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Introduction:   Sulfur is a cosmochemically im-

portant element with four stable isotopes. It is the only 
element besides oxygen where a mass independent 
fractionation (MIF) has been observed both in nature 
[1-4] and the laboratory [4,5]. Unlike oxygen, where 
more than one process can produce MIF, sulfur MIF is 
exclusively of photochemical origin.  Recently we 
have demonstrated a mass independent sulfur of pho-
tochemical origin in achondritic meteorites [6]. De-
spite observations of mass independent sulfur in 
differentiated meteorites [6,7], such anomalous sulfur 
has not been observed in undifferentiated primitive 
chondrites (except a few isolated phases in Allende 
and Murchison) [3,7-10] where most of the anomalous 
component for other elements have been observed. It  
has been suggested that this component is also present 
in chondrites but the anomalous signature is obscured 
by the presence of relatively larger amounts of sulfur 
of normal (mass dependent) isotopic composition [6]. 
Alternatively, MI sulfur was incorporated in a chon-
drite parent body but was homogenized  during parent 
body metamorphism. In order to search for anomalous 
MI sulfur in primitive meteorites, if exists, we investi-
gated several chondrites for sulfur isotope with a dif-
ferent experimental approach. In our new approach, 
sulfur is extracted in number of steps with premise that 
various sulfur component would appear at different 
times based on their chemical resistance towards acid. 
Sulfur is extracted from various physically separated 
components such as fine-grained matrix, chondrules 
etc. from chondrites.  

 
Experimental: Chondrules were desegregated us-

ing freeze-thaw techniques and hand picked under a 
binocular microscope from Allende (CV3), two sam-
ples of Dhajala (H3.8), EET99404 (H4) and 
ALH85033 (L4). Sulfur from bulk, fine-grained matri-
ces, and chondrules from these chondrites were ex-
tracted stepwise. Hvittis (EL6) bulk sample was also 
analyzed in the similar fashion for sulfur. Sulfur com-
position has been measured as SF6 using a Finnigan 
MAT252 Isotope Ratio Mass-spectrometer following 
the procedure of [7] at UCSD. Acid volatile sulfur was 
converted to H2S after reaction with 6N HCl. H2S 
evolved was bubbled through 0.2M cadmium acetate 
trap with high purity N2 as a carrier gas where H2S 
quickly converted to the cadmium sulfide. Once suffi-
cient cadmium sulfide was accumulated, the old cad-
mium acetate trap was replaced by fresh one. Cad-

mium sulfide in the traps was, later on, converted to 
silver sulfide (Ag2S) by the reaction with silver nitrate. 
Nearly 2mg of Ag2S was fluorinated (by BrF5) in a 
nickel tube at 580ºC for 12 hours. SF6 was separated 
cryogenically from other fluorination products fol-
lowed by further purification by gas-chromatography. 
The number of steps (traps) of sulfur extraction de-
pends on concentration of sulfur and amount of sample 
available. In order to make sure that stepwise extrac-
tion of sulfur does not generate anomalous fractiona-
tion, we have analyzed sulfur in stepwise after ho-
mogenizing commercially available Ag2S. ∆33S values 
obtained in this control experiment exhibit similar val-
ues within experimental uncertainty indicating that any 
nonzero ∆33S over analytical uncertainty is real. Our 
typical values for reproducibility of ∆33S and ∆36S 
measurements are 0.010‰ and 0.150‰ respectively. 
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Fig. 1 Three isotope plot for sulfur in chondrules from 
four chondrites extracted in stepwise. The data from 
literature are also plotted as filled circle [3-5] for ref-
erence. The line is mass fractionation line.  

 
Results and Discussions:    
Bulk and fine grained Matrices: The bulk sample of 
Dhajala-1 has nearly 2 wt% of sulfur with a mean 
value of δ34S of -0.055‰ whereas the bulk sample of 
Hvittis (EL6) contains nearly 3 wt% of sulfur with a 
mean δ34S value of -0.043‰. The ranges of ∆33S ob-
served in Dhajala-1 and Hvittis are 0.002–0.071‰ and 
-0.037–0.014‰ respectively with corresponding 
means are 0.014‰ and -0.029‰. The matrix sample 
from Dhajala-2 has little bit higher concentration of 
sulfur (2.3 wt%) with mean δ34S value of 0.178‰ with 
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values ranging from -0.146‰ to 0.352‰. The mean 
∆33S value of Dhajala-2 matrix is 0.009‰ with values 
range from 0.004‰ to 0.041‰.  The mean values for 
∆33S EET99404 matrix and ALH85033 matrix are 
0.008‰ and 0.015‰ respectively with corresponding 
ranges -0.002–0.010‰ and 0.010–0.031‰.   

Chondrules: Chondrules from all chondrites studied 
contain relatively smaller concentrations of sulfur as 
sulfide phases with a lowest concentration observed 
for Dhajala-1 chondrule (0.76 wt%) and the highest 
concentration observed in (1.24 wt%) EET99404. In 
Fig 1. the δ33S is plotted against δ34S for each individ-
ual step  for all the chondrites. Sulfur isotopic data 
from [7, 8] are also plotted for reference. It can be seen 
clearly that some of the data points clearly lie above 
the theoretical mass fractionation line while most data 
points from the literature as well as this study are fall  
on this line. For all chondrules samples studied here, 
the total range of ∆33S values range from -0.026‰ (for 
ALH85033) to 0.113‰ (for Dhajala-1) which is more 
than an order of magnitude higher than uncertainty of 
measurement.  
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 Fig. 2 ∆33S values plotted as a function of cumulative 
% of sulfur released during stepwise extraction of 
chondrule separate from four chondrites. The shaded 
rectangle around ∆33S=0.0‰ are typical 2σ error 
envelope. Any data point lying outside envelopes. 
     
In Fig 2., ∆33S values of individual steps have been 
plotted for all the chondrule samples against cumula-
tive percent of sulfur release. The shaded rectangles 
represent 2σ error envelope around ∆33S=0‰. Any 
data point (excluding error bars) falling out side of this 
rectangle is clearly anomalous. It can be seen that at 
least one of the sulfur steps for all the chondrule sam-

ples is outside this rectangle. For Dhajala-1 and Dha-
jala-2 the values  are significantly higher than normal.       
     There are three main possibilities that can produce 
excess 33S (i) cosmic ray spallation (ii) stellar nucleo-
synthesis (iii) gas phase chemical reaction in solar 
nebula. Spallation is ruled out to be the cause of 33S 
excess [6] because it produces 8 times more 36S excess 
[9]. Also unlike iron meteorites [9], these meteorites 
have insufficient concentration of target (Fe) and rela-
tively low cosmic ray exposure ages. Different S iso-
topes synthesized in different stellar environments and 
heterogeneity due to incomplete mixing should be 
more visible in the less abundant 36S rather than 33S. 
Within experimental uncertainty no excess and deple-
tion of 36S has been observed. The remaining alterna-
tive for this 33S excess is gas phase mass independent 
chemistry or photochemistry in solar nebula. 

 
In our recent paper [6] we have suggested that 

mass independent sulfur is produced by photochemical 
processes along the outer edges of the nebular disk 
near the protosun and x-region by high energy photons 
in the early solar nebula in a reducing environment 
with C/O ≥ 0.95 and carried by refractory sulfide min-
erals such as oldhamite. Subsequently these refractory 
sulfides minerals are carried by  x-wind [11] to chon-
drite forming regions and incorporated to chondrite 
parent bodies. Though sulfide minerals condensed in a 
reducing nebular gas have not been identified in ordi-
nary chondrites or carbonaceous chondrites, it is pos-
sible that mass independent sulfur from these minerals 
might have carried to other sulfide minerals that is 
more stable in prevailing oxidizing condition inside 
chondritic parent bodies.  
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