 
posed is 0.5-3x1014 n/cm2. If this exposure occurred over 5 m,y. as indicated 
by cosmogenic 3 8 ~ r ,  $ =0.3-2 n/cm2sec at that position in Allende, which is 
not out of the ordinary for cosmic-ray induced neutron fluxes in meteorites. 
Ar and C1 have not been measured on the same small fragment, as would be nec- 
essary to draw firm conclusions, but it is clear that the Pink Angel has not 
been exposed to extraordinarily high neutron fluences. 

Xe in the interior sample is essentially all 1 2 9 ~ e  from the decay of 
short-lived 129~. The 129~eI is released simultaneously with 3 6 ~ r  from C1 and 
is certainly contained in the sodalite. Associated with this 129~e is a small 
but significant amount of 128~eI derived from cosmic-ray induced 1s71(n,yB) 
128~e reactions. The 128~e thus provides a measure for the I content of the 
sample. The ratio (128Xe/1J9Xe)I - ~ X I O - ~  is similar to the ratio 5x10-* pre- 
viously observed in the sodalite-rich inclusion 3509 [3], in the FUN inclusion 
EK-1-4-1 [2], and other Allende inclusion samples [6,7]. This implies 129~e/ 
lZ71 similar to the directly determined value 1 2 9 ~ e / 1 2 7 ~  = 1 x 10-4 in 
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3509 [ 7 ] .  Thus the Pink Angel appears to be similar in I-Xe age to other 
Allende inclusions as well as other more metamorphosed chondrites. Most 1 3 2 ~ e  
observed in the core sample is due to procedural blank. There does appear to 
be some slight excess of fission Xe isotopes of - 8x10-l2 ccSTP 136~e/g, pre- 
sumably due to 244~u decay. This XeF is considerably more than would be anti- 
cipated from the U content [8]. However, Th in the Pink Angel is greatly en- 
hanced over U [8] and Pu has been noted to be more similar geochemically to 
REE and Th than to U [9]. Taking Th/U - 50 as inferred from 208~b/206~b [8] we 
calculate 1 3 6 ~ e F / ~ h  - 1.5x10-~, compared to 1.8x10-~ measured in whitlockite 
from the Angra dos Reis achondrite [9]. Thus, the amounts of 136~eF observed 
are compatible with the amounts expected from 244~u fission Xe. We note that, 
in general, in objects such as the Pink Angel in which U and Th contents are 
very low, no fission Xe is noted other than that which can be ascribed to 
244~u (e.g. ,fission Xe from a superheavy element decay or other fissionable 
actinide). Chen and Wasserburg [8] note that U-Th-Pb evolved differently in 
volatile-rich Allende inclusions like the Pink Angel than in the coarse-grain- 
ed Allende inclusions. The observation that 1 2 9 ~ e / 1 2 7 ~  and 136~e/232~h in 
the Pink Angel are not unusual for Allende inclusions would appear to con- 
strain element migration to the early history of the Pink Angel if element mi- 
gration is to account for the U-Th-Pb observations. The rim sample contains 
only small amounts of 1 2 9 ~ e  from I and 3 6 ~ r  from C1 as expected from the ab- 
sence of sodalite in the rim. Trapped Xe and Ar are both clearly present in 
the rim in amounts similar to those measured in bulk Allende samples. 

Previous work on Mg has established the presence of 2 6 ~ g  excesses (*) 
correlated with Al in: a) a spherical 2 rnm inclusion which included grossular, 
hedenbergite and Fe-rich spinel [lo]; b) in type-B inclusions containing anor- 
thite as a minor phase [ll]; c) in melilite in a Type-A inclusion [12]; and d) 
in hibonite bearing inclusions [13,14]. These assemblages in which evidence 
for 2 6 ~ 1  has been obtained represent an extremely wide range of "condensation 
temperatures" and indicate formation of these materials on a scale commensu- 
rate with the 2 6 ~ 1  mean life. The actual phases which are Al-rich and which 
contain excess 2 6 ~ g  range from hibonite to plagioclase and grossular. No Mg 
investigations have previously been reported on low temperature alkali and 
halogen-rich phases except for measurements of amoeboid fine-grained aggre- 
gates which have yielded €iZ6Mg* of up to 3 %, [15]. The Pink Angel provides an 
opportunity of correlated measurements: a) of Mg in the MASHI interior and the 
anorthite-bearing rim,and b) of possible 26~g* effects and the 1 2 9 ~ e  from 1 2 9 ~  
decay in the halogen-rich interior. Samples analyzed for Mg are listed in 
Table 3. Samples of the interior and the rim were analyzed in a first sequence 
of experiments in an attempt to check for the presence of large 26~g*. We note 
that the solutions in acid of the first two interior samples yielded large 
amounts of Mg which correspond to 0.4% and 2.6% of the original sample weight. 
Since the sodalite contains low amounts of Mg,we believe that the extremely 
fine-grained spinels must have been attacked during the dissolution using HF 
and HNO3. This etching would introduce Mg from the low Al/Mg spinels and lower 
the observed 2 6 ~ g  excess possibly present in the high AI/M~ sodalite. To re- 
duce this effect, a third interior sample was leached in HNO3 for 30 minutes 
and the supernate analyzed for Mg; this leach also contained a substantial a- 
mount of Mg. A sample of the rim was dissolved, and the Mg separated and ana- 
lyzed. The data from the Pink Angel show: a) the presence of only extremely 
small 2 6 ~ g  excesses, and b) the absence of isotope fractionation of Mg. It is 
evident that the data show only a hint of excess 2 6 ~ g  in the Pink Angel. Fur- 
ther work is required on phases on which the Al/Mg is measured and shown to be 
sufficiently high. Given the extremely fine grain size in the interior and the 
rim, this will require a major effort. 
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TABLE 1. Ar in rim and interior samples of the Pink Angel inclusion 

12OO0C 21454 41'2 5.25'0.31 3480 
1650°C 1650'20 37 6*8 4.38'0.10 25 0 
Total 300k6 60'4 5.06'0.35 4680 

Interior(l.4mg) 
7 00°C 33'7 2'2 15f15 450 
12OO0C 88'1 4.3'0.6 20.4'1.5 437 0 
1650°C 265'70 158'30 1.68'0.44 7 0 
Total 85'2 63'0. 9 7.40k0.95 4890 

thounts in 10'~ CCSTP/~. Corrected for blank of - ~ X ~ O - ~ ~ C C S T P  Ar with 
air composition. 3 6 ~ r  and 38Ar corrected for mass spectrometer background 
of HC1 corresponding to 5x10-l3 ccSTP 36~r. 

TABLE 2. Xe in rim and interior sam~les of the Pink Anne1 inclusion 

12OO0C 8 8 9.9 5'1 885'20 15'1 80'2 100 40'2 34'2 
1650°C 12.5 6.0 6'1 208'4 14'1 84'3 100 39k2 34'2 

Interior(l.4mg) 
7 00" C 0.9 0.8 6'3 119'9 14'4 72'11 100 44'5 38'5 
1200°C 209 0.8 35'6 27800'800 7'3 80'8 100 51'7 42'4 
1650°C 15.2 0.6 14'4 2420'90 17'4 83'5 100 56'6 39'7 

thounts in 10-lo CCSTP/~. Uncorrected for Blank of 8x10-l4 ccSTP. 

TABLE 3. Mg in the Pink Angel 

Sample Weight Mga ~b 626~gc 

-2 4.3 110 -0.7'0.1 +0.3+0.2 
-3 HN03 leach 2.2 4.6 +0.1+0.2 +0.6'0.3 

Rim-1 0.5 22 +0.3f0.2 H.5f0.3 

aTotal Mg in solution; a significant amount of spinel-rich residue remained 
undissolved. b~sotope fractionation in sample; uncertainties ( 20 ) reflect m dispersion within a single mass spectrometer analysis. A dispersion of 1% 
per amu is seen for multiple analyses [lo]. 
F = [(25~g/24~g)m/(25~g/24~g) -1]x103, where m is the measured ratio and N 

2!? is the ratio in normal Mg, ( M ~ / ~ ~ M ~ ) ~  = 0.12475. '~rrors are 2um; the 
626~g values are calculated af ter correction for mass fractionation. 
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