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Abstract

We report high precision sulfur isotopic data obtained by sequential extraction from various physically separated phases (bulk,
matrix, and chondrules) from chondrites. A significant excess of >*S (up to A**S of 0.1129%, for Dhajala Chondrule) has been observed
and is most likely carried by chondrule rims, though chondrule interiors cannot be ruled out as a carrier. Stellar nucleosynthesis and
spallation are ruled out as a cause for this anomaly. Photochemical irradiation of sulfur gaseous species in the early solar nebula has,
most likely, produced this anomaly. Observations of mass independent sulfur of photochemical origin suggest that chondrules and their
rims must have formed in an optically thin nebular region. This also suggests that the chondrules were formed near the protoSun when it

was active in ultraviolet light emission.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Sulfur is one of the more important elements in geo and
cosmochemistry. In the reduced environments of the early
solar nebula (where Enstatite chondrites or Aubrites were
formed) sulfur is somewhat analogous to oxygen in that
it condenses to refractory solids from a nebular gas with
a ratio C/O >1, but otherwise solar in composition. Sulfur
condensation initiates in a reducing environments at high
temperatures, with CaS, MgS, AIN, and SiC appearing in
the condensation sequence concomitantly with correspond-
ing oxides (Larimer and Bartholomay, 1979). Reduced
environments of the early solar nebula could be produced
locally either from diffusive removal of water (Pasek
et al., 2005) or by evaporation of carbon rich grains
(Larimer and Bartholomay, 1979). Sulfur is particularly
interesting as it possesses four stable isotopes which may
be utilized to quantify various sulfur components present
in meteorites. Sulfur is the only multi-isotopic element
other than oxygen, where mass independent fractionation
(MIF) has been observed both in nature as well as in
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laboratory experiments. As such, it is a sensitive probe of
chemical reactions. Unlike oxygen, where more than one
process can produce mass independent isotopic composi-
tions (Thiemens and Heidenreich, 1983; Thiemens, 1999;
Gao and Marcus, 2001; Miller et al., 2002), mass indepen-
dent sulfur is in most cases produced by photochemical
reactions (Farquhar et al., 2000c, 2001). Precise measure-
ments of sulfur isotopes in primitive meteorites may thus
uniquely serve as a potential isotopic marker of photo-
chemical processes in the early solar nebula and enhance
our understanding of the origin of isotopic anomalies for
other elements, particularly oxygen where it is likely that
photochemistry is important.

Mass independent sulfur has been observed in a variety
of natural samples such as present day sulfate aerosols in
the Earth’s atmosphere (Romero and Thiemens, 2003),
Archean sediments (Farquhar et al.,, 2000a), sulfur
inclusions in kimberlitic diamonds (Farquhar et al.,
2002), Martian regolith (Farquhar et al., 2000c), achondrit-
ic meteorites (Farquhar et al., 2000b; Rai et al., 2005) and
sulfonic acid extracts from the Murchison (CM) meteorite
(Cooper et al., 1997). It has been demonstrated that the
sulfur products obtained during UV photolysis of sulfur
dioxide fractionate mass independently. Mass independent
sulfur has also been observed in the product of H,S
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photolysis (Farquhar et al., 2000c). A recent review of mass
independent isotopic components is given by Thiemens
(2006).

Chondrites are the most primitive group of meteorites,
composed predominantly of millimeter sized chondrules
cemented together by fine grained matrices. Chondrules
are rounded objects, composed mainly of ferromagnesian
silicates with Fe-Ni metal and minor sulfides (Hewins,
1997). They are one of the earliest formed solids in the so-
lar system (Taylor et al., 1983; Grossman, 1988), along
with CAls (formed within a few million years of one anoth-
er). These are igneous objects that exhibit evidence of hav-
ing undergone transient episodes of heating followed by
rapid cooling before incorporation into chondrites.
Although the mineralogy, bulk chemistry, and textural
properties of typical chondrules provide constraints on
their formation, the exact mechanism of chondrule forma-
tion is still not well understood. The bulk chemical compo-
sition of chondrules, in general, is very similar to that of CI
chondrites except for volatile lithophile elements which are
depleted in Chondrules (Hewins, 1997). Chondrules in
most cases are surrounded by a fine grained rim, which is
shown to be relatively rich in volatiles as compared to bulk
chondrules. There are several types of chondrules observed
in chondrites and all varieties of chondrules are mostly
present in each chondrite class, however the proportions
vary significantly (Sears, 2004).

Several models have been proposed for the origin of
chondrites and chondrules (Boss, 1996). Among them neb-
ular shock wave models (Hood and Horanyi, 1993; Con-
nolly and Love, 1998; Ciesla and Hood, 2002; Desch and
Connolly, 2002) and x-wind models (Shu et al., 1996) have
received considerable attention recently as potential chon-
drule forming processes. In the x-wind model, both chond-
rules and CAls and their rims originated at a distance of
about 0.6 AU (13 times the radius of the Sun) and were
ejected to planetary distances by the solar x-wind, where
they aggregated with the ambient dust to form larger chon-
dritic bodies whereas in nebular shock wave models,
chondrules were formed near the mid plane of the disk with
shock wave processing of ambient grains or dust. In addi-
tion to these nebular models, there are other groups which
suggest asteroidal collision as the origin of chondrules
(Symes et al., 1998; Ruzicka et al., 2000).

Recently Rai et al. (2005) reported the presence of MIF
sulfur in differentiated meteorites. It is striking that despite
several detailed studies of sulfur in primitive chondrites,
anomalous sulfur has not been observed (Hulston and
Thode, 1965; Gao and Thiemens, 1993a,b) except for a
few isolated instances (Rees and Thode, 1977). Later at-
tempts to replicate this anomaly were not successful (Rees
and Thode, 1977; Gao and Thiemens, 1993a,b) indicating
that the observed anomaly is either an artifact or that the
carrier of anomalous sulfur is heterogeneously distributed.
Chondrites, being the most primitive meteorite class,
are the most likely to possess an anomalous isotopic
composition for any element. However, after extensive

measurements, sulfur has been demonstrated to be strictly
normal. The reason may be twofold (1) MIF sulfur was not
present in the solar nebula and the observation of such sul-
fur in differentiated meteorites is not of nebular origin and
is produced by an anomalous, undefined parent body pro-
cesses or, (2) MIF sulfur exists in chondrites but is not
readily observed because of an overwhelming presence of
larger amounts of sulfur of normal isotopic composition.
In order to search for anomalous sulfur, we have initiated
a study of sulfur isotopes in various phases of chondrites
e.g., fine grained matrix, chondrule interiors and rims to
shed new light on the origin of chondrules and chondrites.
In this study, we investigate the sulfur isotopic composition
of these physically separated components by a sequential
leaching method.

It is now established that sulfur undergoes mass inde-
pendent fractionation during UV photolysis of gaseous sul-
fur species present in the early solar nebula and Earth
(Colman et al., 1996; Farquhar et al., 2000c, 2001). A pre-
cise study of sulfur components also has potential bearing
on the origin of chondrites and provides a test for various
models of chondrite formation, particularly the x-wind
model (Shu et al., 1996). In the x-wind model for chondrule
formation, chondrule precursors from an optically opaque
disk were processed through the x-region and subsequently
launched back to the disk by an x-wind (Shu et al., 1996). If
the fine grained rim of chondrules were condensed on
nucleation centers of the protochondrules while the wind
expands and cools (Shu et al., 1996) when lifted out of
the disk by the x-wind, they would have been exposed to
intense UV light from the protoSun. It is therefore possible
that sulfur in both bulk chondrules and their rims might
have experienced strong solar UV light from a protoSun
and a study of sulfur isotopes in matrix, chondrule interiors
and rims might provide both spatial and temporal informa-
tion regarding chondrule formation.

2. Sample preparation and experimental procedure

2.1. Sample preparation

In Table 1, chondrites analyzed in this study are listed
along with their metamorphic grade and weathering

Table 1

Source and details of the chondrites selected for this study

Met. (Class, WC) Source Bulk Matrix Chondrule
Allende (CV3) FMNH?" V4
Dhajala-1 (H3.8) Vv Vv
Dhajala-2 (H3.8) ING® v Vv
EET99404 (H4, B) Jsce Vv Vv
ALHS85033 (L4, A) JsC Vv V4

Hyvittis (EL6) FMNH v

? Field Museum of Natural History, Chicago.
°® Sample obtained form J.N. Goswami, PRL, India.
¢ Johnson Space Center, NASA; WC, weathering category.
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category (for Antarctic Finds). Bulk samples of chondrites
were washed with Millipore water before chemical extrac-
tion of sulfur. Chondrules from individual chondrites were
desegregated using freeze-thaw technique and were hand
picked under a binocular microscope. Subsequently these
chondrules were washed with Millipore water several times
before chemical extraction of sulfur was done. Nearly
500 mg of chondrule fractions composed of all types present
(separation based on their size and type was not attempted)
was used for sulfur extraction. Fine grained matrix is the
material that remains floating after shaking or perturbation
during washing with Millipore water during freeze-thaw
desegregation. These materials ultimately settle to the flask
bottom if left undisturbed and are recovered after evaporat-
ing the water in a drying oven. Sulfur in most cases was
extracted in several steps and the number of steps was eval-
uated based upon the size of the samples and sulfur
concentration.

2.2. Sulfur extraction and fluorination

The chemical extraction procedure of sulfur employed
here is essentially the same as described by Hulston and
Thode (1965). Approximately a few hundred milligrams
of sample was powdered with a steel mortar and pestle
and transferred to a 50 ml boiling flask. Acid volatile sulfur
(sulfide phases) evolved as H,S after reaction with 6N HCl
bubbled through cadmium acetate (0.2 M) with high purity
nitrogen as the carrier gas through water trap using an
apparatus described by Forrest and Newman (1977). H,S
quickly reacted with cadmium acetate to form cadmium
sulfide, which precipitated as silver sulfide by adding
(0.2 M) silver nitrate. Once the sufficient cadmium sulfide
had been accumulated as visualized by yellow colored cad-
mium sulfide, old trap of cadmium acetate was replaced by
fresh ones. Initially these reactions were done at room tem-
perature. However, when the last one did not yield suffi-
cient cadmium sulfide for isotopic analysis, the reaction
temperature was increased to 100 °C. Silver sulfide was
subsequently filtered, dried, and weighed to calculate the
percentage weight of sulfur as sulfide. Nearly 2 mg of silver
sulfide was transferred to an aluminum boat and loaded
into a nickel tube for fluorination overnight at 580 °C.
Product SF¢ was separated from other byproducts and
unreacted BrFs with multiple stage ethanol slush at
—119 °C and was further purified by gas chromatography
using a 1/8-in diameter, 12-ft long column packed with
Porapak-Q. High purity helium was used as the carrier
gas. Ethanol slush at —119 °C was also applied to the
sample tube before collecting SF¢ on the mass spectrometer
cold finger for isotopic analysis. In all the samples, the
remaining HCI after sulfide extraction, was evaporated to
dryness. Subsequently, sulfate extraction was performed
using a reduction solution following the procedure of
Gao and Thiemens (1993a). Except for Dhajala-1 Chon-
drule (which is also very small), none of the samples yielded
measurable amount of sulfate.

The isotopic composition was measured as SFI ion
(mass to charge ratios of 127, 128, 129, and 131) on a
Finnigan MAT 252 triple collector isotope ratio mass
spectrometer at UCSD. Isotopic compositions are reported
in conventional delta notation defined as:

5[8(%0) = [(iRsample/iRstandard) - 1] x 1000 (1)

where 'R =’S/?’S and i is mass of the individual isotopes,
which are 33, 34, and 36 in the case of sulfur. All sulfur iso-
tope data are reported with respect to Canon Diablo troi-
lite. The A**S and AS values are calculated using the
following equation:

N'S(%0) = 'S — 1000| (1 + 6*S/1000)" — 1|, ()

where j is mass 33 and 36, and / are obtained empirically;
0.5114 £0.0014 and 1.895+£0.010 for A*S and A’S,
respectively (see Section 3 for further details).

2.3. Standard analyses and precision

We have performed a large number of standard analyses
on commercially available silver sulfide and troilite from
Cafion Diablo to determine the precision and reproducibil-
ity of our analyses. The typical errors (lo) in 6°°S, §°*S,
and 5°°S mass spectrometer measurements are +0.010%,,
0.010%,, and 0.1009%,, respectively, though the individual
errors of each measurement (which depends on sample size
and several other parameters) are tabulated along with o
values in Table Al. The typical errors of individual A**S
and A*®S are +£0.010%, and 0.1009%,, respectively. During
the course of this study, we have analyzed 11 CDT
standards which yielded a mean value of A*’S = 0.001 +
0.007%, with a standard error value of 0.002 (11 measure-
ments), whereas the mean value of 0°*S is —0.135 + 0.126
(standard error of 0.038) (Rai et al., 2005). Additional
information about the reproducibility and IAEA standard
analyses from the lab at UCSD may be found in Gao and
Thiemens (1993a). Since the variation of sulfur isotope
composition during chemical processing and measurements
are mass dependent, the relatively lower overall precision
of & values do not really affect the precision of A**S and
A*°S which are much smaller.

To ensure that the variations of A are not an artifact of
the stepwise extraction procedure, a homogeneous sulfur
reservoir was prepared by oxidizing commercially available
silver sulfide with fuming nitric acid and subsequently
determining the sulfur isotopic composition using stepwise
extraction with a standard reduction solution (Forrest and
Newman, 1977; Gao and Thiemens, 1993a). The data are
displayed in Fig. 1. Despite experiencing large isotopic
fractionations during stepwise extraction, the A*’S values
of the samples were indistinguishable within the experimen-
tal uncertainty, indicating that the stepwise extraction pro-
cedure used for sulfur isotopes strictly obeys the mass
fractionation law and any deviation observed from mass
dependent fractionation in natural samples is real.
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Fig. 1. Plot of A**S values versus cumulative percent of sulfur release in
each steps from commercially available silver sulfide which shows that
A*S values obtained in various steps are same within experimental
uncertainty. A33S values are calculated using an exponent of 0.512.

3. Results

3.1. Determination of exponent ) for mass fractionation
experiment in laboratory

Most chemical and biological processes in nature frac-
tionate sulfur isotopes mass dependently i.e., the variation
in 0%S is always one half of 5**S and variation in §°°S is
nearly twice of 6**S. Theoretical formulations for equilibri-
um isotopic fractionations have been developed and are
discussed in Urey (1947) and Bigeleisen and Mayer
(1947); and later calculations were further extended to
the sulfur compounds by Tudge and Thode (1950).
Hulston and Thode (1965) showed that for a smaller range
of fractionation, sulfur isotopes obey the following

equations:

0¥S = 0.5156™S (3)
and

0%S = 1.896%S. (4)

These relations can be extended further to a larger range of
fractionations (Hulston and Thode, 1965) provided o
values are redefined in logarithmic form i.e.,

5/1'5 = 10001In {(is/azs)sample/(is/st)std:| : (5)

Substituting this expression into equation (3) and rearrang-
ing yields:

In {(33S/”S)Sample/(33S/3zs)std]

=0.5151In [(348/3zs)sample/(34S/SZS)sldi|

or

[7S/28) e/ ('S /78)
0.515

= [(*S/28) campie S/ 2S)a| (6)

After converting ratios to conventional § notations, we
obtain,

(7528 e/ (7878 ] 141

0.515
= [(*/28) e (“S/2S)gg = 1+ 1] 1+ 675/1000

— [1+6*s/1000] " or,
598 = 1000[(1 + 6%8/1000)"' — 1}, (7)
in the same way,
58 = 1000[(1 + 6%8/1000)"% — 1]. 8)

In any natural fractionation process, sulfur isotopes obey
Egs. (7) and (8). The exponential factors 0.515 and 1.89
were obtained theoretically after a number of approxima-
tions or assumptions and were never verified experimental-
ly. It is vital to determine these values precisely in the
laboratory if one is dealing with very small deviations
(As) from the mass dependent curve defined by Eqgs. (7)
and (8). Since meteorites exhibit a very narrow range of
isotopic  fractionations (Gao and Thiemens, 1991,
1993a,b; Rai et al., 2005), the deviations from the mass
fractionation curve are measured as A values and are
expected to be very small. We performed laboratory frac-
tionation experiments to obtain the precise exponential fac-
tors using commercially available silver sulfide. Prior to
step wise extraction of sulfur (as cadmium sulfide), silver
sulfide is oxidized to barium sulfate by reaction with
fuming nitric acid followed by barium chloride in order
to ensure an isotopically homogeneous sulfur reservoir.
Subsequently sulfur was extracted in three steps which
exhibit a relatively larger range of fractionation which is
ideal for precisely obtaining the exponential factors. Three
more aliquots of the same silver sulfide were also analyzed
where all sulfur was extracted in a single step with reaction
with 6N HCI. The 6 values obtained are plotted as 1000 In
[1+ 6*3S/1000] and 1000 In [1 + 6°°S/1000] on the y-axis
against 1000 In [1 + 6**S/1000] on the x-axis (Fig. 2) and
the slope of these two sets of lines provide required expo-
nential values (see Egs. (6)) (Miller, 2002). It can be seen
clearly that all the data regressed along well defined lines
with corresponding slope values of 0.5114 4 0.0014 (R> =
0.999971) and 1.895 & 0.010 (R* = 0.999989). The nonzero
intercept value of 5°°S is due to CDT normalization of
Ag>S which has non zero value of A*°S. We use these val-
ues to calculate A**S and A*°S in Table Al rather than
0.515 and 1.91 used previously (Farquhar et al., 2002).
Use of these values is further justified by the observation
of a similar slope values for the regression lines on three
isotope plot of sulfur isotope data from chondrites



Mass independent sulfur in chondrites 1345

6 20
o For¥s
Slope=0.5114 + 0.0014 o
4 Intercept = 0.0 + 0.0
— R?=0.999971; n=6 10 —~
3 ]
o 2 A o
- -
%5 Lo &
o 91 %3
[v] Q
2 8
¢ 3
= 7 10 =
£ £
o
g8 1 g
k3 4 For®s F-20 ©
-6 Slope=1.895 + 0.010
Intercept =-0.4 + 0.1
R’= 0.99989, n=6
-8 T r r T -30
-15 -10 -5 0 5 10

1000 In[1+(5*S,,/1000)]

Fig. 2. The function 1000 In[1 + (6**S/1000)] are plotted against 1000
In[1 + (8%3$/1000)] and 1000 In[1 + (6°°S/1000)] to obtain the values of
exponents (in Eq. 3) during chemical fractionation experiment in
laboratory on commercial silver sulfide by step extraction. It can be seen
clearly that the exponents obtained are quite different than those used in
literature.
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Fig. 3. The function 1000 In[1 + (6**S/1000)] are plotted against 1000
In[1 + (5**S/1000)] and 1000 In[1 + (6°°S/1000)] for chondrites from
literature. It can be seen that the slope values are quite similar to those
obtained in laboratory fractionation experiment (Fig. 2).

obtained from the literature (see Fig. 3). When S, §°*S,
and 6°°S from all the chondrite data are plotted on a sim-
ilar three isotope plot, the regression lines have the slope
values 0.5122 4+ 0.0026 and 1.850 4+ 0.034.

3.2. Sulfur in bulk or matrix samples

3.2.1. Total sulfur composition

Sulfur is extracted stepwise from two bulk samples of
Dhajala and Hyvittis and fine grained matrix from Dhajala,
EET99404, ALH85033, and chondrules from Allende,
Dhajala, EET99404, ALH85033. The isotopic composition
of each individual step are reported in Table Al and
summarized in Table 2. Hyvittis has previously been
analyzed for sulfur isotopes (Gao and Thiemens, 1993b)
and has a oS value of —0.16%, as compared to
—0.043%, observed in this study. A*S and A*S values

obtained for Hvittis are —0.029%, and 0.0379%,,, respective-
ly, and are similar within experimental uncertainty to that
obtained from the literature (—0.02%, and —0.10%,). All
three ordinary chondrites are measured first time for sulfur
isotopes. Bulk samples of Dhajala contain nearly 2 wt% of
sulfur with a mean 6°*S value of —0.055%,, which falls
within the range observed in the literature for ordinary
chondrites (Table 2). The mean values of A*S and A*®S
are 0.014% and 0.1389,,, respectively, and are also indistin-
guishable from the corresponding mean values for ordinary
chondrites (Table 2).

3.2.2. Stepwise release

The data of Dhajala-1 bulk and Dhajala-2 fine grained
matrix samples were extracted in four and three steps,
respectively (Table Al), and possess 2.0 and 2.3 wt% S,
respectively. Dhajala-1 bulk showed 0**S values from
—0.937%, in the first step to 0.869%, in the third step
whereas the corresponding values for matrix sample of
Dhajala-2 are —0.146 (first step) and 0.353 (second step).
In Fig. 4a, the A*S of sulfur released are plotted against
the cumulative percentage of sulfur extracted. It can be seen
clearly that in both the samples, A*’S increases with increas-
ing extraction step and the corresponding highest A**S val-
ues are 0.0719,, and 0.0419,, which are clearly resolved over
analytical uncertainty. It is interesting to note that the
weighted mean of both samples are the same within the ana-
lytical uncertainty and indistinguishable from zero.

In EET99404 matrix sample, sulfur is extracted in four
steps and has 1.4 wt% of sulfur as sulfide phase. Its 0**S
values ranges from —0.215%, (first step) to 0.3779%, (second
step) with abundance weighted mean value of all the steps
—0.133 + 0.005%, (Fig. 4c). The A*S of all the steps are
remarkably constant indicating that the sulfur in all the
steps was derived from one single component.

Sulfur in ALH85033 matrix was extracted in two steps
and has a total 1.8 wt% of sulfur as sulfide. It possesses
5**S values of —0.214%, and 1.007%, in the first and last
step, respectively (Table 2 and Fig. 4d). A**S values for
both the steps are 0.010%, and 0.0319,, respectively.

Sulfur in Hvittis was extracted in six steps with 6**S val-
ues range from —1.4679, in the last step to 2.2659, in third
step (Table 2). It has 3.0 wt% sulfur with weighted mean of
5**S from all the steps of —0.043 + 0.005%,. A**S of each
step are plotted against cumulative percentage S release
in Fig. 4b. It can be seen clearly that A*’S starts at
—0.031%, and —0.037%, in the first and second steps and
increase up to 0.0149,, i.e., a total range of variation in
A»S of 0.051%,, which is greater than analytical uncertain-
ty. The weighted mean of A**S is —0.0299%,, which is lower
than the average of enstatite chondrites from the literature
—0.007 + 0.0149%, (mean of eight measurements) (Gao and
Thiemens, 1993b).

3.2.3. Sulfur in chondrules
Dhajala. Sulfur from Dhajala (H3.8) chondrules was
extracted twice, in three and six steps, respectively, for
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Summary of sulfur isotope composition extracted by sequential leaching from various chondrites and their components with respect to CDT along with

data from literature

Sample name S% Range 6°*S (%,) Mean 5**S Range A®S (%,) Mean A**S Range A**S (%,) Mean A*®S
(wt.)

Allende chondrule 0.89 —0.965 to 0.692  0.084 0.009 to 0.023 0.018 —0.251 to 0.190 —0.039
Allende broken 1.78

chondrules
Dhajala-1 bulk 1.98  —0.931 to 0.869 —0.055 0.071 to 0.002 0.014 —0.102 to 0.190 0.138
Dhajala-1 chondrule 0.76  —1.067 to 0.995 —0.068 —0.001 to 0.113 0.025 —0.185 to 0.072 —0.129
Dhajala-1chondrule 0.004 2411 0.148 —2.140

(sulfate)®
Dhajala-1 chondrule + 1.70  —0.308 to 0.855  0.089 —0.001 to 0032 0.010 —0.041 to 0.057 —0.008

matrix
Dhajala-2 chondrule 090  —0.895to 1.226 —0.027 —0.004 to 0.088 0.016 —0.215 to —0.028 —0.155
Dhajala-2 matrix 229  —0.146 to 0.352  0.178 0.004 to 0041 0.009 0.048 to 0.178 0.098
EET99404 chondrule 1.24  —0.155t0 1.301  0.089 0.001 to 0032 0.003 —0.215 to 0.281 0.189
EET99404 matrix 1.40  —0.215t0 0.377 —0.133 0.002 to 0.010 0.008 —0.126 to 0.033 —0.097
ALHB85033 chondrule  0.92  —0.654 to 1.218  0.006 —0.026 to 0.021 —0.017 —0.140 to —0.005 —0.048
ALH85033 matrix 1.84  —0.214 to 1.007  0.085 0.010 to 0.031 0.015 —0.126 to —0.088 —0.117
Hvittis bulk 298  —1.467 to 2.265 —0.043 —0.037 to 0.014 —0.029 —0.114 to 0.220 0.037
From literature®
Carbonaceous chondrites —7.32 to 6.05 0.012 4 0.027 (15)* —0.027 + 0.148(8)
Ordinary chondrites —0.12 to 0.59 0.005 £+ 0.028 (14) 0.278 +0.131 (4)
Enstatite chondrite —0.39 to —0.16 —0.007 +0.014 (8) —0.049 + 0.067(5)
Mean achondrite —0.577 to 1.710 0.040 £ 0.006 —0.013 £ 056
Allende chondrule —0.07 to 0.32 0.00 to 0.05 —0.1t0 0.3

(Size sorted)

@ Numbers in parentheses are number of measurements.
® Carbonaceous chondrite and Allende chondrule data are from Gao and Thiemens (1993a) and ordinary and enstatite chondrite data are from Gao and
Thiemens (1993b); Achonrdite data from Rai et al. (2005) and Farquhar et al., 2000b.
¢ Yield of sulfur is very small and may be contaminated.
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Dhajala-1 and Dhajala-2 (see Tables 1 and Al). They have
a total of 0.8 and 0.9 wt% sulfur with weighted averages for
0%S of —0.068 + 0.005%, and —0.027 & 0.006%,, respec-
tively. Dhajala-1, 9**S shows a much larger range of varia-
tion, from —1.0679%, to 0.995%, whereas Dhajala-2 exhibits
a relatively smaller range with lowest and highest 5°*S of
—0.1469, and 0.352%,, respectively (Table 2). The weighted
averages of A*¥S in Dhajala-1 and Dhajala-2 are 0.025%,
and 0.0169%, and are similar, within the experimental
uncertainty, whereas they display a relatively larger
range of variations (—0.0019,-0.1139,, for Dhajala-1 and
—0.0049%,-0.088%, for Dhajala-2). A**S of individual steps
are presented in Table Al and plotted in Fig. 5a against
cumulative sulfur release. It is apparent that despite
possessing normal bulk average values, both chondrule
fractions have significant, resolvable *°S excesses in the
later stages of sulfur release.

EET99404. Sulfur in chondrules separated from this
meteorite were extracted in three steps and have a total
of 12wt% sulfur with an average o°*S value of
0.089 + 0.0129%,. 5**S values range from —0.155%, in the
first step, to 1.301%, in the second. A*S values, on the
other hand, range from 0.001%, in the first step, with high-
est values of 0.0329, observed in the last step (Fig. 5c). The
average A*’S and A%S are 0.003%, and 0.189%,, respective-
ly, which are essentially inseparable from zero to within
experimental uncertainty. A**S of individual steps are plot-
ted against cumulative sulfur release in Fig. 5c, and a small
excess >°S can be seen in the final step. (Fig. 6).
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EET99404
ALH85033
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Fig. 6. Plot of 0*’S vs 6**S for various steps of sulfur extraction from
chondrules. Bulk samples from literature are included as black circles for
reference. It can be seen that most of the data from the literature lie on the
mass fractionation line whereas data points for Dhajala chondrules clearly
lie above this line.

Allende. The sulfur isotopic composition of various
phases of Allende (CV3) was studied extensively by Gao
and Thiemens (1993a). They also studied the sulfur compo-
sition in size sorted chondrule fractions. In this study a dif-
ferent approach was pursued, and separation of various
sulfur components was achieved based on chemical reactiv-
ity. Sulfur was extracted in six steps which contain total
0.9 wt% of sulfur as sulfide phases with a weighted mean
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Fig. 5. A®3S of various steps are plotted against cumulative sulfur release for physically separated chondrules. The shaded rectangle represents the 2o error

envelope. A**S values are calculated using 0.512 as the exponent.
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of 5**S = 0.056 + 0.007%, (Table 2). The 5>*S values range
from —0.965%, to 0.660%,, which is larger than observed
earlier for size sorted chondrule fractions (—0.07%,—
0.32%,). A*’S values range from 0.009%, (last step) to
0.0239%, (5th step) with a weighted mean of 0.018 +
0.013%,, similar to that observed by Gao and Thiemens
(1993a) for bulk chondrule measurements. In Fig. Sb,
A**S is plotted against cumulative release of sulfur. It can
be seen clearly that sulfur in all the steps falling in or close
to the normal envelope defined by a 2¢ rectangle except for
the fourth extraction step. The weighted average A*°S is
—0.0399%,, which is close to normal (09,) within the exper-
imental uncertainty with minimum and maximum values
for the steps being —0.2519%, (3rd step) and 0.1909, (last
step), respectively.

ALHS85033. Sulfur was extracted in five steps from a
chondrule of ALH85033. It contains 0.9 wt% of sulfur as
sulfide, with average °*S =0.006 + 0.005%, and values
ranging from —0.6549, (1st step) and 1.218%, (3rd step).
A*®S values range from —0.026%, to 0.021%, with an
average for all the steps equal to —0.017%, (Fig. 5d).
Although the A*3S values are close to or fall within the
error envelope, the total internal variation in A®S is
0.0479%, and is higher than the experimental uncertainty.

4. Discussion
4.1. Kinetic fractionation and nonzero A*>S

The isotopic fractionation factors are slightly different
for equilibrium and kinetic fractionation processes, there-
fore it is theoretically possible to produce a small A*S val-
ues with a series of equilibrium and kinetic fractionation
processes (Ono et al., 2006). In the case of chondrite sulfur
there are two possibilities where such scenarios are plausi-
bly likely: (1) during meteorite formation processes e.g.,
condensation and evaporation of sulfur minerals in the so-
lar nebula or parent body processes and (2) during stepwise
extraction in the laboratory. The first is unlikely as the
chondrites in general, possess a very restricted range for
5**S, not allowing for the needed leverage in isotopic frac-
tionation values. Since the fractionation in the stepwise
extraction is kinetic and differs from equilibrium, it is pos-
sible that the observed A**S could be an experimental arti-
fact. We assume that a Rayleigh fractionation process
occurs in the stepwise extraction process. If *Ryy is the ini-
tial isotope ratio of the sulfur reservoir and which subse-
quently evolves to *Ry with a fraction f unreacted then:

XRV X 71
pr— % . 9
R i 9)

Where “o is the relevant fractionation factor for the
process and x is the mass number of isotopes; 33, 34, and
36 in the case of sulfur. All the isotopic ratios are normal-
ized with respect to *S.

Dividing both numerator and denominator by * R4 and
replacing the isotope ratios with ¢ values we obtain:
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Fig. 7. Plot of In(1 + 5°*$/1000) and In(1 + §°3S/1000) against In f. If
Rayleigh fractionation is responsible for the observed fractionation, all
points should fall along the straight line as indicated by the arrow.
Deviation of data points away from the line clearly indicates that
fractionation mechanism other than kinetic are also operating. (in order to
avoid too many zeros y axes are multiplied by 1000).
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After taking the logarithm:

o'S 0'S

ln<1006+1>—(xoc—l)lnf—ln(looV(;)+l). (10)

If In(33L + 1) is plotted versus In f; it should define a
straight line with the slope value of (*o-1). In Fig. 7
(23 4 1) and In(%% + 1) are plotted against In f for
Dhajala chondrules, it can be seen clearly that the Rayleigh
fractionation was operating (as indicated by arrow) during
initial steps but in the later steps which have nonzero A**S
(last step for Dhajala-1 chondrule and last two steps of
Dhajala-2 chondrules) are quite off the line indicating that
the nonzero A*’S are real and come from the differential
reaction rates of different sulfide minerals rather than being

an artifact of Rayleigh fractionation.

4.2. Origin of excess *>S

The observation of mass independent sulfur in chond-
rules (as well as in achondrites; Rai et al., 2005) that
formed in distinct nebular regions requires either a wide
spread reservoir of mass independent sulfur in the early so-
lar nebula or a region where MIF sulfur is produced and
subsequently transported to the meteorite forming region.
Mass independent sulfur, like any other isotopic anomaly
can be produced by a variety of processes, such as (i) stellar
nucleosynthesis, (ii) cosmic ray spallation, (iii) mass inde-
pendent chemical reactions either in the solar nebula or
on the meteorite parent body.

Spallation is ruled out as it produces a nearly constant
ratio of *°S/33S ~ 6 (or A*°S/A*S ~ 8) in the metallic phase
of iron meteorites (Gao and Thiemens, 1991). Unlike, iron
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meteorites, which have both higher concentrations of the
target element (high Fe/S ratio) as well as the requisite high
cosmic ray exposure ages, the analyzed meteorites have
insufficient iron concentrations and cosmic ray exposure
ages. Spallation with other elements with higher atomic
number is less likely because they are relatively less abun-
dant than sulfur in chondrites. Another possibility is that
338 enrichment is produced by thermal neutron capture
on *2S on the parent body (if parent body is large enough)
but this would enrich **S homogeneously in all the sulfur
phases in chondrites and, the observation of a relatively
larger amount of mass dependent sulfur during the initial
extraction steps rules out this possibility.

Sulfur isotopes are synthesized in different stellar envi-
ronments: >>S and **S are made from hydrostatic and
explosive oxygen burning while **S is produced is made
from explosive oxygen and neon burning (Chin et al.,
1996; Woosley et al., 2002; Mauersberger et al., 2004).
363, on the other hand, is produced in very different stellar
environments, such as convective shell C-burning in
hydrostatic conditions in massive stars prior to the SN II
explosion (Woosley and Weaver, 1995). S is also the least
abundant sulfur isotope and any inhomogeneity due to
incomplete mixing of different nucleosynthetic components
of sulfur is more apparent in 9°°S variations. Within the
analytical uncertainty, the **S/>?S of all the steps with ex-
cess >°S is constant (Table A1) indicating that the various
sulfur nucleosynthetic components in the solar nebula were
well homogenized and therefore this possibility can also be
ruled out.

The other alternative is that the mass independent sulfur
in meteorites is of chemical origin. There are three different
ways by which MIF of sulfur can be produced either: (i)
hyperfine nuclear spin isotope effects, or (ii) nuclear field
shift effect, or (i) gas phase photochemistry in the solar neb-
ula. It has been shown that in the course of chemical reac-
tions involving radical pairs (RP), reaction rates depend on
orientation of nuclear spins in the pairs, a manifestation of
the exclusion principle. Singlet-triplet and triplet-singlet
intersystem crossing (ISCs) in the RP under certain condi-
tions may be induced by hyperfine electron—nuclear inter-
actions which cause simultaneous exchanges in nuclear
and electron spin. For example, a triple state may re-phase
to become a singlet, which allows for the reaction to occur,
which is otherwise forbidden as a triple. In this case the rate
of conversion of the triple state to singlet depends upon the
magnet interaction between the nucleus and electron. This
in turn requires that the nucleus must be magnetic and pos-
sess a nuclear spin, otherwise there is no magnetic moment.
As such, the reaction rate is dominated by the presence of a
nuclear spin. For this reason, the magnetic nuclide domi-
nates in reaction over the non magnetic. This effect is max-
imized when the radicals pairs are confined to a physical
space that serves as a cage that restricts diffusional and
rotational motion of the partner of the pair but that also
permits reencounters of the partners within a period that
allows the nuclear spin to manifest itself in the reaction rate

(Turro, 1983). If one radical of the pair diffuses prior to
recombination, the identity is lost and the isotopic selection
vanishes. For this reason the effect does not occur in the
gas phase where diffusion is too rapid. Mass Independent
enrichment of **S of more than 2% has been observed in
the photolysis of Phenyl-acyl-phenyl-sulphone in SDS mi-
celles (Step et al., 1990) and is suggested to arise from the
magnetic properties of **S. In this case, there is a very effec-
tive solvent medium that restrains the radical pairs in the
‘solvent cage’ which produces the isotope effect. The other
important criterion for formation of a triplet radical is the
interaction with an energetic photon. Such a scenario is
unlikely under solar nebula conditions though ostensibly
possible on a parent body as aqueous alterations occur
on many chondritic parent bodies. A solvent, with a high
density of organics would be mandatory and there is little
evidence, if any, from meteorites that a high molarity
organic solution was present.

The nuclear field shift isotope effect is a displacement of
ground electronic energy of an atom or molecule due to
differences in the nuclear size and shape of an isotope.
The magnitude of the shift depends on two factors: (1)
electron density at the nucleus and (2) the charge, size
and shape of nucleus, and change of the latter two between
isotopes (Bigeleisen, 1996). Since the isotopes of an element
have the same nuclear charge (number of protons) but dif-
ferent average radius, the field shift is proportional to the
isotopic difference in nuclear charge radius (King, 1984).
Recently it has been utilized to explain isotopic anomalies
found in refractory inclusions of chondrites (Fujii et al.,
2006). It has been shown that the field shift effect is
intimately related to mass dependent fractionation (or
vibrational isotope effect) (Bigeleisen, 1996; Fujii et al.,
2006) therefore for visible MIF of *3S, a relatively large
mass fractionation is required. For heavy elements like
Uranium, mass dependent fractionations are small
compared to field shifts (Bigeleisen, 1996) but for sulfur,
vibrational effects should be much higher. Therefore any
MIF of sulfur due to field shift is also accompanied by a
larger change in 5**S and §°°S. The relatively narrow range
of 3**S in steps with positive A*S rules out such a possibil-
ity at present for sulfur.

It has been well established that a mass independent
isotopic composition for sulfur and oxygen isotopes can
be generated in the Earth’s and Martian atmosphere
(Farquhar and Thiemens, 2000; Farquhar et al., 2000a,
2002) which may be subsequently transferred to the surface
rocks. Mass independent sulfur has also been observed
sulfonic acid extracts from the Murchison meteorite (Coo-
per et al., 1997). In the laboratory, mass independent frac-
tionation of sulfur isotope has been observed in the
photopolymerization of CS, CS, (Colman et al., 1996)
and photolysis of SO, and H,S (Farquhar et al., 2000c,
2001). Photolysis of SO, has been studied extensively (Far-
quhar et al., 2001) and it has been demonstrated that mass
independent isotopic fractionation effects are wavelength
sensitive. A moderate wavelength dependency has also
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Fig. 8. The A**S vs A*S for various meteorite classes are plotted. Also
plotted are mixing line connecting mass independent fractionation
observed in laboratory photolysis experiments and mass dependent sulfur
[(0,0) on this plot]. Photolysis data are from Farquhar et al. (2000c, 2001)
and Colman et al., 1996. Data for meteorites are from Farquhar et al.
(2000b) and Rai et al., 2005.

been observed for photopolymerization of CS and CS,
(Colman et al., 1996). In Fig. 8, mass independent fraction-
ation characteristics for various laboratory experiments are
shown. It can be seen that none of the reactions produce
only S excess without equal or larger effects in *°S, which
is not been observed in meteorites. Though the meteoritic
data are closer to the SO, photolysis line, it is probably
irrelevant due to the presumed lack of SO, in the early so-
lar nebula. In the H,S photolysis product, **S depletion has
been observed whereas A*®S is zero within experimental
uncertainly. It is thus possible that the residual H,S may
be responsible for the observed anomaly. For H,S, photol-
ysis experiments have been performed for only one wave-
length (Farquhar et al., 2000c) and it is possible that like
SO,, fractionation during photolysis is wavelength depen-
dent. Photochemical fractionation data for all these species
are needed at shorter wavelengths that are more relevant to
early solar nebula (Canuto et al., 1983). Thermodynamic
chemical equilibrium models predict that in a nebular gas
that is more reduced than solar (C/O > 0.95) but possess-
ing an otherwise solar composition and at higher tempera-
tures, SiS is the most abundant sulfur bearing gas and MgS
and CaS compete with FeS as the main sulfide reservoir
(Pasek et al., 2005). Thus gas phase SiS may be one of
the important species where photochemical fractionation
data are required and which may be more relevant for
the observed anomaly.

4.3. Carrier of excess *>S

Out of the four chondrule samples studied here, two
samples of Dhajala showed clear **S excesses in the last
or last two steps of Dhajala-1 and Dhajala-2, respectively
(Fig. 5a). Although these trends in A*S can also be
observed in chondrules from EET99404 and ALHS85033

in the later steps of sulfur release, the majority of sulfur
released in initial steps of ALH85033 is relatively depleted
in *3S. Similar to chondrules, Dhajala-1 bulk and Dhajala-
2 matrix samples show excess >°S in the final extraction
steps but the magnitudes of **S excesses are relatively
smaller. The matrix does not seem to carry excess °>°S as in-
ferred from the fairly constant A**S values in all the steps
of EET99404 matrix (Fig. 4). Chondrules seem to be a car-
rier of mass independent sulfur in chondrites. The relatively
larger *3S excess in bulk sample of Dhajala as compared to
the matrix is most likely coming from chondrules which
contribute a large fraction of total mass in chondrites. A
small excess in >>S observed in matrices of Dhajala and
ALHS85033 may be due to fine chondrule fragments in ma-
trix (Scott et al., 1988). In chondrules, most of the sulfur is
concentrated mainly in chondrule rims (Hewins, 1997)
though a very small fraction (~0.002 wt%) of the total sul-
fide is carried by chondrule interiors of Dhajala which also
has excess>’S (Table Al). This is the only chondrule sample
where sulfur measurements were possible after crushing of
the pre acid extracted chondrules. During pre extraction
nearly all the sulfur in the rims is expected to be removed
and further acid extraction after crushing allows sulfur
from the chondrule interiors to react with acid. From this
single data point, it seems likely that sulfur within the
chondrule also has excess >*S, though further investigation
is needed to substantiate this. It can be seen that in most
cases the highest **S excess was observed in the later steps
of extraction implying that the carrier is relatively slow to
react with acid.

In achondrites, we have argued that MIF sulfur was car-
ried by oldhamite (CaS) or refractory sulfide phases (e.g.,
MgS, Nininggerite; MnS, Alabandite etc.) formed under
reducing conditions (Larimer and Bartholomay, 1979) in
the solar nebula (Rai et al., 2005). The MIF sulfur was pro-
duced by photochemical reactions by solar UV radiation
from a UV active protoSun. Most sulfur present in chond-
rules and their rims has been shown to be carried as troilite,
(Lauretta et al., 1996; Tachibana and Huss, 2005), but the
presence of refractory sulfides condensed in a reduced
nebular gas has been indirectly inferred by peculiar REE
patterns observed in two chondrules from ordinary chon-
drites (Pack et al., 2004). It is also possible that initially
MIF sulfur was preserved as refractory sulfide phases,
which is unstable under oxidizing conditions in the solar
nebula or inside a chondrite parent body and subsequently
transformed to troilite. Mass independent sulfur reservoirs
could be produced by UV photolysis reactions by high
energy UV irradiation from the protoSun as suggested by
Rai et al. (2005).

4.4. Sulfur isotopic constraint for the formation of
chondrules and their rims

There are many models proposed for the origin of
chondrules and their rims (Boss, 1996; Hewins, 1997). All
of these aim to explain following properties of chondrules:
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Table Al
Sulfur isotope composition of various physically separated components of chondrites
Sample name Conc. With respect to CDT

Y% wt. S 5 +Error s +Error 5% +Error A¥S A*'S
Allende (CV3) chondrule
Tl 0.11 —0.473 0.009% —0.965 0.004 —1.797 0.136 0.021 0.031
T2 0.18 -0.014 0.012 —0.051 0.008 —0.124 0.151 0.012 —0.027
T3 0.15 0.350 0.010 0.660 0.009 1.010 0.110 0.012 —0.251
T4 0.11 0.373 0.026 0.692 0.019 1.462 0.428 0.019 0.149
TS 0.31 0.049 0.008 0.051 0.007 0.040 0.113 0.023 —0.057
T6 + heat 0.03 —0.005 0.011 —0.027 0.006 0.138 0.120 0.009 0.190
Weighted mean® 0.89 0.061 0.012 0.084 0.009 0.122 0.162 0.018 —0.039
Allende (CV3) broken chondrule
BT1 0.046 —0.745 0.010 —1.434 0.005 —2.886 0.126 —0.011 —0.170
BT2 0.155 —0.771 0.010 —1.527 0.004 —3.145 0.083 0.010 —0.230
BT3 0.101 0.301 0.010 0.616 0.008 0.871 0.101 0.014 —0.297
BT4 0.084 —0.286 0.008 —0.584 0.004 —1.120 0.086 0.013 —0.014
BT5 0.044 —0.238 0.009 —0.506 0.004 —1.190 0.082 0.021 —0.231
BT6 0.714 0.178 0.008 0.323 0.004 0.481 0.113 0.013 —0.132
BT7 0.079
BTS 0.370
BT9 0.104 0.223 0.013 0.384 0.004 0.562 0.126 0.027 —0.172
BT10 + heat 0.080 0.130 0.006 0.203 0.007 0.246 0.110 0.026 —0.142
Mean 1.777
Dhajala-1 (H3.8) bulk
Tl 0.63 —0.477 0.010 —0.937 0.008 —1.585 0.165 0.002 0.190
T2 0.53 —0.180 0.009 —0.377 0.003 —0.685 0.060 0.013 0.035
T3 0.78 0.467 0.008 0.869 0.006 1.838 0.068 0.023 0.178
T4 + heat 0.035 0.115 0.016 0.087 0.008 0.064 0.177 0.071 —0.102
Weighted mean 1.98 —0.014 0.009 —0.055 0.006 0.038 0.099 0.014 0.138
Dhajala-1 (H3.8) chondrule
Tl 0.13 —0.547 0.010 —1.067 0.008 —2.009 0.084 —0.001 0.012
T2 0.52 —0.008 0.012 —0.039 0.004 —0.259 0.110 0.012 —0.185
T3 + heat 0.11 0.600 0.010 0.953 0.005 1.781 0.126 0.113 —0.040
Crushed 0.002 0.636 0.013 0.995 0.007 1.973 0.128 0.127 0.072
Mean 0.76 —0.011 0.011 —0.068 0.005 —0.257 0.108 0.025 —0.129
Dhajala-1 (H3.8) chondrule + matrix
CM-T1 1.12 —0.159 0.013 —0.308 0.008 —0.625 0.169 —0.001 —0.041
CM-T?2 + heat 0.58 0.469 0.009 0.855 0.004 1.691 0.082 0.032 0.057
Weighted mean 1.70 0.055 0.012 0.089 0.007 0.165 0.139 0.010 —0.008
Dhajala-1 (H3.8) sulfate
SO, 0.004 1.404 0.019 2.441 0.011 2.527 0.435 0.148 —2.140
Dhajala-2 (H3.8) matrix
Tl 0.78 —0.071 0.005 —0.146 0.003 —0.108 0.102 0.004 0.169
T2 1.34 0.188 0.004 0.352 0.003 0.720 0.070 0.008 0.048
T3 + heat 0.17 0.188 0.008 0.287 0.008 0.726 0.159 0.041 0.178
Weighted mean 2.29 0.100 0.005 0.178 0.003 0.438 0.088 0.009 0.098
Dhajala-2 (H3.8) chondrule
Tl 0.163 —0.454 0.009 —0.895 0.004 —1.745 0.144 —0.004 —0.049
T2 0.382 —0.200 0.007 —0.416 0.006 —1.003 0.116 0.013 -0.214
T3 0.118 0.139 0.009 0.260 0.008 0.362 0.067 0.006 —0.130
T4 0.13 0.592 0.007 1.142 0.005 1.950 0.142 0.008 —0.215
TS 0.067 0.713 0.011 1.226 0.007 2.249 0.136 0.088 —0.075
T6 0.035 0.368 0.009 0.565 0.006 1.044 0.229 0.080 —0.028
Weighted mean 0.895 0.004 0.008 —0.027 0.006 —0.206 0.124 0.016 —0.155
EET99404 ( H4) matrix
Tl 0.943 —0.100 0.008 —0.215 0.004 —0.533 0.132 0.010 —0.126
T2 0.052 0.195 0.009 0.377 0.012 0.632 0.124 0.002 —0.088
T3 0.124 —0.016 0.007 —0.039 0.008 —0.041 0.139 0.004 0.033
T4 + heat 0.276 0.008 0.005 0.010 0.005 —0.041 0.099 0.003 —0.060
Weighted mean 1.395 —0.060 0.007 —0.133 0.005 —0.349 0.126 0.008 —0.097

(continued on next page)
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Table Al (continued)

Sample name Conc. With respect to CDT

Y% wt. S %8 +Error s +Error 5%%s +Error A*S A*®S
EET99404 (H4) chondrule
Tl 0.998 —0.078 0.004 —0.155 0.012 —0.013 0.110 0.001 0.281
T2 0.196 0.671 0.007 1.301 0.008 2.271 0.119 0.006 —0.215
T3 + heat 0.044 0.143 0.007 0.217 0.020 0.324 0.299 0.032 —0.091
Weighted mean 1.238 0.048 0.005 0.089 0.012 0.361 0.118 0.003 0.189
ALHS85033 (L4) matrix
Tl 1.39 —0.100 0.009 —0.214 0.005 —0.533 0.132 0.010 —0.126
T2 + heat 0.45 0.545 0.007 1.007 0.007 1.821 0.119 0.031 —0.088
Weighted mean 1.84 0.058 0.009 0.085 0.005 0.043 0.129 0.015 —0.117
ALHS85033 (L4) chondrule
T1 0.38 —0.352 0.011 —0.654 0.005 —1.283 0.095 —-0.017 —0.044
T2 0.28 —0.044 —0.007 —0.036 0.004 —0.074 0.092 —0.026 —0.005
T3 0.17 0.610 0.007 1.218 0.006 2.228 0.110 —-0.013 —0.100
T4 0.05 0.481 0.006 0.957 0.005 1.753 0.111 —0.008 —0.076
T5 + heat 0.04 0.136 0.006 0.224 0.005 0.288 0.111 0.021 —0.140
Weighted mean 0.92 —0.014 0.004 0.006 0.005 —0.033 0.098 —-0.017 —0.048
Huvittis (EL6) bulk
T1 1.20 —0.389 0.007 —0.699 0.005 —1.104 0.065 —0.031 0.220
T2 0.591 —0.117 0.011 —0.156 0.006 —0.412 0.090 —0.037 —0.114
T3 0.634 0.417 0.008 0.877 0.005 1.570 0.071 —0.031 —0.106
T4 0.361 0.042 0.009 0.125 0.006 0.173 0.124 —0.022 —0.066
T5 0.130 1.146 0.008 2.265 0.004 4.369 0.077 —0.012 0.038
T6 + heat 0.063 —0.737 0.006 —1.467 0.005 —2.835 0.097 0.014 —0.035
Weighted mean 2.979 —0.052 0.008 —0.043 0.005 —0.041 0.080 —0.029 0.037
Com Ag,S-oxidized (normalize with respect of single shot extraction of same Ag2S#3)
T1 (Ag2S#1) 2.11 -17.577 0.011 —14.79 0.01 —27.99 0.151 0.014 0.060
T2 (Ag2S#1) 8.35 1.213 0.015 2.317 0.006 4.497 0.122 0.000 —0.037
T3 (Ag2S#1) 1.82 3.776 0.011 7.353 0.008 14.08 0.106 0.021 —0.011
Weighted mean 12.28 0.083 0.014 0.124 0.007 0.335 0.125 0.006 —0.016
AgSH1 (Ag,SH2) 0.048 0.011 0.134 0.008 0.372 0.154 —0.020 0.119
Ag2S#2 0.027 0.007 0.046 0.005 0.362 0.095 0.004 0.275
Ag2S#3 0 0.015 0 0.005 0 0.125 0 0
Ag2S#3 (CDT) 0.665 0.015 1.214 0.005 1.816 0.125 0.040 —0.504

Sulfur is extracted by sequential leaching to resolve components of various chemical resistance. All the data was reduced using 0.512 and 1.895 for
calculation of A¥S and A3®S, respectively, which is obtained by fractionation experiments done in our laboratory.

* Error reported for individual samples are the root mean square error of three repeated measurements (in most cases).

® Abundance weighted mean is obtained by summation of abundance multiplied by value (either 6 or error) divided by total abundance. In the weighted

mean calculation, weighing error has not been propagated.

(1) flash heating that can heat chondrule precursors temper-
ature higher than 1600K, followed by rapid cooling which
requires environment that facilitate fast cooling of chond-
rules, (ii) rims are quite common in chondrules and the
mechanism which produce chondrules also participates in
rim formation, (iii) it should explain size sorting of chond-
rules among chondrites and (iv) since chondrules are pres-
ent in all chondrite classes which formed and accreted in
very different physicochemical environment in the solar
nebula, any chondrule forming process should be wide
spread in the nebula or if it is formed in localized region,
requires an appropriate transportation mechanism through
which chondrules transported from this location to the re-
gion where chondrites were accreting. Observation of mass
independent sulfur of photochemical origin places an addi-
tional constraint on these models. Chondrules that formed
in the nebular disk that requires it to be optically thin such

that sulfur rich precursor gas could irradiated by UV light
from the protoSun (Rai et al., 2005). Though x-wind and
nebular shock wave models (Connolly and Love, 1998; Cie-
sla and Hood, 2002) can explain several of these properties
if not all, production of MIF sulfur via the x-wind model is
favorable because it is only this model that affords a mech-
anism for chondrule precursors to be irradiated with high
energy UV light from the early Sun (Shu et al., 1996,
1997). In the x-wind model, mass independent sulfur pro-
duced either in the x-region or along the edges of the disk
that could see direct UV light from sun as material move
towards the x-region with time, as suggested by Rai et al.
(2005). Upon reaching the x-region, MIF sulfur is incorpo-
rated into chondrules, or condensed as a rim during its tra-
versal back to the disk by an x-wind. In a nebular shock
model, chondrules are formed near the mid plane of the
optically opaque accretion disk with a highly enhanced
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dust/gas ratio (Hood and Horanyi, 1993; Ciesla and Hood,
2002), and hence it is difficult to explain the presence of
MIF sulfur within the framework of the present model.

5. Conclusions

Here, we have shown the presence of mass independent
sulfur in chondritic meteorites. This sulfur is mostly carried
by chondrule rims but phases in the chondrule interior can
not be ruled out at present. The new stepwise extraction
technique developed here exerts an important role in
resolving mass independent sulfur which would, otherwise
not have been possible to recognize due to mixing with
large amounts of normal sulfur. The observation of mass
independent sulfur of photochemical origin in several
differentiated and undifferentiated meteorites identifies the
importance of photochemistry in the early solar nebula.
None of the photolysis experiments involving various
gaseous species of sulfur can produce only **S excess and
further experiments more importantly at the shorter wave
lengths relevant to the early solar nebula are required.
Among the various models for chondrules formation, the
x-wind model is more favorable as it is capable of irradiat-
ing precursor material with direct UV light from the
protoSun.
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