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Abstract

Sulfur (S) in the mantle is conventionally assumed to be exclusively stored in accessory sulfide 
phases, but recent work shows that the major silicate minerals that comprise >99% of the mantle could 
be capable of hosting trace amounts of S. Assessing the incorporation of trace S in nominally S-free 
mantle minerals and determining equilibrium S partitioning between these minerals and basaltic melt 
requires analyzing small experimental phases with low S contents. Here, we develop a protocol for 
EPMA analysis of the trace levels of S in silicate phases. We use a suite of natural and experimental 
basaltic glass primary and secondary standards with S contents ranging from 44 ppm to 1.5 wt%. The 
effects of beam current and counting time are assessed by applying currents ranging from 50 to 200 
nA and total counting times between 200 and 300 s at 15 kV accelerating voltage. We find that the 
combination of 200 nA beam current with a 200 s counting time (80 s peak, 60 s each for upper and 
lower background, respectively) achieves precise yet cost-effective measurements of S down to a 
calculated detection limit of ~5 ppm and a blank-derived, effective detection limit of ~17 ppm. Close 
monitoring of the S peak intensity and position throughout the duration of each spot also shows that 
high currents and extended dwell times do not compromise the accuracy of measurements, and even 
low S contents of 44 ppm can be reproduced to within one standard deviation. Using our developed 
recipe, we analyzed a small suite of experimental clinopyroxenes (Cpx) and garnets (Gt) from assem-
blages of silicate partial melt + Cpx ± Gt ± sulfide, generated at 1.5 to 3.0 GPa and 1200 to 1300 °C. 
We find S contents of up to 71 ± 35 ppm in Cpx and 63 ± 28 ppm in Gt and calculate mineral-melt 
partition coefficients (Ds

min/melt) of up to 0.095 ± 0.064 and 0.110 ± 0.064 for Ds
Cpx/melt and Ds

Gt/melt, re-
spectively. The sulfur capacity and mineral-partitioning for Cpx are in good agreement with SXRF 
measurements in a prior study by Callegaro et al. (2020), serving as an independent validation of our 
EPMA analytical protocol.
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Introduction

Sulfur (S) is a critical element for planetary differentiation, 
the formation of many ore deposits, the chemical habitability 
of planets, and complex life. Geologists have long sought an 
accurate understanding of planetary sulfur cycles, particularly 
as pertaining to S storage in the Earth’s mantle (Lorand 1990; 
von Gehlen 1992; McDonough and Sun 1995; Saal et al. 2002; 
Nielsen et al. 2014; Tsuno and Dasgupta 2015; Zhang et al. 2016; 
Ding and Dasgupta 2017, Ding et al. 2018; Sun et al. 2020; 
Dasgupta et al. 2022), a significant reservoir of volatile storage 
making up 67% of the planet by mass. This task is complicated 
by sulfur’s volatile nature and by extraction of S-bearing magmas 
from their sulfide-bearing sources, which obfuscate the pre-
melting, sub-solidus source sulfur content. Previous studies have 
established the concentration of mantle S at a range of values 
between 100 and 300 ppm (e.g., Nielsen et al. 2014; Ding and 
Dasgupta 2017; Sun et al. 2020) based on the assumption that S 

is hosted exclusively in accessory sulfide phases such as mono-
sulfide solid solution (MSS) or mono-sulfide liquid solution 
(MLS) (Lorand 1989, 1990; Bockrath et al. 2004; Zhang and 
Hirschmann 2016). Recent work, however, has claimed that 
major silicate mantle minerals—which have thus far been as-
sumed to be S-free—may contain trace amounts of S (Callegaro 
et al. 2014, 2020; Anzures et al. 2019). Here, we define a trace 
element as a non-stoichiometric component of a mineral that is 
present in its crystalline lattice at levels of <0.1 wt% (1000 ppm). 
Trace elements may be incorporated into minerals by filling 
vacancies in the lattice or substituting for elements of similar 
charges/ionic radii. For example, clinopyroxene has the general 
formula (Ca,Mg,Fe,Na)(Mg,Fe,Al)(Si,Al)2O6, but S has been 
shown to be present at concentrations of up to approximately 
50 ppm (Callegaro et al. 2014), hypothetically substituting for 
bridging oxygen in the M2 cation site (Callegaro et al. 2020). 
Considering that silicate minerals such as olivine, clinopyroxene, 
orthopyroxene, garnet, and high-pressure polymorphs of these 
species comprise >99% of the mantle, the absolute amount of S 
they could contribute to the estimated bulk Earth S inventory of 
~1.8 × 1023 kg may be non-negligible, no matter how dilute their 
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