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  Introduction: Sulfur, due to its high natural abun-

dance and reactivity, participates in all stages of plane-

tary/parent body formation and evolution. Firstly, it is 

volatile, and thus has a place in gas-phase chemistry. 

Secondly, it has a number of soluble aqueous forms at 

oxidation states extending from -2 to +6, and thus al-

lows for high reactivity during alteration processes. 

Lastly, it is strongly partitioned when silicate and met-

al liquids coexist, leading to fractionation by differen-

tiation and core formation and addition with late accre-

tion of primitive and metal-rich materials.  

  The geochemistry and mineralogy of meteoritic sulfur 

thus has the potential to provide important information 

about processes that occurred in the early solar nebula 

and involved in the formation and differentiation of the 

asteroid-size bodies. However, sulfur has not yet been 

developed as a unique tool and only recently has it 

been recognized that both mass-dependent and mass 

anomalous processes are captured by its isotopic 

chemistry [1-6].  
  In this study, we report new measurements for one 

eucrite, two diogenites and two angrites that extend a 

dataset we are assembling for the sulfur isotopic com-

positions of the Angrites and the HED (howardite, 

eucrite and diogenite) meteorites [5]. The combined 

dataset begins to allow a statistical evaluation of the 

low-level sulfur isotope heterogeneity among these 

meteorite groups, and explore the implications for 

chemical processes that occurred in the early solar 

nebula and during parent body formation. 

 

  Methods: Powdered whole rock meteoritic samples 

were first sonicated in 10ml Milli-Q water for 

15minutes and centrifuged. The supernatant was then 

decanted and stored for the future analysis of water-

soluble sulfate (the processes was repeated 3 times). 

Once rinsed, the residue underwent a chromium-

reducible extraction and was converted into silver sul-

fide (Ag2S) in a slightly acidic silver nitrate solution 

(AgNO3). The solution with precipitated silver sulfide 

was aged for approximately seven days to allow for 

the dissolution of oxygen-bearing contaminants. The 

Ag2S was then triple rinsed using Milli-Q water and 

dried for isotope analysis. 

    The dried Ag2S was fluorinated to SF6 gas in a nick-

el metal vessel. The product SF6 gas was purified by 

cryogenic distillation with a mixed ethanol and liquid 

nitrogen slurry (−110°C) and was further purified 

through a gas chromatography system using a combi-

nation of a molecular sieve 5A column and a 1/8 in. 

OD, 4.8 m Haysep Q column with a helium flow rate 

of 20 mL/min. The purified SF6 gas was then analyzed 

using a dual-inlet gas source isotope ratio mass spec-

trometer at the University of Maryland. The four sulfur 

isotopes are simultaneously detected by ion beams 

with ratios of mass/charge of 127, 128, 129 and 131 

daltons (32SF5
+, 33SF5

+, 34SF5
+, 36SF5

+, respectively).  
  The data are normalized to Canyon Diablo Troilite 

(CDT) and reported in per mil (parts per thousand, ‰) 

using 34S, 33S, and 36S notation. The uncertainties 

associated with sample measurements are estimated on 

the basis of external precisions of IAEA-S1 measure-

ments, and the 2errors for 34S, 33S, and 36S are 

estimated at 0.20‰, 0.008‰ and 0.30‰ respectively. 

Sulfur concentrations were determined by gravimetric 

methods. The dominant error associated with these 

minimum estimates on sulfur concentrations is derived 

from recovery yields of chromium-reducible sulfur in 

chemical extraction. 

 

  Results: The data of the bulk isotopic analyses for 

the HED meteorites and angrites are reported in Table 

1 and Figure 1.  

 

Table 1. S isotopic data for the HED and Angrites 
Sample ID 

34
S (‰) 

33
S (‰) 

36
S (‰) Concentration  (ppm)

Johnstown 0.30 0.010 -0.13 5004

Shalka 0.16 0.012 -0.15 558

Sioux County 0.13 0.012 -0.14 1148

NWA1296 0.15 0.012 -0.18 3525

NWA6705 -0.11 0.006 0.31 477  
 

  Sulfur isotope data for the two diogenites (Johnstown 

and Shalka) reveal similar S-isotope values, with 

weighted means of 33S of 0.010‰ and, 34S of 

0.29‰, and 36S of -0.13‰. Data for eucrites, includ-

ing one measurement in this study (Sioux County) and 

previously reported data [5] show larger variations, 

with weighted means of 33S of 0.008‰ and, 34S of 

0.25‰, and 36S of -0.22‰. The differences between 

weighted means are within 2estimates of analytical 

uncertainties. It is also noted that the sulfur extract of 

one sample (Johnstown) yields the highest sulfur con-

centration of 5004 ppm for the HED meteorites. 

  Sulfur isotope data for the angrites (NWA 1296 and 

NWA 6705) show positive 33S values of 0.012‰ and 

0.006‰;33S of 0.15‰ and -0.11‰; and 36S of -

0.18‰ and 0.31‰,respectively. The weighted means 

of sulfur isotopic compositions of Angrites [this study, 

5] are 0.010‰, 0.12‰, and -0.24‰ for 33S, 34S and 

36S, respectively, which are statistically unresolvable 

from the means of the HED meteorites. Sulfur extract 
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of NWA 6705 yields a lower sulfur concentration of 

477 ppm compared to other angrites [this study, 5]. 

 

  Discussion: The new data presented in figure 1 con-

firm small enrichments in 33S (positive 33S) and small 

depletions in 36S relative to CDT (negative 36S, ex-

cept NWA 6705), which are consistent with previously 

reported data [5], and also reveal that the relative 

abundance of 34S lies within the sub-permil variation 

of 34S for both the HED meteorites and angrites. 
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Figure 1 Δ33S vs. δ34S and Δ36S vs. Δ33S for eucrites, 

diogenites and angrites. The error bars represent 2 

uncertainties associated with isotopic measurements 

(normalized to CDT). Figure 1A also presents the av-

erages (crosses) and ranges for iron meteorites [3], 

average (brown square) and ranges for pallasites [4] 

and lunar samples [7]. 

 

Our data suggest a 10 ppm 33S anomaly relative to 

CDT in the two groups (with highest Δ33S of 0.024‰ 

in CMS 04049, [5]).  We do not see evidence for vari-

ability in the populations analyzed thus far. Given a 

very narrow range of 34S values, processes, including 

differentiation between a metallic core and silicate 

mantle, high-temperature partial melting of silicate 

mantle, and fractional crystallization, unlikely account 

for the magnitude of Δ33S signals, requiring a 33S-

enriched sulfur component for the building blocks of 

parent bodies.  

The origin of the anomaly is therefore likely derived 

from the material that accreted and linked to photo-

chemical reactions that processes sulfur in the solar 

nebular [Figure 1, 2-4, 8-9]. The coherent enrichment 

in 33S (and depletion in 36S) in the two groups and the 

lack of correlations with highly siderophile elements, 

also supports the suggestion that the sulfur isotope 

signature is a characteristic of the parent bodies of 

these meteorites. The high sulfur content of Johnstown 

with same-order anomaly of 33S suggests that if S was 

added it must have had a similar composition.  

The sub-permil variation of 34S redistribution in a 

magmatic system for the HED meteorites and angrites 

is interpreted to reflect chemical processes occurred 

during asteroid formation. The weighted 34S (0.29‰) 

of the two diogenites provides a pin for the sulfur iso-

topic composition of the part of the parent body that 

they sample, and is consistent with the positive 34S of 

the analyzed eucrites.  We suggest that the 34S enrich-

ment reflects processing of S by early planetesimal 

evolution and may be linked to volatilization. The pro-

cess of separation between metallic cores and silicate 

mantle is expected to yield small 34S depletions in the 

silicate-associated sulfur [10-11]. 

  Further work is presently underway to understand the 

origin of small 33S anomalies as well as the small posi-

tive and negative enrichments of 34S for different dif-

ferentiated meteorite groups.  
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