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RECENT SCIENTIFIC ACHIEVEMENTS 
In situ analyses of sulfur isotope in silicate glasses: Towards a better understanding of 

sulfur sources, budgets and transport mechanisms 
Sulfur is a polyvalent element (S2- to S6+) and the third most abundant volatile in magmatic systems. It 
has a significant impact on our society, ranging from acid rain after volcanic eruptions, to the role as 
important ligand for Cu and other metals during ore deposit formation. Sulfur has four stable isotopes 
(32S, 33S, 34S, 36S) and its polyvalent properties are among the main reasons why we observe mass 
dependent isotopic fractionation in magmas and their products. Under equilibrium conditions, 
differences in bonding energy between S-bearing phases/species are essentially responsible for 
changes in relative abundances of sulfur isotopes. Here, silicate melt incorporates sulfur as S2- (probably 
associates with Fe2+ in the network) and S6+ (as SO4

2-, typically associated with Ca2+ in the network), 
whereas, in a free volatile phase, the most important sulfur species are H2S and SO2, while others 
species can also play a significant role (HS-; S3

-).  
Prior to our experimental investigations, the scientific community was relying on limited theoretical 
and experimental data from the 1970s and 1980s to interpret S isotopic signatures in magmatic 
environments. Here, the only relevant experimental study conducted at magmatic temperature was 
performed using molten salt (Miyoshi et al., 1984), where the significant differences in melt 
composition may not allow an application to silicate melts considering that bonding energies are 
controlling equilibrium fractionation. 
Analytical challenges were the main reason for the very limited sulfur isotope fractionation data. 
Recent development in secondary ion mass spectrometry (SIMS) allowed our group to measure, for 
the first time, the S isotope composition at high spatial resolution in silicate glasses (Figure 1; Fiege et 
al., 2014). We showed that these SIMS analyses can reach similar levels of accuracy and precision as 
achieved by commonly applied bulk techniques, providing a new, powerful analytical technique for the 
community to investigate volatile budgets and degassing history, e.g., by measuring melt inclusions. 
 
 

  
Figure 1 (copies of Figure C.1 and C.2 from Fiege et al., 2014): SIMS calibration. Left panel: Comparison of 
SIMS results (δ34Smeasured) and bulk data (δ34Strue) for 9 silicate glass standard. Right panel: Replicate analyses 
of MORB glass 892-1 illustrate the high external precision of the SIMS analyses. 
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Based on these analytical advances I was able to develop an experimental approach to investigate the 
S isotope fractionation between fluid and silicate melt. The obtained results provide constraints on 
fluid-melt S isotope fractionation for geologically relevant fluid-melt compositions and P-T-fO2 

conditions (Fiege et al., 2014; 2015). The 
experiments showed that equilibrium 
fractionation effects during closed-
system degassing of basaltic and 
andesitic melts at magmatic 
temperatures can induce a S-isotope 
fluid-melt fractionation of about +4‰ in 
relatively reduced systems and of about 
−2‰ in relatively oxidized systems 
(Figure 2). The results showed that 
previous models based on limited 
experimental data underestimated the 
fluid-melt S isotope fractionation for 
intermediate to reduced magmatic 
systems, showing the importance of my 
studies. 
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Figure 2 (copy of Figure 13 from Fiege et al. 2015):  
Modeling of Δ34Sfl–m vs. fO2 [∆QFM]; Fi14b: Fiege et al. (2014). 

http://www.sciencedirect.com/science/article/pii/S0009254114005300
http://www.sciencedirect.com/science/article/pii/S0016703714004773
https://www.jstage.jst.go.jp/article/geochemj1966/18/2/18_2_75/_article
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Sulfur-in apatite: A new oxybarometer 
Our group was the first to measure different sulfur species in apatite by using X-ray absorption near-
edge structure spectroscopy (XANES) and reveal a strong effect of oxygen fugacity on both sulfur 
oxidation state in apatite and sulfur partitioning between apatite and melt (Kim et al., 2017; Konecke 
et al., 2017a; 2017b). This new oxy- (and sulfur-) barometer allows understanding magmatic and 
hydrothermal processes on Earth and in extraterrestrial environments.   
The significance of these observations lies in the broad variety of applications due to the ubiquitous 
and resistant nature of apatite. Apatite is an accessory mineral in many magmatic and hydrothermal 
environments that can record and retain the sulfur and redox evolution in changing systems. Sulfur as 
the third most volatile in magmatic-hydrothermal systems plays a key role when it comes to redox 
processes and metal mobilizing, transport and enrichment considering its polyvalent properties (2- to 
6+) and its affinity to a number of economically relevant metals (e.g., Cu and Au). 
We used the new observations to evaluate the enigmatic sulfur signal in lunar apatite, concluding that 
late stage metasomatism is responsible for the volatile signatures in these apatites rather than crystal 
fractionation (Figure 1). These results mark a nice breakthrough in our understanding of lunar 
magmatism. However, the main potential of S-in-apatite lies probably in understanding magmatic-
hydrothermal ore deposits such as iron oxide-apatite (IOA) deposits. For instance, unpublished results 
for an IOA deposits in New York State imply significant changes in redox during its formation (Figure 2).  
 

 

Figure 1 (copy of Figure 2b from Konecke et al. 2017a): 
Modeled and measured sulfur contents in lunar apatite 
and melt. Solid blue and fading red boxes on y-axis 
represent S contents of lunar apatite core and rim; 
fading filling was used to illustrate that S content of 
lunar apatite core is ≤200 ppm S. Hashed fading red and 
hashed blue boxes on x-axis represent S content in melt 
required to produce measured S content in lunar 
apatite core and rim, respectively, when applying 
partitioning coefficients D1, D2, or D3 (see Konecke et al. 
2017a for values of D1, D2 and D3). Left and right vertical 
edges of green box constrain range of sulfur content in 
the melt at sulfide saturation (SCSS; bottom x-axis), 
predicted for lunar rhyolitic melts containing 1 and 
10,000 ppm H2O (upper x-axis), where SCSS is 26 (left 
edge, light green) and 193 (right edge, dark green) ppm 
S, respectively. Using these upper and lower SCSS limits 
for lunar rhyolitic melt, maximum (90 ppm S; upper 
edge of green box) and minimum (10 ppm S; lower 
edge of green box) S contents in coexisting lunar 
apatite were calculated by using highest plausible 
partitioning coefficient (D1).  
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Figure 2 (Sadove et al., in prep.): Sulfur XANES spectra (a) and cathodoluminescence (CL) images (b) on an 
apatite grain from the Philips Mine deposit (New York State). Significant variation in S oxidation state was 
detected, ranging from sulfide-only to sulfate-only end-member apatite (sulfate-endmember is not shown). 
The grains are heavily zoned in terms of rare Earth elements (REE; indicated by the CL image) and sulfur. The 
sulfur oxidation state coincides with variations in sulfur and REE contents. Combined with other petrological 
and geochemical features, the new method (S XANES on apatite) allows us – for the first time – to constrain 
redox changes during the formation of IOA deposits, a crucial step towards an improved understanding of the 
involved metal enrichment processes. 
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* I am (co-) advising the graduate students Konecke, Sadove and Kim; enrolled at the University of Michigan. 
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A transient redox mechanism important for porphyry copper deposit formation 
As part of my research in collaboration with Adam Simon (U. Michigan) and Prof. Philipp Ruprecht (U. 
Nevada Reno) I revealed an extraordinary redox feature at the interface of two mixing magmas which 
potentially modulated sulfur and chalcophile metal transfer (Figure 1).  
 

Abstract: “Mixing and juxtaposition of chemically distinct magmatic 
systems are key processes for the evolution of Earth’s crust. Yet, the 
physicochemical nature at mixing interfaces remains poorly described, as 
crystallization, melting, heat transfer, and diffusion are interconnected and 
lead to complex mass transfer processes driving unique patterns of element 
fractionation. Here, we use diffusion couple experiments between felsic and 
mafic magmas (melt + crystals ± volatiles) to document the formation of 

large gradients in oxygen fugacity at the magma-magma mixing interface. Reducing and oxidizing 
boundary layers at the interface develop rapidly and remain in dynamic disequilibrium for days to 
possibly weeks. We suggest that the observed transient redox gradient is caused by cation transfer 
across the interface where the required counter flux of electron holes is insufficient to compensate an 
evolving electron hole gradient. Such boundary layer redox effects may control fractionation of 
polyvalent and chalcophile elements and moderate, for example, Cu/Au ratios in arc-related porphyry 
ore deposits.” (Abstract from Fiege et al., 2017, GPL) 

Fiege A., Ruprecht P., Simon A. (2017) A magma mixing redox trap that moderates mass transfer of sulfur and 
metals. Geochemical Perspectives Letters, 3(2), 190-199, doi:10.7185/geochemlet.1722 

 

 

 
Figure 1 (copy of Figure 3 from Fiege et al.,2017)  
 
Diffusion-induced redox gradients and estimate of 
the electron hole (h•) disequilibrium of the melt 
across the interface. (a) Oxygen fugacity vs. distance 
to the magma-magma interface. (b) Predicted 
maximum h• gradient. 
 
(b) The trends are calculated using the equation 
below the figure, where h•rel(t,x) is the relative 
change in electron holes (mol/100 g) at a distance x 
to the interface and at a time t integrated diffusive 
flux, thus, the sum of the concentration differences 
for each element i with the oxidation state n (e.g., n 
= +1 for Na and n = -1 for Cl) from its initial 
concentration (ct,x -c0). Mw and ft,x are the molecular 
weight and the melt fraction, respectively. The melt 
composition at the far side of the basaltic andesite 
and the dacite was assumed to represent the zero-
time melt composition (c0).  

 

https://www.geochemicalperspectivesletters.org/article1722

