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ABSTRACT

Late-formed halogen-rich phases in a refractory inclusion and a chondrule from the Allende meteorite exhibit large
36S excesses that linearly correlate with the chlorine concentration, providing strong evidence in support of the
existence of the short-lived nuclide 36Cl (mean life of 0.43Myr) in the early solar system. The inferred 36Cl /35Cl ratios
at the time when these phases formed are very high (�4 ; 10�6) and essentially the same for the inclusion and the
chondrule and confirm the earlier report of 36S excess in another meteorite. In addition, the 36Cl is decoupled from
26Al. The observed and any possible higher levels of 36Cl cannot be the result of a supernova or AGB stellar source
but require a late episode of energetic particle bombardment by the early Sun, in support of the arguments based on the
previous discovery of 10Be. It is now clear that a blend of several sources is required to explain the short-lived nuclei
when the solar system formed.

Subject headingg: solar system: formation

1. INTRODUCTION

There is abundant evidence that short-lived radionuclides
(mean lives ranging from 105 to 108 yr) that are now extinct were
once present in the early solar system (ESS; see McKeegan &
Davis 2003). Evidence for these nuclides is found in minerals in
meteorites that formed in the ESS and is recorded as excesses of
the daughter nucleus that correlate with the abundances of a stable
isotope of the parent element. The possible sources of the short-
lived nuclides are amatter of great debate. Competing hypotheses
include injection of freshly synthesized nuclides into the forming
solar system from various nearby stars such as supernovae (SNe)
or asymptotic giant branch (AGB) stars (see Wasserburg et al.
1994; Cameron et al. 1995; Sahijpal et al. 1998; Busso et al. 1999;
Wasserburg et al. 2006, hereafter WBGN06). In addition, cogent
arguments, both observational and theoretical, have been proposed
that energetic particle irradiation by the active early Sun would
produce many of these nuclei (Shu et al. 1997, 2001; McKeegan
et al. 2000; Goswami et al. 2001; Feigelson et al. 2002; Leya et al.
2003; Desch et al. 2004). Both stellar injection and energetic
particle irradiation mechanisms can produce 26Al (mean life �̄ ¼
1:03 Myr), 41Ca (�̄ ¼ 0:15 Myr), and 53Mn (�̄ ¼ 5:3 Myr) and in
some cases can account for levels observed in primitive meteor-
ites. However, the nuclide 10Be (�̄ ¼ 2:3 Myr) cannot be pro-
duced in stars but requires spallation reactions either in the ESS
(McKeegan et al. 2000; Goswami et al. 2001; Leya et al. 2003)
or in the collapsing cloud (Desch et al. 2004). In contrast, 60Fe
(� ¼ 2:2 Myr) and 107Pd (�̄ ¼ 9:4 Myr) require stellar sources
(Busso et al. 1999; WBGN06). The short-lived nuclides thus
provide vital information about the last nucleosynthetic injection
event from nearby stars immediately before formation of the
solar system and the intense solar activity of the early Sun. This
research area involves diverse disciplinary approaches.

Among the short-lived nuclides, 36Cl (�̄ ¼ 0:43 Myr) has
received little attention. Chlorine is a volatile element and thus
was not incorporated into primary high-temperature phases that
make up unaltered Ca,Al-rich inclusions (CAIs), where evidence
for many short-lived nuclides has been found. 36Cl has a major
branched decay to 36Ar (98.1%, ��) and a minor one to 36S
(1.9%, � and � +; Endt 1990). The search for 36Ar excesses (the
principal decay channel) has not led to any clear evidence in
support of in situ decay of 36Cl at high abundances. A few cases
yielded hints of radiogenic 36Ar excesses, implying 36Cl/35Cl in
the ESS ranging from 1 ; 10�9 to 1:4 ; 10�6 (Villa et al. 1981;
Jordan&Pernicka 1981;Murty&Wasserburg 1996;Murty et al.
1997). These are low levels, and interpretation of some of these
data without a clear correlation with Cl is somewhat uncertain
(Rai et al. 2003). Recent papers by Lin et al. (2004, 2005) re-
ported a linear correlation of 36S/34Swith 35Cl/34S in late-formed
halogen-rich alteration phases of a CAI. The inferred 36Cl/35Cl is
very high (�5 ; 10�6) and exceeds the range for an AGB or
SN source if the delay between AGB injection and formation
of the CAI and alteration is k4 ; 105 yr (Busso et al. 1999;
WBGN06). Furthermore, from consideration of Type II SN
(SN II) yields, it can be seen that the short-lived nuclei 26Al, 36Cl,
etc., may only have negligible SN II contributions to the early
solar system, if one takes into account the observed abundances
of 53Mn and 60Fe. The obvious conflicts between the earlier re-
sults and that of Lin et al. (2005) are not easily reconcilable. These
workers attributed the source of the inferred 36Cl to come from a
supernova source. In addition, Lin et al. (2005) found essentially
no 26Al in the halogen-rich phases. If the 36Cl was produced con-
currently and earlier with the canonical solar value of 26Al/ 27Al�
5 ; 10�5, then it would imply a very high initial 36Cl/ 35Cl>10�3.
This imposes a serious challenge to our current understanding of
how 36Cl and other short-lived nuclei were produced. There is an
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urgent need for more complete and definitive measurements of
the 36Cl abundance to guide future work.

Here we present isotopic studies (S, Mg, and O) of a Cl-rich
inclusion in the Allende meteorite in an attempt to address the
following questions: (1) Was 36Cl widespread in the ESS and at
what level? (2) How does 36Cl correlate with other short-lived
nuclides in the ESS? (3) What is the most plausible source of
36Cl? (4) Under what conditions did the secondary alteration of
CAIs and chondrules occur?

2. SAMPLE DETAILS AND EXPERIMENTAL APPROACH

We have analyzed one altered CAI, named Pink Angel
(Armstrong&Wasserburg 1981), and a nearby porphyritic olivine
chondrule from the Allende carbonaceous chondrite (Fig. 1). The
Pink Angel has been studied earlier (Villa et al. 1981) for 26Al,
129I, and 36Cl using 36Ar (see discussion in WBGN06). The Pink
Angel is a �2 cm diameter CAI that has a large pinkish interior
(90% of the total mass) surrounded by a whitish rim (�400 �m
wide). The interior is a powdery, porous aggregate of spinel (60%
by volume), sodalite (30%), grossular (5%), and some anorthite.

Sodalite occurs in dense patches (up to 50 �m) and often contains
small spinel and grossular grains. The rim is a compact assem-
blage of spinel (40%), anorthite (40%), and diopside (15%), where
sodalite (2%) appears interstitially between anorthite and diopside
grains. In the thin section studied, two porphyritic olivine chon-
drules lie close to the PinkAngel (Fig. 1). The lower left chondrule
also contains numerous sodalite grains, which occur interstitially
between olivine grains. Sodalite does not appear in the lower right
chondrule or in the local matrix. If sodalite formed within the
Allende parent body by secondary processes, sodalite would also
likely occur in both chondrules and the matrix. This observation
strongly suggests that sodalite formed before the CAI and chon-
drule were accreted. Sodalite (Na8Al6Si6O24Cl2) is rich in Na
and Cl. It is not a primitive high-temperature condensate but a
late-formed volatile-rich alteration product (Hutcheon&Newton
1981; Ikeda & Kimura 1995).

Sulfur isotope compositions of sodalite and Mg isotope com-
positions of sodalite and anorthite were analyzed in situ within
polished, C-coated thin sectionswith theCAMECA6f ionmicro-
probe at Arizona State University. Techniques used were similar

Fig. 1.—Backscattered electron images of the Pink Angel and two nearby porphyritic olivine chondrules. The top right inset is of a sodalite grain in the CAI core.
Sodalite often contains small spinel, grossular, and diopside grains. The bottom left inset shows sodalite grains occurring interstitially between olivine grains of one
chondrule. The bottom right inset shows euhedral to subeuhedral anorthite grains between olivine grains of the other chondrule. Mineral phases: (1) sodalite, (2) spinel,
(3) grossular, (4) diopside, (5) olivine, and (6) anorthite.
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to those previously described (Lin et al. 2005). A mass resolving
power of 4300 was used. The dynamic background was constant
over the analysis period at a level of �0.009 counts s�1. The
secondary ion intensities were corrected for background and for
counting system dead time. Canyon Diablo troilite and a terres-
trial sodalite were used repeatedly as standards to check instru-
mental mass fractionation (IMF) and to verify that no 36S excess
exists in these measurements. For both standards and sample,
IMF was internally corrected by using 33S/34S according to a
linear law. To determine the relative sensitivity factor of Cl/S, we
used NBS-612 and NBS-610 glasses, which are reported to con-
tain�16 and 470 parts per million (ppm) S and Cl, respectively.
There is a serious need for better gravimetric standards of S and
Cl at these low levels in an appropriate silicate matrix. Avalue of
0.83 was used in this study for the relative sensitivity of Cl/S.

3. RESULTS

Sodalite grains in the PinkAngel show clear 36S excesses (up to
760c) that linearly correlate with 35Cl/34S (Fig. 2a and Table 1).
The inferred 36Cl/35Cl ratio at the time of sodalite formation is
(3:7 � 0:8) ; 10�6 (2 �). This is essentially the same as that
previously observed in a Ningqiang CAI (Lin et al. 2004, 2005)
and confirms those results. The relative sensitivity factor of Cl/S
(0.58) was used in Lin et al. (2005). If the sensitivity factor (0.83)
determined on the NBS glasses is applied to their data, their in-

ferred 36Cl/35Cl ratiowould be�3:7 ;10�6. Sodalite grains in the
porphyritic olivine chondrule reported here also exhibit large 36S
excesses correlatingwith 35Cl/34S (Fig. 2b). The inferred 36Cl/35Cl
ratio is (4:2 � 1:0) ; 10�6 for the sodalite in the chondrule, iden-
tical within errors to that in the Pink Angel. This suggests that the
late alteration that produced the sodalite occurred at approximately
the same time or the same site (possibly planetary) for both the Pink
Angel and the chondrule.

Sodalite and anorthite within the core and rim of the Pink
Angel show large variations of 27Al /24Mg (from 30 to 3300), but
contain no resolvable 26Mg excesses (Fig. 3), in agreement with
previous data for the same inclusion (Villa et al. 1981). A few
analyses of sodalite in the chondrule yield lowAl /Mg (<20) and

Fig. 2.—Correlation of 36S/34S with 35Cl /34S in sodalite grains from (a) the
Pink Angel refractory inclusion and (b) a nearby porphyritic olivine chondrule.
One analysis was not included in the regression calculation for the isochron in
panel (a). The inferred 36Cl /35Cl ratios were calculated from the proportion of
the decays of 36Cl to 36S. The ratios are essentially the same for the inclusion
and the chondrule. Errors are �2 �. The horizontal dashed line is the normal
36S /34S ratio.

TABLE 1

Sulfur Isotopic Compositions of Sodalite in the Pink Angel

and the Chondrule

Sample 35Cl / 34S

36S/ 34S

(; 103)

Canyon Diablo troilite ................. <0.01 3.396 � 0.008

<0.01 3.394 � 0.006

<0.01 3.399 � 0.007

<0.01 3.392 � 0.007

<0.01 3.396 � 0.007

<0.01 3.384 � 0.005

Terrestrial sodalite........................ 11197 � 498 3.33 � 0.13

6669 � 66 3.36 � 0.08

9983 � 166 3.37 � 0.09

8392 � 146 3.39 � 0.09

6783 � 301 3.39 � 0.11

Pink Angel sodalite...................... 9311 � 733 3.99 � 0.39

37125 � 2737 5.97 � 0.90

19997 � 1458 5.01 � 0.83

46969 � 4476 5.28 � 0.87

13220 � 907 4.39 � 0.44

3174 � 122 3.65 � 0.24

2204 � 44 3.42 � 0.23

Chondrule sodalite ....................... 14283 � 1165 4.61 � 0.49

19090 � 1690 4.68 � 1.12

8078 � 575 3.99 � 0.26

7819 � 1067 3.99 � 0.27

1827 � 349 3.61 � 0.13

Note.—Errors are �2 �.

Fig. 3.—Mg isotopic compositions and Al/Mg ratios of sodalite and anorthite
in the PinkAngel. An upper limit for 26Al / 27Al is 1:7 ; 10�6. Errors are�2�. The
horizontal dashed line refers to the normal 26Mg/ 24Mg ratio of 0.13932.
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exhibit normal Mg isotopic compositions. An upper limit of
26Al/27Al for the Pink Angel is set at 1:7 ; 10�6. If we consider
the canonical value of 26Al /27Al ¼ 5 ; 10�5 as the initial state,
it implies that the time interval for the sodalite formation is
�3.5Myr. This is consistent with the conventional belief that the
time interval is�2Myr between the formation of CAIs and chon-
drules (Huss et al. 2001).

The oxygen isotopes of individual minerals were measured.
Spinel and diopside show typical 16O enrichments with � values
of 18O and of 17O of approximately �45c, and the secondary
phases, sodalite, anorthite, grossular, and hedenburgite, are rel-
atively 16O depleted. The data fall along the carbonaceous chon-
drite anhydrous mineral (CCAM) line in the three-O-isotope
diagram (Fig. 4). The oxygen isotope compositions are com-
patible with extensive alteration of an original CAI with � 18O ¼
� 17O ¼ �50c, where the relict phases are spinel and diopside.
This points to an environment of alteration with ‘‘normal’’
planetary oxygen (terrestrial, bulk meteorites, Moon, or Mars),
which may represent a nebular environment (Clayton &Mayeda
1999). Whether this is the solar value is not known, as the so-
lar oxygen ratios are not precisely known (cf. Hashizume &
Chaussidon 2005). This result on oxygen is typical of CAIs but
represents far more extensive alteration. It appears that CAIs and
chondrules interacted with halogen-richmaterial to form sodalite
long after their original formation. This must have occurred in a
common site for both the precursor to the Pink Angel and the
chondrule before they accreted into the Allende planetary body.
The sources of halogens and Na and the mechanisms of alter-
ation remain to be identified. The evidence for alteration in a
volatile-rich environment is based on the high Na, Cl, and I
contents of this inclusion. As yet, no clear evidence of aqueous
alteration products has been found. If the apparent absence of
water is correct, this must provide a clue to the alteration process.

4. DISCUSSION

These data show that halogen-rich phases in the Pink Angel
and the chondrule contain large 36S excesses that correlate well
with the chlorine concentration and strongly support the argument
for in situ decay of 36Cl. However, these phases are devoid of any
significant 26Mg excesses from the decay of 26Al (Hutcheon &
Newton 1981; Villa et al. 1981; Lin et al. 2005; this work). We
further note that the Pink Angel contains essentially pure radio-
genic 129Xe from the decay of short-lived 129I (� ¼ 23Myr) with
129I / 127I � 1 ; 10�4 (Villa et al. 1981; Swindle et al. 1988). For

this inclusion, Swindle et al. (1988) found that the I-Xe system
was altered by a nonnebular secondary process. This inclusion
does not have any significant amount of 36Ar excess, which is the
principal decay branch of 36Cl (Villa et al. 1981). The cosmogenic
36Ar concentration is very low in the same inclusion [36Ar/35Cl ¼
(2 12) ; 10�9], as is the cosmic-ray–induced 128Xe (Villa et al.
1981). The large 36S excesses in the PinkAngel and the chondrule
cannot result from late cosmic-ray production in the solar system.
We must reconcile these obviously discrepant results along

with the absence of 26Al. The 36Ar produced by the decay of 36Cl
must have been almost completely lost after the formation of the
sodalite. This must also have occurred without any major 129Xe
loss from the same phase. In discussing this matter, it is impor-
tant to consider the structure of sodalite. The sodalite family has
an open aluminosilicate framework structure closely related to
the zeolites. Sulfur is bound in the sodalite crystal structure where
[SO4]

2� substitutes for two Cl� to form solid solutions of (SO2�
4 ,

Cl�)-sodalite-nosean with a large miscibility gap (Kotel’nikov
et al. 2005). Assuming that 36Cl was the source of the 36S ex-
cesses, to interpret the observations concerning 36Ar and 129Xe
we must infer that there was extensive diffusive gas loss of 36Ar
(presumably due to an episode of heating) that occurred after the
sodalite formed and that the duration of this processwas not much
longer than 3–5 Myr. As � 129I ¼ 23 Myr, there would not be
much loss of 129Xe. The 129Xe disturbance inferred by Swindle
et al. (1988) may be due to longer term diffusion or late meta-
morphism that would also cause Ar loss. With regard to sulfur, it
is structurally bound, so the possibility of diffusive loss would
arguably have been small. Diffusion of noble gases from the
sodalite open structure is to be expected. The diffusive loss mech-
anisms in sodalite for Ar, Xe, and S should now be measured in
laboratory experiments to test this hypothesis. We note that a
thermoluminescence study revealed that the Pink Angel experi-
enced a low-temperature (<200�C) metamorphism on its parent
body (Guimon et al. 1995). If this were the only disturbance, it
would place severe constraints on the model outlined above.
We are then left with the issue of what the 36Cl inventory was

at the time when 26Al was present. If the 36Cl is decoupled from
26Al, then this requires a mechanism that produces abundant 36Cl
and negligible 26Al. If the time interval for the sodalite formation
is �3.5 Myr and the observed ratio represents the residue of a
much higher 36Cl inventory coupled with 26Al production, then it
would require a source that is capable of producing 36Cl/ 35Cl �
10�2 and that would presumably also have to be responsible for a
substantial fraction of the 26Al. In both of these considerations,
we conclude that no stellar nucleosynthetic source can be re-
sponsible for the 36Cl inventory, even at the level of 10�4 (Busso
et al.1999;WBGN06). A SN sourcewould only give 36Cl /35Cl �
10�6, and an AGB source would give 36Cl/35Cl ¼ 4:7 ; 10�7,
correlating with 26Al (Busso et al. 1999; WBGN06). Accounting
for the canonical 26Al/27Al from a SN II source would give ex-
tremely high 53Mn and 60Fe in the ESS, which are not observed
(Busso et al. 1999, 2003; WBGN06). The high 36Cl would ex-
acerbate this situation, as a SN II source thatmight have provided
the 26Al would only provide 36Cl /35Cl � 10�6 in this case
(WBGN06). We conclude that the 36Cl case is similar to that for
10Be discovered by McKeegan et al. (2000). The 10Be can only
be explained by spallation reactions. 36Cl can be produced abun-
dantly in particle bombardment by an active early Sun (Goswami
et al. 2001; Leya et al. 2003). The basic question remains as to
whether the models of particle bombardment can adequately
explain several nuclei, including 26Al. If not, then wewould infer
that there was an initial 26Al inventory from a stellar source and
that a later episode of bombardment by the early Sun produced

Fig. 4.—O isotope compositions of mineral phases in the Pink Angel. TF,
terrestrial fractionation line; CCAM, carbonaceous chondrite anhydrous min-
eral line.

HSU ET AL.528 Vol. 640



10Be and 36Cl but did not affect the global inventory of 26Al. It is
not evident that the solar energetic particle (SEP) irradiation re-
sponsible for the 10Be would be responsible for the 36Cl pro-
duction. We note that from all data currently available on 10Be,
there are some clear cases in which this nuclide was present and
26Al was absent. There are also cases in which both are present.
The relationship between 36Cl and 10Be has not been established.
In the case of 36Cl, the chemical source for the late alteration
requires careful consideration. Storing volatiles inside a plane-
tesimal that contains a short-lived nuclide like 36Cl that is here
attributed to an irradiation cannot immediately be explained.

Several irradiation scenarios have been proposed for the si-
multaneous production of short-lived nuclides. These include
irradiation in the interstellar medium by Galactic cosmic rays
(Desch et al. 2004) and SEP spallation reactions very close to an
active proto-Sun (Shu et al. 1997, 2001; McKeegan et al. 2000;
Leya et al. 2003) or at a meteorite-forming region (Goswami
et al. 2001). Irradiation of solarmaterial close to a proto-Sunwould
yield an initial 36Cl / 35Cl ¼ 1:3 ; 10�4 and 26Al/ 27Al ¼ 1:2 ;
10�5 for the case without saturation and 36Cl /35Cl ¼ 4:8 ; 10�5

and 26Al/27Al ¼ 1:0 ; 10�5 for the case with a long-term irradi-
ation (1 Myr; Leya et al. 2003). Irradiation of nebular material by
SEPs at the asteroidal distance could also produce a sufficient
amount of 36Cl close to the measured data, but there is a consid-
erable shortfall in 26Al production (Goswami et al. 2001). This is in
accordwith the absence of 26Al in the sodalite with abundant 36Cl.
It is therefore plausible to attribute the source of 36Cl to a local ir-
radiation, but the theoretical treatment of an irradiationmodelmust

be reconsidered seriously to account for the level of 36Cl observed
in alteration products for CAIs and chondrules. Themechanism of
formation of such alteration products must be resolvedwith proper
consideration of the circumstances in which the volatile elements
like Cl are both formed and stored.

In conclusion, we provide strong evidence in support of the
existence of 36Cl in CAIs, as observed by Lin et al. (2005), but
also in chondrules as well. 36Cl is not correlated with 26Al. These
results on 36Cl indicate that intense late irradiation processes oc-
curred in the ESS, as proposed byWBGN06 based on the data of
Lin et al. (2005). The particle fluence required to provide the
10Be appears to be commensurate with that needed to produce
the observed 36Cl abundances, and such a fluence is also suffi-
cient to make other short-lived nuclides, 41Ca and possibly some
53Mn, but not enough for the 26Al found in meteorites (Goswami
et al. 2001; Leya et al. 2003).
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