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“When trees grow together, nutrients and water can be optimally divided among them all so that 
each tree can grow into the best tree it can be. If you "help" individual trees by getting rid of their 
supposed competition, the remaining trees are bereft. They send messages out to their neighbors 
in vain, because nothing remains but stumps. Every tree now muddles along on its own, giving 
rise to great differences in productivity. Some individuals photosynthesize like mad until sugar 

positively bubbles along their trunk. As a result, they are fit and grow better, but they aren't 
particularly long-lived. This is because a tree can be only as strong as the forest that surrounds it. 

And there are now a lot of losers in the forest. Weaker members, who would once have been 
supported by the stronger ones, suddenly fall behind. Whether the reason for their decline is their 
location and lack of nutrients, a passing malaise, or genetic makeup, they now fall prey to insects 

and fungi. 
 

 
But isn't that how evolution works? you ask. The survival of the fittest? Trees would just shake 

their heads – or rather their crowns. Their well-being depends on their community, and when the 
supposedly feeble trees disappear, the others lose as well. When that happens, the forest is no 

longer a single closed unit. Hot sun and swirling winds can now penetrate to the forest floor and 
disrupt the moist, cool climate. Even strong trees get sick a lot over the course of their lives. 
When this happens, they depend on their weaker neighbors for support. If they are no longer 

there, then all it takes is what would once have been a harmless insect attack to seal the fate even 
of giants.”  

 
~Peter Wohlleben, The Hidden Life of Trees: What They Feel, How they Communicate – 

Discoveries from a Secret World
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“A scientist never really understands [their] own theories unless [they] can satisfactorily explain 

them to an average person.” ~Albert Einstein 

This dissertation covers a diverse set of projects centered on redox and volatiles of 

planetary materials.  My approach is to study planetary materials (both meteorites and high-

pressure, high-temperature experiments) to understand chemical processes at depth and at the 

surface, with a particular interest in the role volatile elements (S, C, F, Cl, H) play in the origin 

and early evolution of planets. Before I go into specific projects, here is an excerpt from my 

Geological Society of America’s Speaking of Geoscience Planetary geologists are really the Solar 

System’s forensic scientists (B. Anzures, 2021) as a plain language summary of my research and 

how I got into the field. 

I have always been much more impressed by the natural world than by anything 

envisioned by the human mind. The beauty and complexity of nature seems to stand out, a 

deep and wondrous gallery not limited by our own thoughts or imaginations. Rocks and 

minerals especially interest me because, for the most part, they last; all living organisms 

are magnificent in their time, but they fade quickly. It seems almost otherworldly that many 

geologic landscapes and individual minerals formed over tens of thousands to millions of 

years, when we live maybe a hundred years and the oldest trees, a few thousand. Geologic 

attractions such as the Grand Canyon, the hot springs at Yellowstone, and the volcanoes of 

Hawaii – three places I had the privilege of seeing when I was young – inspire awe among 

everyone who visits. But as much as I was fascinated by rocks and minerals and their 

longevity growing up, I could never really grasp how and why they form the way they do. 

I got the chance to learn answers to those questions when I became an 

undergraduate research assistant early on at Rensselaer Polytechnic Institute working with 
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experimental geochemist and mineral physicist Dr. Heather Watson. Together, we 

investigated the formation of metal cores in planetesimals, objects in our solar system 

around 100 kilometers in diameter. I was (and still am) fascinated that we can study 

fundamental planetary processes from samples smaller than a thumbtack, whether they be 

synthetic rocks I have produced in the lab or meteorites from space. This project expanded 

my curiosity from not only individual rocks and minerals, but to entire planets and 

planetary systems.  

As a budding planetary scientist at Brown University advised by Dr.’s Steve 

Parman and Ralph Milliken, I compare different objects in the solar system to figure out 

how they formed and why they are similar or different. For example, the Moon and 

Mercury are roughly the same size, but they are very different chemically and physically. 

On one hand, the Moon has a small metal core and large rocky shell, like an apple where 

the small seeds in the middle are the metal core. On the other hand, Mercury has a gigantic 

metal core compared to its thin, rocky shell, like an avocado with its large seed. Planetary 

cores are important because the magnetic fields they can produce protect life from harmful 

radiation, and among the inner solar system rocky bodies, only Earth and Mercury currently 

have substantial magnetic fields. 

Why is this? What was the solar system like when planets formed? And if planets 

formed billions of years ago and millions of kilometers away, how can we study them to 

find out why? 

To answer questions like these, we obviously can’t go back in time to watch 

Mercury form or see the inside of planets with X-ray vision. But we can study meteorites, 

which were the building blocks of the planets. And while we can infer that certain 
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meteorites formed under similar conditions as Mercury due to chemical similarities, the 

other way to study these materials is to recreate natural processes in the lab to produce 

synthetic rocks, kind of like an alchemist, and compare them to our natural samples. In 

these ways, I also think of myself as a forensic scientist who looks at meteorites (the crime 

scene) to glean insights into solar system conditions during planetary formation (the crime). 

In the laboratory, I can create synthetic rocks under controlled conditions where I know 

both the crime (geological processes) and crime scene (planetary materials), though in a 

simplified system to disentangle more complicated natural samples like meteorites, 

asteroids, and Mercury. 

As a planetary “forensic” scientist, my work pieces together the chemical and 

physical evolution of Mercury, meteorites, and the asteroids the meteorites broke off of. 

My research aims to understand the redox environment and volatile elements of the early 

(4.48-4.57 billion years ago) inner solar system, where the rocky planets like Mercury and 

Earth formed. I explore these questions by looking at how volatile elements (elements like 

sulfur or chlorine that you would expect to be in a gas rather than a solid at Earth’s surface; 

think of the rotten egg smell of hydrogen sulfide gas at hot springs or the distinctive smell 

of chlorine gas around a chlorinated pool), are stored in meteorites formed in very low-

oxygen conditions. Without oxygen, many of these elements can get locked away in 

increasingly high amounts in rocks —the clue this forensic planetary geologist is looking 

for. 

[I also investigate methods to quantify the amount and species of volatile elements 

in planetary materials in the laboratory and from space. For example, reflectance 

spectroscopy is a powerful probe of both hydrogen amount and distinguishing between 
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H2O and OH species based on the strength of absorptions at certain wavelengths of light 

and the exact wavelength at which these absorptions occur respectively. This work has 

exciting implications for current asteroid sample-return missions JAXA’s Hayabusa2 and 

NASA’s OSIRIS-REx that encountered hydrous asteroids 162173 Ryugu and 101955 

Bennu respectively and revealed that these objects are rubble-pile asteroids with surfaces 

dominated by boulders. This was surprising because the surfaces of airless small rocky 

bodies have been assumed to be mostly powder like most lunar soil returned by the Apollo 

missions from 1969 to 1972. Thus, most laboratory studies to date have focused on 

measuring powders. As such, additional studies are needed to understand how to convert 

OH/H2O absorptions seen in spectral reflectance data to estimates of absolute water content 

for objects that lack fine-grained powder surfaces. By learning the water content of hydrous 

meteorites and asteroids, we can investigate conditions of aqueous alteration in the early 

solar system and how water was delivered to Earth. Constraining water content of near-

Earth asteroids is also important for assessing their potential as in-situ resources for space 

exploration and industrialization.] 

Throughout my Ph.D. research, I have found sample preparation of precious 

materials, such as rare meteorites, to be a strangely meditative practice—which sounds 

strange because it should be stressful! I think it is because when working with rare and 

valuable samples, one has to be that much more careful and thoughtful. Additionally, the 

wonder of working with material as old as the Earth that were the building blocks of the 

entire solar system never wears off! My deep curiosity has taken me from collecting 

common rocks in my elementary school playground to now researching space rocks using 
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fancy analytical tools all over the United States. I’m excited to see what’s next on my quest 

to unravel some mysteries of the solar system (B. Anzures, 2021). 

Research Overview 

My Ph.D. research focuses on the chemical and physical evolution of Mercury, meteorites, 

and their parent body asteroids, from a petrogenetic perspective that incorporates surface 

mineralogy. I use high-pressure, high-temperature experiments and meteorites to understand the 

chemical behavior of planetary materials at depth and at the surface, incorporating various 

laboratory spectroscopy techniques, with a special focus on the behavior of volatiles: S, C, F, Cl, 

H2O. 

My work combines experimental petrology with studies of meteorites including enstatite 

chondrites, aubrites, and carbonaceous chondrites, using analytical microscopy (EPMA), 

secondary-ion mass spectrometry (SIMS), x-ray absorption near edge structure (XANES) 

spectroscopy, and reflectance spectroscopy, taking special advantage of the synchrotron facility 

Argonne National Lab. I focus particularly on how volatiles affect chemical activities, melt 

structure, and element partitioning. There is a growing recognition that such low oxygen fugacity 

conditions were widespread and important in the formation of planetary bodies, including the 

parent bodies of enstatite chondrite and aubrite meteorites, Mercury, and possibly even the early 

accretion of the Earth. In a separate project, I use reflectance spectroscopy and thermogravimetric 

analysis to investigate the sensitivity of quantitative estimates of planetary surface volatiles 

(OH/H2O) to assumptions about particle size for a wider application of quantifying water on 

hydrous asteroids and the Moon. Recent laboratory advances and current orbital and sample-return 

missions to near-Earth C-class asteroids including Hayabusa2 and OSIRIS-Rex make it 

particularly timely to advance our ability to remotely quantify water on asteroid surfaces. 
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Understanding Mercury’s Magmatic History: Effects of Sulfur Speciation (Chapters 1-3) 

 Why is it that the Moon and Mercury are roughly the same size, and yet are completely 

different in almost all geochemical and geophysical aspects? Why is sulfur (S) solubility so high 

at low oxygen fugacity, as observed on Mercury’s surface and in enstatite chondrites and aubrites? 

 The NASA MESSENGER mission revealed that lavas on Mercury are enriched in S (1.5-

4 wt.%) (Nittler et al., 2011) compared with other terrestrial planets (<0.1 wt.%) (Namur et al., 

2016), a result of high S solubility under its very low oxygen fugacity (estimated ƒO2 between IW-

3 and IW-7) (McCubbin et al., 2012). To further understand S solubility and speciation in reduced 

magmas, I used S K-edge XANES spectroscopy to measure S-speciation in 60 high-P experiments 

using a new set of standard measurements (B. A. Anzures, Parman, Milliken, Lanzirotti, et al., 

2020). The experiments were run at 0.1 to 5 GPa at temperatures of 1225 to 1850 °C and ƒO2 

between IW-0.8 to IW-8.6 ((B. A. Anzures, Parman, Milliken, Namur, et al., 2020). I discovered 

that as ƒO2 decreases from IW-2 to IW-7, S speciation goes through two major changes. At ~IW-

2, FeS, FeCr2S4, Na2S, and MnS species are destabilized, and CaS (with minor Na2S) becomes the 

dominant S species. At ~ IW-4, Na2S is destabilized, MgS becomes the dominant S species, with 

lesser amounts of CaS. It appears that oxygen fugacity, pressure, and S content, rather than silicate 

melt chemistry, control the amount of dissolved MgS in silicate melt. It also seems that oxygen 

fugacity and dissolved MgS exert the main control on SCSS in silicate melt below IW-2. However, 

the individual effects of pressure, temperature, oxygen fugacity, melt composition, and sulfur 

speciation cannot be easily determined because these parameters are all related. The changes in S 

speciation have substantial impacts on both the chemical and physical properties of the melts when 

considerable Mg and Ca are bonding with S rather than O, that have led to Mercury’s distinct 

evolution (Boukaré et al., 2019; Mouser et al., under review). Our results on S speciation at low 
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ƒO2 are also applicable to the petrologic evolution of enstatite chondrite and aubrite parent bodies 

(Casanova et al., 1993; Fogel et al., 1989), perhaps early Earth (Javoy et al., 2010), and exoplanets 

around C-rich stars (Ebel & Alexander, 2011; Parman et al., 2020) that may have formed under 

similarly reducing  conditions. 

 Chapter 1 presents new S K-edge XANES spectra for sulfides stable under reducing 

conditions for comparison to potential extraterrestrial analogs and is published in American 

Mineralogist (B. A. Anzures, Parman, Milliken, Lanzirotti, et al., 2020). This contribution also 

includes a new automated XANES normalization algorithm whereas most previous normalization 

is completed manually. Chapter 2 details new S speciation data for very reduced silicate melts 

relevant for Mercury focusing on one constrained set of 11 high P, high T experiments and is 

published in Geochimica et Cosmochimica Acta (B. A. Anzures, Parman, Milliken, Namur, et al., 

2020). A new method of linearly unmixing XANES spectra that accounts for silicate glass 

chemistry was also developed. Highlights include the first quantitative results showing that in very 

reduced basaltic melts (<IW-2), FeS is destabilized in the melt structure, CaS and Na2S are the 

primary sulfur species from IW-2 to IW-4, and MgS becomes the dominant species below IW-4. 

Chapter 3 investigates the combined effects of oxygen fugacity, temperature, pressure, and 

composition on S speciation using an expanded dataset of 60 high P, high T experiments. Key 

results include an empirical model for S speciation and S content at sulfide saturation (SCSS) in 

reduced silicate melts that show ƒO2, P/T, and S content control dissolved MgS, and that ƒO2 and 

dissolved MgS control SCSS. 
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Improving Water Content Estimates Using Remote Sensing: CM Chondrites and Rubble-

Pile Hydrous Asteroids (Chapter 4) 

 What is the abundance and distribution of water, and also how, where, and when did 

aqueous alteration occur in the early solar system? What are the detection limits of OH and H2O 

on the surfaces of C chondrite rubble pile parent bodies?  

 The Hayabusa2 and OSIRIS-REx asteroid sample-return missions have recently 

encountered the C-class asteroids Ryugu and Bennu, respectively. Mission data reveal that these 

objects are rubble pile asteroids with surfaces that are dominated by boulders. As such, additional 

studies are warranted to understand how to convert OH/H2O absorptions seen in spectral 

reflectance data to estimates of absolute water content for objects that lack fine-grained regolith. I 

compared the strength of OH/H2O absorption features observed for several intact carbonaceous 

chondrite (CM2) chips with the same features as observed in several different particle sizes of their 

corresponding powders; the data were then compared with independent estimates of sample bulk 

water content.   

 I found that as particle size decreases, a variety of reflectance spectral parameters related 

to OH/H2O absorption strength increase in value. I used thermogravimetric analysis to quantify 

the abundance of OH/H2O by measuring mass loss upon heating. Studies of C chondrite powders 

(grain size <100 μm) have shown that certain spectral parameters are highly correlated with water 

content (Beck et al., 2018; Garenne et al., 2014, 2016). However, if particle size is not properly 

accounted for this may lead to water content estimates that differ by as much as 6 wt.%. This 

highlights the need for improved methods to extract quantitative information from reflectance 

spectra of regolith-poor (rubble pile) asteroids. 
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Volatile Partitioning Under Very Reducing Conditions: Mercury’s Interior and Reduced 

Meteorites (Chapter 5) 

 What are the volatile concentrations in nominally volatile free minerals (olivine, pyroxene) 

that make up the main repositories of volatiles in the mantles of planetary bodies, including the 

elements necessary for life? What are the volatile (S, C, H, F, Cl) and redox conditions of silicate 

equilibration in reduced meteorites? 

 The early solar system experienced a wide range of oxygen fugacity as recorded in different 

meteorites. Enstatite chondrites (EC) and aubrites are the most reduced meteorites. Mercury 

(McCubbin et al., 2012) and perhaps some of the Earth (Javoy et al., 2010) may also have formed 

at comparably low fO2. However, enstatite and other components in ECs are not uniformly 

reduced, implying ƒO2 varied in space and/or time (Lusby et al., 1987). Quantifying these 

variations requires multiple oxybarometers. Toward this end, I developed an oxybarometer based 

on the amount of S dissolved in enstatite at sulfide saturation. Oxygen fugacity estimates from our 

new S-in-enstatite oxybarometer do not correlate with Si-in-kamacite but do correlate with 

metamorphic degree. I suggest the two oxybarometers record evolving ƒO2 conditions in the solar 

nebula. 

 To calibrate the S-in-enstatite oxybarometer, I used SIMS to analyze volatiles in 4 high 

pressure (1 GPa), highly reduced experiments that contained melt and enstatite. The results were 

compared to 13 enstatite chondrite and achondrite meteorites (including 3 Els (low total iron ECs), 

4 EHs (high total iron ECs), 1 E-impact melt, and 5 aubrites). Silicate phases in the experiments 

and meteorites were analyzed for volatile elements (S, C, F, and Cl) using the IMS 1280 SIMS 

instrument. Results suggest low ƒO2 conditions after meteorite parent body accretion that were 

reset to higher ƒO2 by later metamorphism as well as incomplete reduction of silicates in contrast 
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with metal during sulfidization (Lehner et al., 2013; Zhang et al., 1995). A correlation between S 

and Cl in the enstatites and metal/sulfide microinclusions in ECs indicate high Cl fugacity during 

the sulfidization event.  

Summary 

In sum, my research uses an integrated, multidisciplinary approach to answer complex 

questions about planetary formation and evolution in the early solar system. I am particularly 

interested in the behavior and influence of highly volatile elements (S, C, F, Cl, H2O) on the 

petrologic evolution of airless rocky bodies like Mercury, meteorites, and asteroids that are the 

subject of this dissertation. 

References 

Anzures, B. (2021). Planetary geologists are really the Solar System’s forensic scientists. 

https://speakingofgeoscience.org/2021/01/14/planetary-geologists-are-really-the-solar-

systems-forensic-scientists/ 

Anzures, B. A., Parman, S. W., Milliken, R. E., Lanzirotti, A., & Newville, M. (2020). XANES 

spectroscopy of sulfides stable under reducing conditions. American Mineralogist, 105, 

375–381.  

Anzures, B. A., Parman, S. W., Milliken, R. E., Namur, O., Cartier, C., & Wang, S. (2020). 

Effect of Sulfur Speciation on Chemical and Physical Properties of Heavily Reduced 

Mercurian Melts. Geochimica et Cosmochimica Acta, 286(1–18).  

Beck, P., Maturilli, A., Garenne, A., Vernazza, P., Helbert, J., Quirico, E., & Schmitt, B. (2018). 

What is controlling the reflectance spectra (0.35–150 µm) of hydrated (and dehydrated) 

carbonaceous chondrites? Icarus, 313, 124–138.  

Boukaré, C.-E., Parman, S. W., Parmentier, E. M., & Anzures, B. A. (2019). Production and 



 

12 
 

preservation of sulfide layering in Mercury’s mantle. Journal of Geophysical Research: 

Planets, 121, 3354–3372.  

Casanova, I., Keil, K., & Newsom, H. E. (1993). Composition of metal in aubrites: Constraints 

on core formation. In Geochemica et Cosmochemica Acta (Vol. 57). 

Ebel, D. S., & Alexander, C. M. O. (2011). Equilibrium condensation from chondritic porous 

IDP enriched vapor: Implications for Mercury and enstatite chondrite origins. Planetary and 

Space Science, 59(15), 1888–1894.  

Fogel, R. A., Hess, P. C., & Rutherford, M. J. (1989). Intensive parameters of enstatite chondrite 

metamorphism. Geochimica et Cosmochimica Acta, 53(10), 2735–2746.  

Garenne, A., Beck, P., Montes-Hernandez, G., Brissaud, O., Schmitt, B., Quirico, E., Bonal, L., 

Beck, C., & Howard, K. T. (2016). Bidirectional reflectance spectroscopy of carbonaceous 

chondrites: Implications for water quantification and primary composition. Icarus, 264, 

172–183.  

Garenne, A., Beck, P., Montes-Hernandez, G., Chiriac, R., Toche, F., Quirico, E., Bonal, L., & 

Schmitt, B. (2014). The abundance and stability of water in type 1 and 2 carbonaceous 

chondrites (CI, CM and CR). Geochimica et Cosmochimica Acta, 137, 93–112.  

Javoy, M., Kaminski, E., Guyot, F., Andrault, D., Sanloup, C., Moreira, M., Labrosse, S., 

Jambon, A., Agrinier, P., Davaille, A., & Jaupart, C. (2010). The chemical composition of 

the Earth: Enstatite chondrite models. Earth and Planetary Science Letters, 293(3–4), 259–

268.  

Lehner, S. W., Petaev, M. I., Zolotov, M. Y., & Buseck, P. R. (2013). Formation of niningerite 

by silicate sulfidation in EH3 enstatite chondrites. Geochimica et Cosmochimica Acta, 

101(January), 34–56.  



 

13 
 

Lusby, D., Scott, E. R. D., & Keil, K. (1987). Ubiquitous high-FeO silicates in enstatite 

chondrites. Journal of Geophysical Research: Solid Earth, 92, 679–695. 

McCubbin, F. M., Riner, M. A., Vander Kaaden, K. E., & Burkemper, L. K. (2012). Is Mercury 

a volatile-rich planet? Geophysical Research Letters, 39(9), 1–5.  

Mouser, M. D., Dygert, N., Anzures, B. A., Grambling, N. L., Hrubiak, R., Kono, Y., Shen, G., 

& Parman, S. W. (2021). Experimental investigation of Mercury’s magma ocean viscosity: 

Implications for the formation of Mercury’s cumulate mantle, its subsequent dynamic 

evolution, and crustal petrogenesis. Under Review. 

Namur, O., Charlier, B., Holtz, F., Cartier, C., & Mccammon, C. (2016). Sulfur solubility in 

reduced mafic silicate melts: Implications for the speciation and distribution of sulfur on 

Mercury. Earth and Planetary Science Letters, 448, 102–114.  

Nittler, L. R., Starr, R. D., Weider, S. Z., McCoy, T. J., Boynton, W. V., Ebel, D. S., Ernst, C. 

M., Evans, L. G., Goldsten, J. O., Hamara, D. K., Lawrence, D. J., McNutt, R. L., Schlemm, 

C. E., Solomon, S. C., & Sprague, A. L. (2011). The major-element composition of 

Mercury’s surface from MESSENGER X-ray spectrometry. Science, 333(6051), 1847–

1850.  

Parman, S. W., Evans, A. J., Weller, M. B., Reinhard, C. T., Ibarra, D. E., First, E. C., & 

Anzures, B. A. (2020). Abundance and Habitability of super-Mercuries. Lunar and 

Planetary Science Conference. 

Zhang, Y., Benoit, P. H., & Sears, D. W. G. (1995). The classification and complex thermal 

history of the enstatite chondrites. Journal of Geophysical Research, 100(E5), 9417–9438.  

  



 

14 
 

 

  



 

15 
 

 
 
 

 

CHAPTER 1: XANES spectroscopy of sulfides stable 
under reducing conditions 

 

Brendan A. Anzures1, Stephen W. Parman1, Ralph E. Milliken1, Antonio Lanzirotti2, and 

Matthew Newville2 

 

1Department of Earth, Environmental, and Planetary Sciences, Brown University, Providence, 

Rhode Island 02912, U.S.A. 

2Center for Advanced Radiation Sources, The University of Chicago, Argonne, Illinois 60439, 

U.S.A. 

 

 

Submitted to: 

American Mineralogist 

June 7th, 2019 

 

Accepted: 

November 10th, 2019 



 

16 
 

Abstract 

X-ray absorption near-edge structure (XANES) spectroscopy is a powerful technique to 

quantitatively investigate sulfur speciation in geologically complex materials such as minerals, 

glasses, soils, organic compounds, industrial slags, and extraterrestrial materials. This technique 

allows non-destructive investigation of the coordination chemistry and oxidation state of sulfur 

species ranging from sulfide (2- oxidation state) to sulfate (6+ oxidation state). Each sulfur 

species has a unique spectral shape with a characteristic K-edge representing the s → p and d 

hybridization photoelectron transitions. As such, sulfur speciation is used to measure the 

oxidation state of samples by comparing the overall XANES spectra to that of reference 

compounds. Although many S XANES spectral standards exist for terrestrial applications under 

oxidized conditions, new sulfide standards are needed to investigate reduced (oxygen fugacity, 

ƒO2, below IW) silicate systems relevant for studies of extraterrestrial materials and systems. 

Sulfides found in certain meteorites (e.g., enstatite chondrites and aubrites) and predicted to exist 

on Mercury, such as CaS (oldhamite), MgS (niningerite), and FeCr2S4 (daubréelite), are stable at 

ƒO2 below IW-3 but rapidly oxidize to sulfate and/or produce sulfurous gases under terrestrial 

surface conditions. XANES spectra of these compounds collected to date have been of variable 

quality, possibly due to the unstable nature of certain sulfides under typical (e.g., oxidizing) 

laboratory conditions. A new set of compounds were prepared for this study and their XANES 

spectra are analyzed for comparison with potential extraterrestrial analogs. S K-edge XANES 

spectra were collected at Argonne National Lab for FeS (troilite), MnS (alabandite), 

CaS(oldhamite), MgS (niningerite), Ni1-xS, NiS2, CaSO4 (anhydrite), MgSO4, FeSO4, Fe2(SO4)3, 

FeCr2S4 (daubréelite), Na2S, Al2S3, Ni7S6, and Ni3S2; the latter five were analyzed for the first 

time using XANES. These standards expand upon the existing S XANES endmember libraries at 
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a higher spectral resolution (0.25 eV steps) near the S K-edge. Processed spectra, those that have 

been normalized and ‘flattened’, are compared to quantify uncertainties due to data processing 

methods. Future investigations that require well-characterized sulfide standards such as the ones 

presented here may have important implications for understanding sulfur speciation in reduced 

silicate glasses and minerals with applications for the early Earth, Moon, Mercury, and enstatite 

chondrites. 
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1. Introduction 

 Along with iron, sulfur is the most important heterovalent element in geologic systems. 

Due to its range of charges from 2- to 6+, the behavior of sulfur is complex. Under different 

redox conditions, sulfur can bond with both more electropositive and more electronegative 

elements in magmas, soils, industrial glasses and slags, and meteorites (Fleet 2005). This has 

significant effects on the partitioning behaviors of these elements between silicate melts (S2- and 

S6+), liquid metals and sulfides (S0 and S2-), gases (H2S, S2, SO2, and SO3), and solids (S2-, S1-, 

S0, S2+, S4+, and S6+). Under reducing conditions inferred for enstatite chondrite and aubrite 

meteorite parent bodies, as well as for lunar and Mercurian magmas, sulfur is stable as a number 

of different sulfide compounds not typically found on Earth, and S is the most abundant volatile 

element dissolved in silicate melts (>1 wt%). Sulfides stable below IW-3 include CaS 

(oldhamite), MgS (niningerite), MnS (alabandite), FeCr2S4 (daubréelite), NaCr2S2 

(caswellsilverite), and djerfisherite (K6Na(Fe2+,Cu,Ni)25S26Cl), all of which rapidly oxidize to 

sulfate and/or produce sulfurous gases in air under terrestrial surface conditions. 

Reduced silicate systems have applications for terrestrial mid-ocean ridge basalt 

(MORB), meteorites such as enstatite chondrites and aubrites, and magmas on the Moon and 

Mercury. Mercury is the most extreme example with surface sulfur detections of 1.5-4 wt% 

(Nittler et al. 2011). Recent work on sulfide solubility in experimental Mercurian glasses (Namur 

et al. 2016b) predicts MgS and CaS should be the dominant sulfides in extremely reduced silicate 

melts, while our analyses of sulfide speciation have confirmed and quantified MgS and CaS in 

reduced S-rich and Fe-poor silicate melts. Therefore, sulfur speciation is critical to understanding 

the thermodynamics of these sulfur-rich silicate systems and has been shown to influence silicate 

phase equilibria (Namur et al. 2016b, 2016a) and physical properties such as density, 
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polymerization, and viscosity (Holzheid and Grove 2002; Robert A. Fogel 2005; Namur et al. 

2016b). 

 Sulfur speciation can be determined through a number of spectroscopic techniques 

including x-ray emission and absorption spectroscopy, nuclear magnetic resonance (NMR), 

Raman spectroscopy, and Infrared spectroscopy (Wilke et al. 2011). XANES is advantageous 

because sulfur oxidation state and individual species can be determined quantitatively at 

concentrations down to ~100 ppm with ~1 micrometer spot size.  The XANES analyses can also 

be compared with spectra estimated by ab initio methods (Fleet 2005). 

 X-ray Absorption Spectroscopy (XAS) works by absorbing x-ray photons into a core 

orbital level followed by photoelectron emission at a characteristic energy. The resultant spectra 

can be loosely divided into two main energy regions, X-ray Absorption Near Edge Structure 

(XANES) and Extended Absorption Fine Structure (EXAFS) that are shown in an example 

spectrum of MgS (niningerite) in Figure S1. XANES is the region within ~50 eV of the 

absorption edge representing a Fermi level transition, which in this case is the primary S K-edge 

corresponding to the photoelectron transition S 1s → 3p. Secondary absorption peaks shown in 

the near-edge structure may result from transitions to empty S 3d states or hybridization of S p 

states with metal 3d states (i.e. Mg) (Fleet 2005). EXAFS is the oscillatory region ~30eV above 

the absorption edge that probes the local environment of atoms. For light elements such as S, the 

information EXAFS can provide is limited because the oscillatory structure decays rapidly to a 

line past the edge (e.g. Bunker & Stern, 1984; Fleet, 2005). For a more detailed overview of the 

theory and practice of S XANES see Fleet (2005) and references therein. 

Several sulfur species standards have been analyzed in previous studies, including FeS 

(troilite), MnS, CaS, MgS, Ni1-xS, NiS2, CaSO4 (anhydrite), MgSO4, FeSO4, and Fe2(SO4)3 (e.g. 
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Fleet, 2005; Langman et al., 2015). These data indicate that the S K-edge moves to higher 

energies as the sulfide bonding environment shifts from metallic/covalent to ionic, and from 

reduced (S2-) to oxidized (S6+) species as seen in Figure 1. Here, a new set of S XANES 

standards for sulfide and sulfate compounds were synthesized. By protecting the samples from 

air throughout synthesis, transport, and analysis, these standards are expected to be 

stoichiometrically stable during high-precision spectral measurements. S K-edge XANES 

measurements were made at beamline 13-IDE at Argonne National Lab, which is tunable to 0.25 

eV spectral resolution in the energy range of sulfur with a focused beam resolution of ~1 μm. 

New S K-edge XANES spectra are presented for FeS (troilite), MnS (alabandite), 

CaS(oldhamite), MgS (niningerite), Ni1-xS, NiS2, CaSO4 (anhydrite), MgSO4, FeSO4, Fe2(SO4)3, 

FeCr2S4 (daubréelite), Na2S, Al2S3, Ni7S6, and Ni3S2. Below, we also present the range in 

processed XANES spectra that can result from different choices in data processing steps and 

discuss how the resulting variations translate to uncertainties in the final processed spectra of the 

S standards. This type of endmember spectral variability has been extensively studied for remote 

sensing applications of reflectance spectroscopy over the past several decades (Tompkins et al. 

1997; Settle 2006; Somers et al. 2011), and it is similarly important to understand how 

uncertainties associated with processing of XANES data propagate through spectral unmixing of 

such data for multi-component mixtures (e.g., materials with multiple S-bearing phases). 

2. Methods 

2.1 Experimental Methods 

Pure sulfides were synthesized by reaction of element powders or purchased from Alfa 

Aesar©. MgS (niningerite) was synthesized from Mg metal powder and excess S powder in a 

sealed evacuated silica tube following the method of Osborne & Fleet (1984). Mg was reacted 
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with S at 600 °C for 1 day and 700 °C for 2 days. The product was then crushed and reloaded 

with excess S in a 15 cm long silica tube with the reagents located in the hotspot of the 

horizontal furnace at 700 °C for 1 day and 900 °C for 1 day. Crushing and reloading decreases 

the effect of armoring that limits reaction progress. FeS (troilite) was synthesized from Fe metal 

powder and S powder at stochiometric proportions in a sealed evacuated silica tube held at 800 

°C for 48 hours. NiS2 (vaesite), Ni1-xS, Ni7S6, and Ni3S2 (heazlewoodite) was synthesized from 

Ni metal powder or Ni metal rod and S powder at stochiometric proportions in a sealed 

evacuated silica tube similarly held at 800 °C for 48 hours. FeCr2S4 (daubréelite) was 

synthesized from reagent grade powders in experimental Mercurian samples at Ts >1250 °C and 

1GPa for 24 hours in a piston cylinder apparatus at Brown University. The Mercurian sample 

composition was a modified CH chondrite composition ALH85085 (Weisberg et al. 1988). CaS 

(oldhamite), Na2S, MnS (alabandite), and Al2S3 of >99.9% purity were purchased from Alfa 

Aesar©. 

Fe, FeCr2S4, Ni1-x, Ni7S6, and Ni3S2 were mounted in epoxy and polished under water 

using steps of 600 and 1200 grit sandpaper, and 0.5 and 0.03 micrometer Al2O3 grit. All other 

sulfides were kept in powder form. All sulfides were stored and transported in a nitrogen filled 

desiccator to minimize potential reaction with oxygen and water. 

2.2 Analytical Methods 

Experimental sulfide compositions were confirmed using the Cameca SX100 electron 

microprobe (EMPA) or by powder x-ray diffraction (XRD) using a Bruker D2 Phaser 

instrument. For EMPA analyses, metals were used as Ti, Mn, Ni, Cr, and Fe standards, while 

diopside was used as the Ca and Si standard. Forsterite was used as the Mg standard. Pyrite was 

used as the S standard. Synthesized sulfides were analyzed using a 15 keV accelerating voltage, 
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a 10 nA beam current, and a 1 μm spot size. Based on repeated analyses, purity is >95% for MgS 

(~5% MgO) and FeCr2S4 (<5% Mn) and >99% for FeS, NiS2, Ni1-xS, Ni7S6, and Ni3S2 with 

relative errors less than 0.5%. MgS (niningerite) was left in powdered form to prevent oxidation 

during any subsequent sample preparation and thus analyzed using XRD. No sulfate peaks were 

detected in the XRD or XANES data during repeated analyses. 

S K-edge XANES spectra were collected inside a helium environment using an 

undulator-based, hard x-ray microprobe at beamline 13IDE of GSECARS, Argonne National 

Laboratory. The spot size for XANES spectroscopy was 1-2 micrometers, with a nominal 

penetration depth of 2-3 micrometers for S. XANES spectra were collected from 2442 to 2542 

eV with a step size of 0.25 eV near the S K-edge and 2 eV in the other energy regions (1 s 

acquisition time per step).  

2.3 Data Processing Methods 

 Processing of XANES spectra included converting raw data to values of absorption 

coefficient (μ(E)). S K-edge XANES spectra were calibrated with the white line maxima energy 

for FeS (troilite) at 2470.30 eV, CaS at 2474.30 eV, MgS at 2473.60 eV, CaSO4 (anhydrite) at 

2481.90 eV, and MgSO4 at 2481.70 eV. Dead-time corrections were completed at APS. XANES 

spectra were deglitched in Athena to remove anomalous data points associated with Bragg spots 

and irregular x-ray input energies (Ravel and Newville 2005). Additionally, the spectra for Al2S3 

were smoothed to reduce the noise in the data using a 3-point boxcar average. These steps 

account for analytical, instrument, and facility errors and uncertainty. Two steps, normalization 

and flattening, can be applied to XANES spectra. Although these steps are common in spectral 

processing, they require input from the user and can thus be a source of uncertainty in the 
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absolute values of the final spectra. We evaluate and discuss below how these user inputs may 

affect the final processed spectra of our S-bearing samples. 

Spectra were normalized using an edge step normalization algorithm that fits the energy 

region before the K-edge and the energy region after the edge using separate linear regressions 

(Ravel & Newville, 2005), as shown in Figure S1. The raw data is subtracted by the pre-edge 

curve and then divided by the edge-step, where the edge step is the difference between the post-

edge curve and pre-edge curve at E0. E0 is a parameter that represents the k=0 continuum level 

at which electrons have just enough energy to propagate through material. Normalization of 

XANES spectra allows data to be directly compared regardless of the details of the experiment 

by regularizing the effects of sample preparation, sample thickness, absorber concentration, and 

detector and amplifier settings (Ravel & Newville, 2005). Normalization operates to remove the 

pre-edge background by setting the absorption intensity values in the pre-edge region to 0 and to 

scale data to a per-atom basis by scaling the edge jump to 1. Example raw and normalized 

spectra for MgS (niningerite) and CaS (oldhamite) are shown in Figure 2. 

Flattening is an optional processing step after normalization that scales the absorption values in 

the EXAFS region (oscillatory part of the data after the absorption edge) to be near the y=1 line, 

thus minimizing the spectral slope at post-edge energies. To ‘flatten’ a XANES spectrum, the 

normalized spectrum is subtracted by the difference between the normalized post-edge curve and 

normalized edge-step at E0, where E0 is calculated as the first inflection point on the absorption 

edge. 

XANES normalization optimization allows one to quantify the uncertainty introduced in 

the processed spectra when choosing pre-edge and post-edge normalization bounds. Once 

quantified, the uncertainty that results from this processing step may be incorporated into 
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weighted linear combination fits of spectra of multicomponent samples, and this may be 

particularly important if spectra of potential endmember components exhibit K-edge positions 

that are close to one another. During normalization and flattening there are 4 free parameters 

(referred to here as PER1, PER2, NR1, and NR2), excluding E0. PER1 and PER2 represent the 

energy positions that define the bounds of the spectral data that are used in the linear regression 

of the pre-edge region (Figure S1). Similarly, NR1 and NR2 define the energy bounds of the 

spectral data that is fit in the linear regression of the post-edge region (Figure S1). During 

spectral normalization and flattening, the bounds of the pre-edge were varied for PER1 and 

PER2 between the lowest-energy value of the spectrum plus 5 eV and E0-14:-4 in steps of 1 eV 

respectively. The bounds of the post-edge, NR1 and NR2, were allowed to vary between 

E0+5:30 and the highest-energy value of the spectrum minus 10 eV in steps of 1 eV respectively. 

This resulted in 29766 unique combinations of input parameters and thus 29766 processed 

XANES spectra per sample. 

3. Results 

3.1 Normalization Optimization 

 Normalization and flattening of XANES spectra are deemed to be satisfactory when they 

remove the pre-edge background by setting the pre-edge region to 0 and scale the edge jump to 

1, allowing direct comparison of spectra. As shown in Figure 3, there are a number of possible 

solutions for the linear regressions to the pre- and post-edge regions depending on the range of 

range of data chosen for the fit (i.e., positions of PER1, PER2, NR1, and NR2).  However, it is 

logical to take the furthest points (PER1 and NR2) along with middle points that allow the fit to 

bisect data spread within the spectral region of interest. In the pre-edge case, the middle point 

would preferably be before any pre-edge or K-edge absorption feature. In the post-edge case, the 
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middle point would be any point that allows the EXAFS region to be bisected by the fit (which 

may be many as the EXAFS region is characterized by its oscillatory nature). Good 

normalization has a convergent solution with minimal error and effect on spectral shape as 

determined by slope and RMSE of the pre-edge and edge-step regions. Good normalizations 

were determined by setting the tolerance of the edge-step to between 0.95 and 1.05, the pre-edge 

RMSE below 0.3, and the pre-edge slope desired to be y=0. The top ten and best normalizations 

were chosen by ranking the processed spectra based on root mean square error of the pre-edge 

slope, pre-edge RMSE, and edge-step RMSE. The full range, reduced range (top 10), and best 

normalized and flattened spectra are shown in Figure 3a and 3b. 

3.2 Spectra of New Sulfur Standards 

New S K-edge XANES standards were collected for a number of S species including 

FeS, MgS, CaS, MnS, Ni1-xS, NiS2, CaSO4 (anhydrite), MgSO4, FeSO4, and Fe2(SO4)3, FeCr2S4 

(daubréelite), Na2S, and Al2S3, Ni7S6, and Ni3S2. All S species XANES spectra are shown as 

normalized spectra in Figure 4, Figure 5, and Figure 6 with flattened spectra in Figures S2 and 

Figure S3. Unlike sulfite and sulfate species, sulfides with different cations display characteristic 

XANES spectra K-edge energies and shapes (Table 1). XANES spectra of MnS, Ni1-xS, NiS2 and 

CaSO4 are comparable to previous measurements (e.g. Fleet, 2005) except FeS (troilite), CaS 

(oldhamite), and MgS (niningerite) all have lower K-edge energies. The primary K-edge of FeS, 

CaS, and MgS are measured at 2469.3(1) eV, 2471.2(1) eV, and 2472.0(1) eV compared to 

2470.0 eV, 2474.0 eV, and 2475.1 eV respectively (Fleet 2005). Additionally, we find MgS has 

3 resolvable K-edge peaks instead of just the 2 present in the data of Fleet (2005), highlighting 

the advantage of higher spectral resolution data (Figure 1 compared to Figure 4). Spectra of FeS 

(troilite) and Na2S exhibit similar K-edge energy of 2469.3 eV indicating the Na-S bond is very 
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metallic. A weak sulfate peak at 2482 eV is observed in the CaS and Na2S spectra, likely due to 

their rapid reactivity in air to form trace amounts of sulfate (Figure 4). The XANES spectrum of 

FeCr2S4 (daubréelite) is very similar to that of pure FeS (troilite) (Figure 4), which suggests the 

structure and bonding environments of Fe and Cr are very similar. All nickel sulfides exhibit 

similar spectra with no systematic trend in K-edge position or peak strength due to differing Ni/S 

ratios (Figure 5). 

4. Discussion 

4.1 S XANES K-edge Location 

 The location of the S K-edge and overall shape of the XANES spectra depends on the 

cation, bond character, and bonding environment. Sulfide species with low-lying empty 3d 

orbitals (transition metal sulfides including Fe, Ni, and Cr sulfides) have an initial absorption 

peak due to hybridization of the S antibonding and metal 3d states and a second broad absorption 

peak corresponding to transitions to S p-like states hybridized with the metal 4sp orbitals (Farrell 

and Fleet 2001; Farrell et al. 2002b; Kravtsova et al. 2004; Soldatov et al. 2004; Fleet 2005) as 

shown in Figures 4 and 5. Sulfide species with bonds that are more covalent/metallic are 

expected to have lower K-edges than those with ionic bonds (Fleet 2005). S K-edge energy 

increases as the ionic character of the bond increases (Pauling 1960) showing a linear trend for 

monosulfides with a cation charge of 2+ in Figure 7. Nickel disulfide has a higher K-edge 

energy due to higher mean oxidation state of the sulfur atom relative to the nickel monosulfide 

similar to FeS2 compared with FeS (Head et al. 2018). However, bond length and structural 

effects also influence the K-edge energy influencing the nickel sulfide trends for monoclincic 

(Ni1-xS), orthorhombic (Ni7S6), isometric (NiS2), and trigonal (Ni3S2) nickel sufides (Fleet 1972). 

As the oxidation state of S increases (2- for sulfides to 6+ for sulfates), the energy of the S K-
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edge increases as well (Li et al. 1995; Fleet 2005) (Table 1). Ultimately, the K-edge energy of 

the S species correlates linearly with an increase in the direct energy-band gap (Li et al. 1994). 

4.2 XANES Normalization 

 The chief aim of normalization, whether or not a spectrum is subsequently flattened, is to 

regularize data to allow for direct comparison of different samples measured under different 

conditions. The three main methods of normalization are functional normalization, edge-step 

normalization, and flattening. Edge-step normalization is used here to avoid issues of inverted 

regions of a functional normalized spectrum due to division by negative background absorption 

possibly arising from detector settings (Ravel and Newville 2005). Unfortunately edge-step 

normalization can introduce a small amount of attenuation that is linear with energy and 

quadratic in wavenumber, but does represent a much less severe issue than functional 

normalization because it does not invert portions of a spectrum (Ravel and Newville 2005). 

 As expected, normalized spectra exhibit higher variance in the post-edge EXAFS region 

(standard error ≈ 0.005-0.01 for normalized and standard error ≈ 0.001-0.01 for flattened), 

whereas the flattened spectra exhibit higher variance in the pre-edge XANES region (standard 

error ≈ 0.00001-0.001 for normalized and standard error ≈ 0.01-0.05 for flattened) as shown in 

Figure 3c and 3d with standard errors reported in supplementary tables. Variance is still highest 

at the K-edge and near-edge structure (standard error ≈ 0.01-0.02 for sulfides and standard error 

≈ 0.01-0.05 for sulfates). Although flattened spectra can be beneficial for displaying the data and 

linear combination fitting (Webb 2005), it does inherently introduce processing error into the 

pre-edge region. Thus, we recommend using edge-step normalized XANES spectra for XANES 

spectroscopy deconvolution studies, especially if pre-edge features are important in the spectral 

fits. Nevertheless, K-edge position is insensitive to the choice of the processing parameters; the 
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K-edge is found to vary by 0.1 eV for all sulfides and less than 0.3 eV for all sulfates as seen in 

Table 1. 

5. Implications 

X-ray absorption near-edge structure (XANES) spectroscopy is an excellent technique to 

non-destructively investigate sulfur speciation regardless of sample type for both geologic and 

industrial applications. S K-edge XANES spectra are presented for FeS, FeCr2S4 (daubréelite), 

MgS, CaS, MnS, Na2S, Ni7S6, Ni3S2, Ni1-xS, NiS2, Al2S3, CaSO4 (anhydrite), MgSO4, FeSO4, and 

Fe2(SO4)3. These new endmember spectra will be especially useful in deconvolving reduced 

silicate glasses that may be dominated by (Mg,Ca)S (Robert A Fogel 2005; Stockstill-Cahill et 

al. 2012; Namur et al. 2016b) and other sulfides stable under reducing conditions rather than 

FeS. While this represents an important expansion of the existing S XANES endmember library, 

more analyses of S-bearing phases are needed. It is of interest to measure alkali sulfides such as 

caswellsilverite (NaCrS2) and djerfisherite (K6Na(Fe2+,Cu,Ni)25S26Cl) that are common in 

reduced enstatite chondrites but difficult to synthesize in pure forms. Fortunately, XANES 

analyses of sulfide solid solutions have shown that the S K-edge peaks vary with local cation 

environment (or average cation environment) in structurally similar sulfides to their constituent 

parts as long as the proportion of Fe remains the same  (Farrell and Fleet 2001; Farrell et al. 

2002a). S K-edge XANES spectra for solid solutions of (Mn,Fe)S and (Mg,Fe)S have shown that 

the pre-edge peak area does not increase proportional to increasing Fe and progressive 

participation of 3d orbitals in metal-S bonding (Farrell et al. 2002a). Also, because the structure 

is factored into the multiple scattering and resultant spectra, one might think that synthesizing 

and measuring structurally similar endmembers (glass vs. crystalline) would improve 

deconvolution fits of spectra of complex mixtures. In fact, some electron microprobe standards 
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have been developed for both crystalline and glassy materials. In the future, MgS dissolved in 

enstatite or forsterite glass could improve deconvolution of silicate glass XANES spectra. In 

addition, questions remain as to whether there is a normalization algorithm that minimizes 

uncertainties due to spectral processing methods across the entire spectrum. The spectral 

uncertainty measured for these new sulfur standards and presented here will also be useful in 

determining how endmember variability affects quantitative spectral unmixing of XANES 

spectra of materials containing multiple S-bearing phases. These new sulfide standards should 

improve future studies of sulfur speciation in reduced silicate glasses and minerals in both 

industrial and geologic contexts, with applications for the early Earth, Moon, Mercury, and 

enstatite chondrites. 
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Tables 

Table 1. Position of S K-edge peaks in some sulfur species 

Mineral or compound K-edge energy (eV) Mineral or compound K-edge energy (eV) 

FeCr2S4 (daubréelite) 2469.0(1) Al2S3 2471.9(1) 

FeS (troilite) 2469.4(1) Ni1-xS 2469.0(1) 

Na2S 2469.2(1) Ni7S6 2469.4(1) 

MnS (alabandite)  2470.6(1) NiS2 (vaesite) 2470.3(1) 

 2471.8(1) Ni3S2 (heazlewoodite) 2470.2(1) 

 2473.2(1) CaSO4 (anhydrite) 2480.5(1) 

CaS (oldhamite) 2471.5(1) MgSO4 2480.7(3) 

 2474.1(1) Fe2(SO4)3 2480.9(2) 

MgS (niningerite) 2472.2(1) FeSO4 2481.3(1) 

 2473.3(1)   

 2475.0(1)   
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Figures 

 

 
Figure 1. S K-edge energy depends on the coordination chemistry and oxidation state of S for the 
compound. The S K-edge moves to higher energies as the bonding environment shifts from 
metallic/covalent to ionic and from reduced (S2-) to oxidized (S6+) species. The dashed line 
indicates E0 of the compound. 
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Figure 2. S XANES spectra of MgS (niningerite) and CaS (oldhamite) showing a) raw data and 
b) normalized data. Raw XANES spectra may differ in background (pre-edge level), absorption 
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(near-edge peaks) that is nonlinearly proportional to concentration, and energy-dependent decay 
(post-edge). Normalized XANES spectra of different samples with different concentrations and 
sample form can be directly compared and used in linear combination fitting of mixed spectra. 

 

 

 
Figure 3. Normalization optimization of CaS (oldhamite) S K-edge XANES spectra. a) 
Normalized and b) flattened spectra showing the full range (n=29766) in red as well as the best 
according to the optimization program in black. Variance of the full range for c) normalized and 
d) flattened data generally follow the shape of the data but have error introduced in either the c) 
post-edge or d) pre-edge regions. Normalized data is better to compare the XANES region, while 
flattened data is better to compare the EXAFS region. 
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Figure 4. Normalized Sulfur K-edge XANES spectra for reference compounds and minerals. Ni1-

xS, FeS (troilite), MnS (alabandite), CaS (oldhamite), MgS (niningerite), and CaSO4 (anhydrite) 
spectra are comparable to previous studies (e.g. Fleet, 2005), however MgS has three near-edge 
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peaks as opposed to two seen in Fleet (2005). FeCr2S4, Na2S, and Al2S3 were measured for the 
first time. The dashed line indicates E0 of the compound. The spectra were collected in total 
fluorescence yield. 
 

 

 
Figure 5. Normalized Sulfur K-edge XANES spectra for nickel sulfides. Ni1-xS is comparable to 
Fleet (2005). The S K-edge moves to higher energies in progression of Ni1-xS, Ni7S6, Ni3S2, to 
NiS2. The dashed line indicates E0 of the compound. The spectra were collected in total 
fluorescence yield. 
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Figure 6. Normalized Sulfur K-edge XANES spectra for sulfates. Unlike sulfides, sulfates do not 
have significant variation in the S K-edge energy with bonding cation (CaSO4, MgSO4, and FeSO4) 
or oxidation state (FeSO4 and Fe2(SO4)3. There does appear to be a small peak at ~2478 for FeSO4 
that has been attributed to some degree of photo-reduction in previous analyses (Nash et al. 2019). 
The dashed line indicates E0 of the compound. The spectra were collected in total fluorescence 
yield. 
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Figure 7. Position of S K-Edge for reference compounds show the general relationship of 
increasing S K-Edge energy with increasingly ionic (as opposed to covalent/metallic) bond 
behavior calculated as percent ionic character (Pauling, 1960). Monosulfides with 2+ cation charge 
(filled circles: Ni1-xS, FeS, MnS, MgS, CaS) show a linear trend. Monosulfides with different 
cation charges (open circles: Ni7S6, Ni3S2, NiS2, Al2S3, Na2S) are also shown. Daubréelite (cross: 
FeCr2S4) percent ionic character was calculated using a Cr-S bond. The marker size corresponds 
to the K-edge uncertainty of 1 eV for all sulfides. 
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Supplementary Figures 

 

 
Figure S1. Raw X-Ray Absorption Spectroscopy (XAS) data for magnesium sulfide (MgS). K-
edge XANES refers to the lower-energy region within ~50 eV of the absorption K-edge further 
subdivided into the pre-edge, k-edge, and near-edge structure. EXAFS is the oscillatory region 
~30eV above the absorption edge that probes the local environment of atoms. Normalization of 
raw XAS spectra was completed using an edge-step normalization technique involving the pre-
edge curve, post-edge curve, and E0 representing the k=0 continuum level at which electrons have 
just enough energy to propagate through material. 
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Figure S2. Flattened Sulfur K-edge XANES spectra for reference compounds and minerals. FeS 
(troilite), MnS (alabandite), CaS (oldhamite), MgS (niningerite), and CaSO4 (anhydrite) spectra 
are comparable to previous studies (e.g. Fleet, 2005), however MgS has three near-edge peaks as 
opposed to two (Fleet, 2005). FeCr2S4, Na2S, and Al2S3 were measured for the first time. The 
dashed line indicates E0 of the compound. The spectra were collected in total fluorescence yield. 
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Figure S3. Flattened Sulfur K-edge XANES spectra for nickel sulfides. Ni1-xS is comparable to 
Fleet (2005). The S K-edge moves to higher energies in progression of Ni1-xS, Ni7S6, Ni3S2, to 
NiS2. The dashed line indicates E0 of the compound. The spectra were collected in total 
fluorescence yield. 
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Abstract 

 The NASA MESSENGER mission revealed that lavas on Mercury are enriched in sulfur 

(1.5-4 wt.%) compared with other terrestrial planets (<0.1 wt.%), a result of high S solubility 

under its very low oxygen fugacity (estimated ƒO2 between IW-3 and IW-7). Due to decreasing 

O availability at these low ƒO2 conditions, and an abundance of S2-, the latter acts as an 

important anion. This changes the partitioning behaviour of many elements (e.g. Fe, Mg, and Ca) 

and modifies the physical properties of silicate melts. To further understand S solubility and 

speciation in reduced magmas, we have analysed 11 high pressure experiments run at 1 GPa in a 

piston cylinder at temperatures of 1250 to 1475 °C and ƒO2 between IW-2.5 to IW-7.5. S K-

Edge XANES is used to determine coordination chemistry and oxidation state of S species in 

highly reduced quenched silicate melts. As ƒO2 decreases from IW-2 to IW-7, S speciation goes 

through two major changes. At ~IW-2, FeS, FeCr2S4, Na2S, and MnS species are destabilized, 

CaS (with minor Na2S) becomes the dominant S species. At ~ IW-4, Na2S is destabilized, MgS 

becomes the dominant S species, with lesser amounts of CaS. The changes in S speciation at low 

ƒO2 affect the activities of SiO2, MgO and CaO in the melt, stabilizing enstatite at the expense of 

forsterite, and destabilizing plagioclase and clinopyroxene. These shifts cause the initial layering 

of Mercury’s solidified magma ocean to be enstatite-rich and plagioclase poor. Our results on S 

speciation at low ƒO2 are also applicable to the petrologic evolution of enstatite chondrite parent 

bodies and perhaps early Earth. 
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1. Introduction 

 Sulfur is one of the most abundant and versatile volatile elements in magmas. Magmatic 

volatiles such as H, C, S, Cl, N, and F play crucial roles in the production, transport, and eruption 

of magmas under terrestrial and lunar conditions. However, the behavior of sulfur is highly 

complex, partly due to its heterovalent nature (oxidation state ranging from 2- to 6+) (Behrens & 

Webster, 2011). Under different redox conditions, sulfur can bond with both more 

electropositive and more electronegative elements (Fleet, 2005), having significant effects on the 

partitioning behaviors of these elements between silicate melts (S2- and S6+), liquid metals and 

sulfides (S0 and S2-), gases (H2S, S2, SO2, and SO3), and solids (S2-, S1-, S0, S2+, S4+, and S6+). 

Thus, sulfur is important in understanding many geologic problems including the eruptive style 

of volcanoes (e.g. Head et al., 2012; Shinohara, 2008; Sparks, 1997; Sutton et al., 2001) 

subduction zone recycling (e.g. Hilton et al., 2002; De Hoog et al., 2001; Métrich et al., 1999; 

Wallace, 2005), the formation of magmatic-hydrothermal ore deposits (e.g. Hamlyn et al., 1985; 

Hattori & Keith, 2001; Jenner et al., 2010; Righter et al., 2008), and atmospheric fluxes of 

volcanic gases and related climate effects (e.g. Andres & Kasgnoc, 1998; Hammer et al., 1980; 

Lamb, 1969; McCormick et al., 1995; Robock, 2000; P. J. Wallace, 2001). Therefore, detailed 

understanding of the concentration of sulfur as it moves from magmas to the surface is vital. 

 Sulfur in silicate melts is dissolved as S2- and S6+ species (Fincham & Richardson, 1954) 

with previous detections of S4+ (Métrich, 2002) now recognized as beam damage artifacts from 

the electron microprobe or synchrotron x-rays (Wilke et al., 2008) during measurement. 

Experiments have shown that sulfur solubility at saturation is controlled by the nature of the 

saturating phase and the composition of the silicate melt (M. R. Carroll & Rutherford, 1985, 

1987; Luhr, 1990), but also intensive conditions such as pressure, temperature, and oxygen 
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fugacity (ƒO2). The transition of the primary dissolved sulfur species from S2- to S6+ occurs over 

a narrow range of oxygen fugacity (FMQ (Fayalite-Magnetite-Quartz buffer) to about FMQ+2) 

witnessed in sulfur solubility and S6+/ΣS sulfur speciation curves (Jugo et al., 2010). Many 

terrestrial magmas are oxidized with their maximum dissolved sulfur concentration controlled by 

saturation of either anhydrite (M. R. Carroll & Rutherford, 1987; Luhr, 1990) or immiscible 

molten sulfate (Jugo et al., 2005). On the other hand, most mid ocean ridge basalts (MORB) have 

ƒO2 below FMQ meaning sulfur concentration in reduced silicate melts is controlled by sulfide 

saturation (Fincham & Richardson, 1954; O’Neill & Mavrogenes, 2002; P. Wallace & 

Carmichael, 1992). Sulfide species have a stronger affinity for network-modifying cations such 

as Fe, Mg, and Ca than network forming cations Si and Al such that as S2- dissolves in the 

silicate melt, distinct sulfide complexes should be formed (Fleet, 2005). This may act to break up 

the silicate melt structure similar to the formation of phosphates or carbonates (Hess, 1995). 

 Mercury evolved as a geochemical and mechanical endmember among the terrestrial 

planets, largely due to its low ƒO2. The Earth, Moon, and Mars have similar mantle ƒO2 between 

IW-2 and IW+2 (IW = iron-wüstite equilibrium) (Wadhwa, 2008) as seen in Figure 1. Sulfur 

solubility in magmas is low (<0.1 wt.%) at these conditions and is present as an important but 

minor element (Namur, Charlier, et al., 2016). In contrast, the Mercurian surface exhibits high S 

concentrations (1.5-4 wt.%) (Nittler et al., 2011). If these values reflect magma compositions, 

then a mantle ƒO2 between IW-3 and IW-7 is implied from silicate-metal-sulfide equilibria 

(McCubbin et al., 2012; Zolotov et al., 2013). Based on models of S solubility in silicate melts, 

Namur, Charlier, et al. (2016) estimated an average ƒO2 of IW-5.5 for Mercury’s mantle. The 

only other planetary materials thought to have formed at such low ƒO2 conditions are enstatite 

chondrites and aubrites (Berthet et al., 2009; Casanova et al., 1993; Fogel et al., 1989; McCoy et 
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al., 1999; Sears et al., 1982; Watters & Prinz, 1980). Additionally, some studies have suggested a 

highly reduced early Earth (Wohlers & Wood, 2015). Studies of low ƒO2 systems also are also 

applicable to the petrologic evolution of exoplanets orbiting C-rich suns. 

 High S solubility in silicate melts has been observed in numerous experimental studies at 

highly reducing conditions (Berthet et al., 2009; Cartier et al., 2014; Chabot et al., 2014; 

Holzheid & Grove, 2002; Vander Kaaden et al., 2015; Malavergne et al., 2007, 2014; McCoy et 

al., 1999; Namur, Charlier, et al., 2016) (Figure 2). Due to decreasing O concentrations at these 

low ƒO2 conditions, S2- fills in for O2- as a second significant anion, changing the partitioning 

behavior of many elements (e.g. Fe, Mg, and Ca and other elements that become more 

chalcophile) between silicate and sulfide as well as modifying the structure and physical 

properties of the silicate melt. Enstatite chondrite-derived thermodynamic models (Ebel et al., 

2011), thermodynamic models based on Mercury’s surface composition (Zolotov et al., 2013), 

and raman spectra (Namur et al., 2016a) suggest S switches from bonding with Fe to bonding 

with Mg and Ca in silicate melts at these reducing conditions. The formation of MgS and CaS 

lowers the activity of MgO and CaO in the melts and decreases the stability of minerals rich in 

these oxides (e.g. olvine and plagioclase). Cations bonded with S will be available to precipitate 

sulfides once saturation of the sulfide species is attained but will not be available for silicate 

mineral reactions. Sulfide speciation is particularly important under reducing conditions due to 

high sulfur solubility in the silicate melt (Figure 2). As an added consequence, sulfur at sulfide 

saturation may not act as a volatile element because the system would precipitate immiscible 

sulfide melts or crystals rather than gaseous species.  

 In this study, we use S K-edge X-ray Absorption Near Edge Structure (XANES) 

spectroscopy to quantify the coordination chemistry of sulfur in quenched silicate melts under 
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very reducing conditions (IW-2.5 to IW-7.2). We show quantitative S speciation trends in very 

reduced S-rich and Fe-poor silicate melts for MgS, CaS, FeS, FeCr2S4, Na2S, and MnS as a 

function of S solubility in silicate melt and of oxygen fugacity. The oxide activities of cations 

that bond with S change, thus affecting silicate phase equilibria (Namur, Charlier, et al., 2016; 

Namur, Collinet, et al., 2016). We discuss the effect changes in activity have on previous oxygen 

fugacity models and how S speciation may itself be a potential oxybarometer at very reducing 

conditions. We also discuss how changes in cation activities as a function of sulfur dissolution 

(or ƒO2) affect the initial mineralogical layering of Mercury’s mantle, post magma ocean 

crystallization. This layering sets the stage for the subsequent thermal and magmatic evolution of 

the planet. We finally evaluate how changes in silicate melt structure may affect physical 

properties such as viscosity, density, and melting temperature (Fogel, 2005; Holzheid & Grove, 

2002; Namur, Charlier, et al., 2016). 

2. Materials and Methods 

2.1 Starting Material and Bulk Composition 

 The primitive Mercurian mantle composition used in this study was determined by 

comparing the chemical fractionation of Mercurian lavas to chondritic compositions representing 

the possible building blocks of the planets, a method employed by Dreibus et al. (1998) for Mars 

and by Drake & Righter (2002) for Earth (Figure 3). CH3 chondrite Allan Hills 85085 

(Weisberg et al., 1988) was chosen as a Mercurian analog due to its similarities in major element 

ratios (Mg/Si, Al/Si, Fe/Si, and Ni/Si) to an estimated bulk composition derived from Mercurian 

surface measurements, high metal content consistent with Mercury’s large core (Ebel & Stewart, 

2018), and relatively reducing conditions (estimated IW-5.5 (Petaev et al., 2003). The bulk 

composition of ALH 85085 was used to determine the 13 elemental concentrations of this 
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primitive Mercurian mantle though iron and sodium were modified (Table 1). Iron (4.0 to 0.54 

wt.% FeO) and sodium (0.4 to 0.08 wt.% Na2O) were modified to reflect a primitive mantle after 

core formation and to be consistent with the high sodium abundances (2.75 wt.% to 7.00 wt.% 

Na2O) detected on the Mercurian surface (Nittler et al., 2011, 2018; Peplowski et al., 2011, 

2014). While many experimental studies have used Indarch as a Mercury bulk composition, this 

composition appears to be too rich in Si to produce Mercury’s lavas (i.e. it does not fall on the 

line defined by Mercurian lavas in Figure 3). Removal of Si into the mostly Fe core (Berthet et 

al., 2009; Charlier & Namur, 2019) could increase Mg/Si and Al/Si ratios of an Indarch 

composition to be consistent with the lavas. While Mercury may have an enstatite chondrite bulk 

composition, it seems like the mantle does not; using an enstatite chondrite for core-mantle 

partitioning experiments is fine, but not for mantle melting. Such a mantle composition would be 

similar to the ALH85085 used here. We recognize that this meteorite is not an enstatite chondrite 

and likely formed in the outer solar system. Nevertheless, its composition appears to be a good 

model for Mercury’s mantle. Melting experiments on it have produced melt compositions nearly 

identical to Northern Smooth Plains lavas. Compositions of our primitive Mercurian mantle 

composition that are used as the starting compositions are compared with previous estimates of 

the Mercurian mantle, terrestrial mantle, and Mercurian surface lavas are included in Table 1. 

 Following previous experimental studies (Berthet et al., 2009; Namur, Charlier, et al., 

2016), ƒO2 was controlled (but not buffered) by changing the ratio of Si0 metal to SiO2 in the 

starting composition. All of the Si0 is oxidized during the experiment, lowering the ƒO2, though 

not buffering it. Based on previous experiments, 95 mol% SiO2 and 5 mol% Si metal produces 

an ƒO2 of about IW-3. 
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 Silicate starting compositions were produced from high-purity reagent grade powder 

oxides and carbonates. Two separate powder mixes were made, one in which all Si is added as 

SiO2 and one in which all Si is added as Si0. Mixing these two allows variation of Sio/SiO2 in the 

mix while maintaining the same molar concentrations of all cations. The Si0 is added after 

decarbonation and conditioning. The oxide/carbonate powders were ground mixed under ethanol 

in an agate mortar and pestle. This mix was decarbonated and conditioned in a horizontal gas 

flow furnace (900 °C for 4 hours) with a CO/H2 gas ratio representing an ƒO2 near IW-1. Si0 

powder was then added to the SiO2-free mix to match the molar concentration of SiO2 in the 

starting composition in order to not change the bulk composition.  Finally, elemental sulfur 

powder was added to ensure sulfide saturation (depending on ƒO2, P, and T). 

2.2 Experimental Methods 

 Experiments were run in a ¾” piston-cylinder (PC) apparatus using inner pieces of 

crushable MgO, straight-walled graphite furnaces, and outer sleeves of Pyrex and sodium 

chloride as the pressure cell displayed in Figure 4. Runs were completed using graphite capsules 

inside molybdenum capsules for a sample size of 2mm height and 2mm diameter. Graphite inner 

capsules were used because graphite minimally reacts with silicate liquids under reducing 

conditions (Ardia et al., 2013; Vander Kaaden & McCubbin, 2016). Unfortunately, graphite is 

also porous and could allow rapid diffusion of oxygen into the sample especially with such a 

large ƒO2 difference between the sample and air (over 12 orders of magnitude). Terrestrial 

mantle melting experiments typically use graphite inner capsules with platinum outer capsules 

where the platinum metal acts as a barrier for oxygen and volatiles. Molybdenum outer capsules 

were used to minimize oxygen diffusion in and volatile loss out of the sample and act to smooth 

out the thermal gradient. The graphite prevents the melt from touching the molybdenum; post-
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experiment analysis of the molybdenum capsules showed molybdenum and a thin layer of 

molybdenum oxide, but no molybdenum sulfide.  

 Experiments were run for 12 to 48 hours to attain equilibrium at 1250 to 1475 °C, 

typically between the liquidus and solidus to produce a silicate melt, silicate crystal, and sulfide 

assemblage. The homogeneity of each phase and euhedral pyroxene and olivine crystals suggest 

experiments obtained equilibrium. Pressure was applied using the cold piston-in technique to 1 

GPa to simulate Mercurian upper mantle conditions. Run temperature was monitored and 

controlled to within 1 °C using a W3Re/W25Re thermocouple, and no pressure correction was 

applied to thermocouple EMF. A summary of experimental conditions is included in Table 2. 

 After quenching, each capsule was sliced in half with a diamond wafer blade and one half 

was mounted in epoxy. Samples were dry-polished using hexagonal boron nitride as a lubricant 

to avoid loss of any sulfides (Murthey et al. 2003) or volatiles such as S and Na in the silicate 

glass (Vander Kaaden & McCubbin, 2016); Vander Kaaden & McCubbin (2016) found reduced 

silicate glasses polished using water and acetone had 0.2-1.2 wt.% lower volatile abundances 

(Na2O, S, and Cl) than when dry polished using hexagonal boron nitride. Additionally, Na loss is 

only significant in 1 atm vertical furnaces but not in piston cylinders or multi anvils. Polishing 

steps included 300, 600, and 1200 grit sandpaper, 1-micron diamond powder, and 0.3 and 0.05-

micron alumina polishing powder cleaning the sample in between steps with a Kimwipe and 

compressed air. 

2.3 Analytical Methods 

 Phase identification and quantitative chemical analyses were completed through electron 

probe microanalysis (EPMA) using the CAMECA SX100 electron microprobe at Brown 

University. Silicate glass phases were analyzed using a 15 keV accelerating voltage, a 10 nA 



 

54 
 

beam current, and a 5 μm spot size. Based on repeated analyses, relative errors (100 x 1σ/mean 

value) for silicate glass are less than 12% for the major oxides (SiO2, MgO, Al2O3, CaO, and 

Na2O). Relative error on sulfur concentration in silicate glass is less than 10% using pyrite as the 

S standard. Even though sulfur in reduced silicate melt is more akin to troilite than pyrite, pyrite 

is a common S standard for silicate melt analyses and has no detectible difference in sine theta 

peak position (0.614681 for pyrite and 0.614686 for troilite). Additionally, no glass standard 

with so much sulfur exists to independently verify the accuracy of the electron probe at such high 

sulfur concentrations in glass. Synthesized sulfides were identified using a 15 keV accelerating 

voltage, a 10 nA beam current, and a 1 μm spot size because the sulfides were typically very 

small (<1μm). Based on repeated analyses, purity is >99% with relative errors less than 0.5% 

(Anzures et al., 2020). 

 Sulfur speciation was analyzed using an undulator-based, hard x-ray microprobe at 

beamline 13IDE of GSECARS, Argonne National Laboratory. To prevent interaction with air 

during X-ray exposure, measurements were performed inside a helium environment. X-ray 

fluorescence (XRF) maps with 2 μm/pixel resolution were created using the program Larch 

(Newville, 2013). These XRF maps were used to guide XANES analyses of the quenched silicate 

glass and sulfides. The spot size for XANES spectroscopy was 1-2 microns, with a nominal 

penetration depth of 2-3 microns for S. XANES spectra were collected from 2442 to 2542 eV 

with a step size of 0.25 eV near the S K-edge and 2 eV in the other energy regions (1 s 

acquisition time per step). Spectra were normalized using an edge step normalization algorithm 

fitting the energy region before and after the edge using a linear regression (Ravel et al., 2005) to 

produce 451 different processing combinations as detailed in (Anzures et al., 2020). Standard 

error for each sample spectra was then calculated by propagating the 1 σ standard deviation of 



 

55 
 

the top 10 normalizations for multiple measurements of the same sample (2 to 5 clean spectra per 

sample). 

 Beam damage was avoided during XANES analysis by keeping the acquisition time low, 

analyzing multiple spots on the sample before averaging, and monitoring for the potential 

presence of a S4+ species known to occur by X-ray irradiation (Wilke et al., 2008). While 

XANES analyses were completed after EPMA, surface oxidation and possible beam damage 

were removed by re-polishing. Recent S K-edge XANES analyses at 13IDE did not observe the 

potential presence (or increase with time) of S4+ with 2.5 seconds per energy point (Head et al., 

2018), with these analyses having an even lower collection time of 1 second per energy point. 

Although S4+ has been observed in some terrestrial volcanic glasses (Métrich et al., 2009) and 

minerals (Konecke et al., 2017), no clear evidence was observed in the sulfide standards 

(Anzures et al., 2020) or quenched silicate glass (a few samples were tested with 5-10 repeat 

analyses on the same spot). 

2.4 Calculations of Oxygen Fugacity 

 The intrinsic ƒO2 of the experiments were calculated using Namur et al. (2016a)’s 

empirically derived sulfur solubility-oxygen fugacity model because although all samples were 

sulfide-saturated, most were not Fe metal-bearing. Normally, ƒO2 is calculated using Fe3+/Fe2+ 

under oxidizing conditions (Kress & Carmichael, 1988; Wilke et al., 2004) and equilibrium 

between Fe-rich metal and FeO in the silicate melt under reducing conditions (Zolotov et al., 

2013). Under very reducing conditions however, the FeO content of the silicate melt was less 

than 0.12 wt.% in all samples, which is close to the 0.1 wt.% detection limit of EPMA. At such 

low concentrations, the activity coefficient of FeO is poorly constrained (Wykes et al., 2015). 

The absence of a metal phase in some experiments also hampers using iron activity to calculate 
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ƒO2. Namur’s method to calculate ƒO2 from S content at sulfide saturation (SCSS) was recently 

developed for Mercurian volcanic compositions and was calibrated using Fe-FeO and Si-SiO2 

equilibrium (Namur, Charlier, et al., 2016). However, the low Fe concentrations in silicate melt 

in some experiments made it so that only ƒO2 values calculated with Si-SiO2 were used to 

regress the S solubility equation.  The expression for S solubility is 

𝐥𝐧ሾ𝑺 𝒘𝒕. %ሿ𝑺𝑪𝑺𝑺  ൌ  𝒂 ൅
𝒃
𝑻
൅
𝒄𝑷
𝑻
൅ 𝒅 𝐥𝐨𝐠 ƒ𝐎𝟐 ൅෍𝒆𝒊

𝑿𝒊
𝑿𝑺𝒊𝑶𝟐

 

where S is the sulfur content at sulfide saturation (SCSS), T is the temperature (K), P is the 

pressure (bar), ƒO2 is the oxygen fugacity (bar), Xi are the mole fractions of oxides in the melt 

recalculated to a total of 100% on a sulfur-free basis, and a, b, c, d, and e are derived coefficient 

constants (a=7.25, b=-2.54x104, c=0.04, d=-0.551, eTiO2=-62, eMgO=0.426, and eNa2O=1.56) 

(Namur, Charlier, et al., 2016). The estimated uncertainty on ƒO2 using this technique is 0.5 log 

units (Namur, Charlier, et al., 2016). 

2.5 Modelling Methods 

 Quantitative S speciation data for the quenched silicate glasses were calculated by 

linearly unmixing the quenched silicate glass spectra into their component pure sulfide spectra. 

Sulfide standard spectra are taken from Anzures et al. (2020). While linear unmixing using 

representative endmember spectra has been used successfully to distinguish between S2- and S6+ 

and quantitatively determine S6+/ΣS in quenched silicate glasses (Head et al., 2018; Jugo et al., 

2010; Klimm, Kohn, O’Dell, et al., 2012), this study quantitatively determines sulfide speciation 

between different cations (e.g. FeS, MgS, and CaS) in reduced experimental quenched silicate 

melts. This is possible because the K-edge position of FeS, MgS and CaS are distinct from each 

other.  
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 The S species endmembers used in the unmixing starting model– FeS, MgS, CaS, 

FeCr2S4, Na2S, MnS, NiS- were guided by sulfides present in enstatite chondrites that formed 

under similarly reducing conditions (Keil, 1968; Zhang et al., 1995), thermodynamic predictions 

(Ebel et al., 2011), and previous Raman measurements (Namur et al., 2016a). Troilite (FeS), 

niningerite (MgS endmember of (FeMgMnS)), and oldhamite (CaS) are all common sulfide 

minerals in enstatite chondrites. While FeS has been confirmed to be the dominant sulfide 

species in reduced terrestrial magmas (O’Neill & Mavrogenes, 2002), (Mg,Ca)S has been 

thought to be the dominant sulfide in extremely reduced melts (Cartier & Wood, 2019; Fogel, 

2005; Namur, Charlier, et al., 2016; Stockstill-Cahill et al., 2012). Alabandite (MnS endmember 

of (Mn,Fe)S) has been observed in EL chondrites instead of niningerite that is found in EH 

chondrites. Daubreelite (FeCr2S4) is another accessory sulfide mineral common in enstatite 

chondrites (Keil, 1968). Na2S acts as a proxy for alkali sulfides caswellsilverite (NaCrS2) and 

djerfisherite (K6Na(Fe2+,Cu,Ni)25S26Cl) that are rare phases in enstatite chondrites (Keil, 1968; 

Zhang et al., 1995). NiS was also included in the endmember suite because it can substitute into 

pyrrhotite, the nonstoichiometric form of troilite. These sulfide endmembers are distinguishable 

by their different shape XANES spectra and S K-edges (2469.0-2472.2 eV) (Anzures et al., 

2020) as shown in Figure 5. The unmixing fitting window (Figure 5b) was chosen to be 2463 to 

2473.8 eV to encompass this spectral variability and emphasize the sulfide K-edge where sulfide 

endmember predictive power is maximized. This focus on the K-edge region allows the use of 

pure, solid end-member phases (e.g. MgS, CaS) to calibrate for sulfide bonds in silicate glasses, 

as the K-edge position is not sensitive to matrix effects. Use of higher energy parts of the 

XANES spectrum will require more matrix-matched standards that better represent the local 
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coordination environment within 5 Å of S that is probed by S K-edge XANES spectra. No 

weighting function is used due to XANES spectra mixing linearly. 

 Quenched silicate glass spectra were linearly unmixed using all possible endmember 

combinations and then compared using RMSE and adjusted r2. We used a chemical constraint 

where proportions were limited by their concentration in the silicate glass. If the calculated 

proportion was larger than the maximum proportion attributed to the cation (e.g. Fe, Cr, Mn), the 

proportion was fixed at that maximum and the unmixing was re-run. This is particularly 

important for distinguishing FeS and Na2S. These have similar K-edge positions, but at low ƒO2, 

concentrations of Fe in the melt are below 0.1 wt.% (Table 3). Therefore, the K-edge can be 

confidently ascribed to Na2S. No other initial constraints were used in order to obtain the best 

spectral match, but instead calculated proportions were used to remove endmembers that were 

not detected. In other words, negative proportions or proportions smaller than their uncertainty 

were set to 0%. RMSE was used to rank results for each endmember combination using a set 

number of endmembers. Knowing that RMSE will always decrease with additional endmembers 

(Draper & Smith, 1998), the final unmixing combination was chosen based on the minimum 

RMSE and highest adjusted r2, which is a variant of r2 that adjusts for the number of terms in the 

model. When combinations with different numbers of endmembers are compared, there is an 

optimal number of endmembers where adding components does not significantly improve the fit, 

at which point additional endmembers are not meaningful (Draper & Smith, 1998) (Figure S1). 

Sulfide speciation proportions presented below represent the optimal number of endmembers for 

each fit. Final sulfide speciation proportions were renormalized to sum to 100%.  

 Sulfide proportion uncertainties were calculated as the 2σ standard error of the linear 

unmixing model. The estimated covariance matrix is given by: 
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𝛴 ൌ 𝑀𝑆𝐸ሺ𝑋ᇱ ∙ 𝑋ሻିଵ 

where MSE is the mean squared error of the measured and modelled spectra, and X is the matrix 

of observations in this case the endmembers. The 95% standard error is then calculated as the 

diagonal of the square root of the coefficient covariance matrix. This accounts for the uncertainty 

given an imperfect fit, which is the largest source of uncertainty. Uncertainty on the proportions 

from propagating measured spectra uncertainty was tested by fitting 100 different randomly 

distributed measured spectra within 1σ of intensities and only resulted in an additional error of 

~0.1%, which is encompassed by the 1-20% uncertainty calculated above. Typical uncertainties 

in linear unmixing of XANES spectra are ~10% due to imperfect fitting, local coordination 

differences between the measured quenched glass and endmember crystalline samples, and other 

gaps in pitfalls of interpreting XANES spectra. 

3. Results 

3.1 Experimental phase assemblages 

 All experiments have a multi-component phase assemblage with greater than 20% silicate 

glass, minor amounts of sulfide ± metal, and sometimes silicate crystals (orthopyroxene ±olivine) 

(Supplementary Tables). The dominant sulfide identified through energy-dispersive x-ray 

spectroscopy (EDS), when present, is FeCr2S4 (daubréelite), with minor amounts of Mg and Ca. 

The dominant metal phase identified through energy-dispersive x-ray spectroscopy (EDS), when 

present, is an FeSi alloy, with minor amounts of Ni and S. Since most of the sulfide and metal 

blebs were very small (<1 μm), sulfide and metal compositions are not included. Both 

orthopyroxene and olivine are nearly pure (>99%) Mg-endmembers of enstatite and forsterite. 

Samples displayed equilibrium textures with large euhedral silicate crystals and homogenous 

silicate glass as revealed by XRF mapping (Figure 6).  
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3.2 Sulfur speciation in silicate melts 

 Qualitative analysis of the XANES spectra of experimental quenched glasses reveal 

several key trends as ƒO2 decreases including: 1) a diminishing low energy shoulder at 2470 eV, 

2) flattening of the near-edge structure from 2473 to 2477 eV, and 3) a positive K-edge shift 

(Figure 7). Although it is well-established that the sharp S2- peak present in crystalline sulfides is 

absent in broadened silicate glass spectra due to additional scattering and slightly different 

coordination in multicomponent glasses (Fleet, 2005; Jugo et al., 2010; Métrich, 2002; Paris et 

al., 2001), the energy location of the initial K-edge determined by s-p orbital energy differences 

is more robust. Thus, these spectral changes correspond to a decrease in the lower energy 

sulfides (FeS, FeCr2S4, and Na2S) responsible for the shoulder at 2470 eV and an increase in 

higher energy sulfides (CaS and MgS) as seen in Figure 7a and 7b. As ƒO2 decreases, the 

spectra become more similar to pure MgS that has a flat near-edge structure, whereas CaS and 

MnS that both have positive sloped near-edge structures are only obvious under less reducing 

conditions. MnS has an intermediate K-edge at 2470.6 eV that can be observed in a small 

additional shoulder in a few samples.  

 These qualitative spectral shifts were quantified into sulfide species proportions using 

linear unmixing as shown in Figure 8. Modelled spectra have component sums between 98% 

and 122% with RMSE below 0.05 as well as ordinary and adjusted r2 values greater than 0.98 

(supplementary tables). After normalizing the percentages to 100%, normalized spectra have 

RMSE below 0.11 as well as ordinary and adjusted r2 values greater than 0.95. Since fitting was 

focused on the K-edge in the XANES region of the spectrum, deviations are larger at higher 

energies in the near-edge structure and XAFS region. Less reduced silicate glasses (IW-2 to IW-

4) had more complicated XANES spectra, and thus higher RMSE and residual deviations as seen 
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in Figure 8a. However, we have high confidence that CaS is the dominant sulfide species in less 

reduced silicate glasses because CaS is the primary end member in all fits (Table 4 and Figure 

S1).  

 At high ƒO2, from IW to ~IW-2, S solubilities are below 0.5 wt% and the S speciation is 

predominantly FeS (Lodders & Fegley, 1997; Saal et al., 2008; P. Wallace & Carmichael, 1992). 

Around IW-2 to IW-4.5 (S=0.5-2.0 wt%), FeS and FeCr2S4 disappears from the spectra and CaS 

(40-65%) becomes the dominant S species, with substantial amounts of Na2S (~35%) and minor 

MnS (~7%) (Figure 9). At ~ IW-4.5, MgS becomes the dominant species, rising to ~85% and 

remaining at that level to the lowest ƒO2 we examined (IW-7.2), even while S concentration 

increases from 2.5 wt% to 7.5 wt%. CaS decreases from 65% to 15%, and Na2S disappears from 

the spectra (Figure 9). At IW-4.9 and below, MgS and CaS proportions do not significantly 

change from (Mg0.85Ca0.15)S, which is remarkably similar to an estimated sulfide composition at 

the surface of Mercury (Mg0.74Ca0.26S (Nittler et al., 2011; Stockstill-Cahill et al., 2012; Weider 

et al., 2012)) and sulfide composition in EH Indarch melting experiments (Mg0.79Ca0.21S (McCoy 

et al., 1999)).  

 These trends are robust over the compositional range (Si = 24.53-30.04 wt.%, Fe = 0-0.09 

wt.%, Mg = 5.4-18.28 wt.%, Ca = 4.59-8.13 wt.%, Na = 0.31-3.43 wt.%), and they show a slight 

correlation with Fe, Mg, Ca, and Na, while the Cr trend is unclear due to low concentrations. 

FeS, MgS, and CaS trends are consistent with previous Raman measurements (Namur et al., 

2016a). The presence of Cr3+ and Na+ are consistent with precipitation of solid sulfides stable 

under very reducing conditions FeCr2S4 (daubréelite (FeCr2S4); caswellsilverite (NaCrS2) and 

djerfisherite (K6Na(Fe2+,Cu,Ni)25S26Cl)) as well as predictions of Na as a charge-balancing 

cation (Métrich et al., 2009). 
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4. Discussion 

4.1 Potential effects of local coordination environment 

It is possible to distinguish between sulfur species bonded to divalent cations (e.g. Fe2+, 

Mg2+, and Ca2+) even though the sulfur ion is nominally present as S2-. In contrast, distinguishing 

sulfur species bonded in sulfates is quite difficult, even though the sulfur ion is nominally present 

as S6+. As an example, The S K-edge energies vary more in sulfides (from 2469.0 to 2472.2 eV) 

compared to those for sulfates (2480.5-2481.3 eV) (Anzures et al., 2020; Fleet, 2005). Note that 

determining gross oxidation states (i.e. the S K-edge difference between S2- and S6+) is not 

difficult and possible using EPMA (M. Carroll & Rutherford, 1988; Metrich & Clocchiatti, 

1996). Sulfide S K-edge energies are known to increase with increasingly ionic bonding from 

covalent/metallic FeS to more ionic MgS and CaS as covalent sharing of electrons decreases the 

energy differences in the innermost electron shells of bonded ions (Anzures et al., 2020; Fleet, 

2005). Sulfides also show differences in near-edge peaks indicative of a wider range in overall S 

K-edge XANES structure than sulfates due to differences in the p-d hybridization of the 1s to 

metal 3d states (Fleet, 2005). The smaller variation in sulfates may be explained by the sulfur ion 

being surrounded by 4 oxygens to form an anionic complex shielding the sulfur ion from cation 

effects. The fact that all sulfates exhibit 100% ionic character of the S-O bond as calculated 

using Pauling (1960) reinforces the idea that the local bonding environment of the sulfate ion is 

dominated by the greater electronegativity of the oxygen. Presumably, this stereochemical 

shielding by oxygen also hinders using X-ray absorption spectroscopy to differentiate between 

different cation species for elements such as C and P in compounds like carbonates and 

phosphates but could be used to differentiate between carbides and phosphides. 
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 One of the challenges in determining sulfur speciation in silicate melt are the inherent 

differences in bonding of S in a crystal (our endmembers), quenched glass (our samples), and 

melt (our interest). These differences in the local coordination environment of S (within 5 Å of 

the S atoms) between the quenched silicate glass, crystalline standards, and silicate melt at run 

conditions may have resulted in systematic errors in the S speciation not accounted for in 

calculated uncertainties. The fitting window choice to focus on the K-edge avoids most of higher 

energy near-edge and extended fine structure features that are more affected by the local 

coordination environment scattering (Als-Nielsen & McMorrow, 2011; S. R. Sutton et al., 2020); 

S K-edge XANES spectra of complex silicate glasses have been observed to diminish as well as 

shift and broaden slightly to higher energies compared with crystalline sulfides (Fleet, 2005; 

Head et al., 2018; Jugo et al., 2010). In the future, matrix-matched glass endmembers (Anzures 

et al., 2020) and XANES analysis at run conditions (Berry et al., 2003) may improve fitting of 

unknown silicate glass spectra. Nevertheless, the observed systematic changes in the S K-edge 

XANES spectra (Figure 7b) strongly support that changes in XANES features are due to 

different S species in the quenched glass and are representative of S speciation at run conditions. 

 Since sulfide speciation was not determined in the melt at run conditions, it is possible 

that there could be some quench modification of valence state due to electron exchange (Berry et 

al., 2003; Head et al., 2018). This electron exchange has been used to explain the coexistence of 

S2- and S6+ in reduced melt inclusions quenched below IW-4 where S should only be dissolved as 

S2- (Métrich et al., 2009). This quench modification could occur between S2- and a transition 

element like iron, chromium, or titanium, which would explain the small S6+ peaks at ~2482 eV 

that persisted in a few samples even after re-polishing (Figure 7b). These sulfur bearing 

reactions are unlikely however, because they require large structural changes in the local 
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coordination environment between S2- and SO4
2- during quench and are likely proportional to the 

relative abundances of the transition element electron acceptors (Head et al., 2018; Métrich et al., 

2009). Quenched glasses have low transition element contents at <0.1 wt.% Fe, <0.08 wt.% Cr, 

and <0.83 wt.% Ti. Additionally, this peak at ~2482 eV is unlikely to be related to H2 (Klimm, 

Kohn, & Botcharnikov, 2012) due to extremely low hydrogen solubility at very reducing 

conditions (Zolotov, 2011).  

4.2 Effect of S on Fe, Mg, Ca, and Si activities and mineral stability 

 The sulfide speciation trends as a function of oxygen fugacity have important 

ramifications for Mercurian magmas and other reduced rocky bodies. The bonding of S with Fe, 

Mg, Ca, Na, Mn, and Cr reduces the concentrations of the cations available to form oxides 

affecting the silicate phase equilibria. The effective concentrations of MgO, CaO, and Na2O are 

reduced by up to 30%, 35%, and 39% respectively, while FeO, MnO, and Cr2O3 are reduced by 

effectively 100% (Figure 10). Manganese and chromium sulfide species detections are minor 

(<10%), and consistent with the presence of similar sulfides in enstatite chondrites and aubrites 

(Keil, 1968; Zhang et al., 1995). 

 Under less reducing conditions (above IW-1 but below sulfate stability ~IW+2), it is well 

known that S dissolves in terrestrial, lunar, and Martian magmas as mostly FeS (Lodders & 

Fegley, 1997; Saal et al., 2008; P. Wallace & Carmichael, 1992). Applying the S speciation 

trends to Mercurian melt chemistry, any iron (XFe<0.11 wt.%) in the silicate melt exists as FeS 

rather than FeO at these reducing conditions (below IW-2) consistent with the VNIR data of 

Mercury’s surface showing no FeO related absorptions (Izenberg et al., 2014; Riner et al., 2010). 

Thus, models of ƒO2 based on FeO in the melt may be in error, as most Fe will be present as FeS. 

However, the Fe content measured by MESSENGER on the Mercurian surface of 1-2 wt.% 
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(Nittler et al., 2011) is much higher than would be dissolved in the silicate melt at these reducing 

conditions. With low stability of Fe in the silicate melt, Fe would exsolve as FeSi, FeS, and/or 

FeCr2S4. If these iron sulfides are entrained and physically carried to the surface within the 

silicate melt, this could account for up to 1.15 wt.% or 4.60 wt.% S if pure FeS and FeCrS4 

respectively. These surface sulfides would dramatically reduce the assumed elevated S solubility 

in Mercurian lavas (1-4 wt.% S measured on the surface) (Nittler et al., 2011) and could favor a 

Mercurian mantle source on the oxidized side of the current ƒO2 bounds (IW-3 to IW-7) 

(McCubbin et al., 2012; Zolotov et al., 2013). However, it is currently very difficult to place 

constraints on the relative abundances of Fe0 versus FeS without knowing Mercury’s bulk 

composition as well as how much of the surface lavas are silicate crystals rather than quenched 

silicate glass without higher resolution chemical and mineralogical data (Namur & Charlier, 

2017). 

 The S speciation data shows that MgS is the dominant S species at ƒO2 below IW-4, as 

suggested by Namur et al (2016a) from Raman spectroscopy. This is consistent with predictions 

for extremely reduced (below IW-4) and S-rich silicate melts relevant for Mercury, enstatite 

chondrites, and aubrites that the dominant melt species is (Mg75Ca25)S (Fogel, 2005; Namur, 

Charlier, et al., 2016; Stockstill-Cahill et al., 2012). The substantial bonding of Mg with S at 

highly reducing conditions decreases MgO concentrations in the melt by an average of 22.5% 

relative. This is consistent with the destabilization of Mg-rich olivine in favor of enstatite. If 

Mercurian lavas have an intrinsic ƒO2 below IW-4 as suggested by Namur et al. (2016a), 

(Mg,Ca)S should be the dominant sulfide in Mercury’s crust. 

 At intermediate ƒO2 conditions (IW-2 to IW-4), CaS is the major S species, and the 

concentration of CaO is decreased by 8 to 15%. At very reducing conditions (<IW-4), CaS is a 
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minor component, and CaO concentrations decreases by up to 35%. This functions to decrease 

the CaO concentration by up to 35% and an average of 13 wt.%, which may destabilize Ca-

bearing silicates like feldspar and clinopyroxene as shown in the reaction below. 

CaO + Al2O3 + 2SiO2 ← CaAl2Si2O8 (anorthite) 

If Mercurian lavas have an intrinsic mantle source ƒO2 between IW-2 and IW-4 as suggested by 

McCubbin et al. (2017) (IW-3.2 to IW-4.3), CaS should be the dominant sulfide in Mercury’s 

crust, with substantial Na2S.  

 Up to 16% Na-bearing sulfide species is detected in the intermediate ƒO2 range, causing a 

decrease in Na2O concentration of up to 39% and an average of 28% when present. If Mercury 

lavas have ƒO2 between IW-2 and IW-4, they should precipitate substantial amounts of Na-

bearing sulfide. This may be related to the high-Na lavas detected on the surface of Mercury 

(Nittler et al., 2011). Melts rich in Na2S should precipitate caswellsilverite (NaCrS2) and 

djerfisherite (K6Na(Fe2+,Cu,Ni)25S26Cl) found in enstatite chondrites.  

 Another interesting yet poorly understood geologic feature on Mercury are hollows- 

shallow, flat-floored, steep-sided, rimless depressions generally found in or around much smaller 

impact craters (Thomas et al., 2014). Hollows-forming-material appear to form through 

sublimation of a solid layer of rock in response to the intense solar wind Mercury experiences 

(Blewett et al., 2011, 2016). Hollows-forming-material must be moderately volatile on the 

surface, although the specific material (maybe sulfide or graphite (Blewett et al., 2016)) is still 

unclear. These alkali-sulfides (caswellsilverite (NaCrS2) and djerfisherite 

(K6Na(Fe2+,Cu,Ni)25S26Cl)) may be candidate hollows-forming material since they have 

significantly lower melting temperatures than MgS (2000°C at 1atm) and CaS (2525°C at 1atm). 
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Alkali-sulfides may consolidate and float to the surface during flash-melting and low-pressure 

cooling within shallow impact melt sheets. 

 Sulfide complexing also likely increases the activity of SiO2 as sulfide complexes 

“remove” network-modifying cations from oxides that would otherwise be available for silicate 

phase equilibria. This would drive the reaction from forsterite to enstatite following the reaction 

below. 

Mg2SiO4 (forsterite) + SiO2 → 2MgSiO3 (enstatite) 

This is consistent with the expansion of the enstatite stability field at the expense of forsterite 

found in (Namur, Charlier, et al., 2016; Namur, Collinet, et al., 2016). The decrease in MgO 

concentration may also drive the reaction toward enstatite as the more Mg-poor phase. 

4.3 Constraining the oxygen fugacity of Mercury 

 The oxygen fugacity of Mercury has been estimated in a variety of ways. The high S and 

low Fe contents from XRS and GRS (Evans et al., 2012; Nittler et al., 2011) imply ƒO2 of IW-3 

to IW-7 (McCubbin et al., 2012; Namur, Charlier, et al., 2016; Zolotov et al., 2013), which is 

consistent with the absence of Fe3+ charge transfer absorptions that indicate low-Fe silicate 

minerals from VNIR (Izenberg et al., 2014; Riner et al., 2010). Sulfur speciation may also be a 

useful oxybarometer. S speciation can be described by the following equilibrium reactions with 

components after the polymer model of silicate melts (Hess, 1995) : 

2SiOMgOSi + 1/2S2 = MgSMg + 2SiOSi + O2 

𝑲𝒆𝒒 ൌ
𝒂𝑴𝒈𝑺𝑴𝒈 𝒂𝑺𝒊𝑶𝑺𝒊

𝟐  𝒇𝑶𝟐
𝒂𝑺𝒊𝑶𝑴𝒈𝑶𝑺𝒊
𝟐  𝒇𝑺𝟐

 

2SiOCaOSi + 1/2S2 = CaSCa + 2SiOSi + O2 

𝑲𝒆𝒒 ൌ
𝒂𝑪𝒂𝑺𝑪𝒂 𝒂𝑺𝒊𝑶𝑺𝒊

𝟐  𝒇𝑶𝟐
𝒂𝑺𝒊𝑶𝑪𝒂𝑶𝑺𝒊
𝟐  𝒇𝑺𝟐
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where the equilibrium between MgO, MgS, CaO, CaS, and SiO2 are a function of both ƒO2 and 

ƒS2. This is a potential oxybarometer at very reducing conditions. However, additional 

measurements and comparison with calculations with equilibrium of other S species such as CaS 

are necessary to determine what S species and reaction controls ƒO2. 

 Interestingly, the conservative estimate of ƒO2 of Mercury’s mantle between IW-3 to IW-

7 (Zolotov et al., 2013) includes both the CaS (IW-2 to IW-4) and MgS (<IW-4) sulfur 

speciation regimes. The ƒO2 region where CaS dominates and MgS is absent, would be 

consistent with the observed strong correlation between Ca and S, and the weaker correlation of 

Mg and S on the surface of Mercury (Nittler & Weider, 2019; Weider et al., 2012). An ƒO2 range 

of IW-2 and IW-4 would also be consistent with a less reduced (IW-3.2 to IW-4.3) mantle 

predicted to account for the low O/Si ratio measured on Mercury (McCubbin et al., 2012, 2017). 

Thus, the ƒO2 of Mercury’s mantle may be between IW-2 and IW-4 rather than IW-3 to IW-7 

(Zolotov et al., 2013). However, a less reduced Mercurian mantle may not be able to dissolve 

enough S (Namur, Charlier, et al., 2016) to match the surface measurements of 1-4 wt.% S 

(Nittler et al., 2011). Unfortunately, the large spatial resolution of XRS data (50-1000km used 

for mapping) (Nittler et al., 2011; Weider et al., 2015) complicates attempts to fingerprint S 

speciation from orbit; we must assume chemical homogeneity within the measurement footprint 

and that S chemical correlations are due primarily to differences in sulfide content and not to 

different silicate crystal fraction (Mg-, Ca-, and Na-bearing olivine, pyroxene, and feldspar). 

4.4 Implications for Mercury’s magma ocean 

 While Mercury is similar in size to the Moon, differences in ƒO2 caused different magma 

ocean evolutions. With a mantle ƒO2 between IW and IW-2 (Kevin Righter et al., 2016; 

Wadhwa, 2008), the Moon had an anorthosite flotation crust due to the very FeO-rich nature of 
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the residual melt at the timing of plagioclase saturation (Elkins-Tanton et al., 2011; Jolliff et al., 

2000). However, the low-FeO content of Mercurian melts at more reducing conditions (IW-3 to 

IW-7 (Zolotov et al., 2013)) results in only graphite (Vander Kaaden & McCubbin, 2015) or 

buoyant sulfides (Boukaré et al., 2019) as a potential minerals comprising a flotation crust. S 

speciation shows that Fe solubility at very reducing conditions (<0.15 wt.% Fe at IW-4 to IW-7) 

is controlled by FeS such that any Fe that dissolves in the silicate melt is bonded with S.  

 Most of the compositional fractionation of the Mercurian magma ocean will be caused by 

the crystallization of silicates (olivine, orthopyroxene, clinopyroxene, feldspar). By changing the 

stabilities of these silicate components in the melt, it will have a strong influence on the 

compositional evolution of the Mercurian magma ocean. This is similar to how H2O strongly 

affects magma fractionation on Earth, despite it having low concentrations in most crystallizing 

phases (olivine, pigeonite, augite, and plagioclase) (Bell & Rossman, 1992; Hirschmann et al., 

2005; Hirth & Kohlstedt, 1996; Saal et al., 2002).  

 Changes in sulfur speciation influence the initial silicate layering through silicate phase 

equilibria, setting the stage for the subsequent thermal and magmatic evolution of Mercury. 

Plagioclase crystallization would be delayed with the reduction of CaO by up to 35%, driving the 

reaction away from anorthite, the Ca and Al endmember of plagioclase, and becoming more 

sodic in composition as seen in enstatite chondrites, aubrites, and aubrite basalt vitrophyres 

(Fogel, 2005). Consequently, the primitive Mercurian mantle might be not be as depleted in 

aluminum as the Moon because of the lesser amount of plagioclase. The initial mineralogical 

layering of Mercury should also be enriched in orthopyroxene at the expense of olivine because 

of S reducing MgO and CaO and increasing SiO2 activities, the same process that would stabilize 
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orthopyroxene in enstatite chondrites and aubrites. Reduced CaO would also delay 

clinopyroxene crystallization. 

4.5 Effect on physical properties  

 Changing S speciation should also affect the physical properties of the melts. Sulfide 

complexing increases the activity of SiO2, which should increase polymerization and viscosity 

(Fogel, 2005; Namur et al., 2016). However, S may preferentially react with bridging oxygen 

atoms in the melt, which would produce the opposite effect (Holzheid & Grove, 2002). Si-S 

bonds are not predicted to be abundant because stable silicon sulfide precipitates have not been 

observed in experiments at very reducing conditions implying such phases are unstable 

(MacHacek et al., 2010), the S XANES spectra are fit well without an additional Si-S 

endmember (although silicon sulfide XANES spectra have not been collected), and the 

mineralogical structure of SiO2 and SiS2 are dramatically different (Zwijnenburg et al., 2007). 

The effect of sulfide complexes and perhaps other redox changes at low ƒO2 in the silicate melt 

is not well understood, especially at high S solubility; viscosity measurements may show a 

negligible effect of S (Morizet et al., 2015; Vetere et al., 2017). Melt density should also be 

affected by overall S concentration and what S species form in the melt: (density Na2S < CaS, 

MgS < FeS). Changing viscosity and density will have substantial influences on both magma 

eruption dynamics, as well as the evolution of a Mercurian magma ocean. 

5. Conclusions 

 In very reduced basaltic melts, FeS is destabilized in the melt structure. CaS and Na2S are 

the primary S species from IW-2 to IW-4. MgS becomes the dominant species at oxygen 

fugacities below IW-4. The shifts of S speciation have substantial effects on the activities of 

oxide components of the melt and act to increase enstatite stability and decrease plagioclase 
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stability. Enstatite should be the primary mafic silicate mineral in the Mercurian mantle. 

Depending of ƒO2, (Mg,Ca)S or CaS may be the dominant sulfide in Mercury’s volcanic crust. 

Sulfur speciation also affects physical properties (viscosity, density, melting temperature), with 

implications for magma ocean dynamics and volcanism. 

 Future experiments are needed to constrain the initial upper mantle minerals and 

proportions, especially what phases are major hosts of Ca and Al in the mantle. Experimental 

determination of the Ca-bearing phase, sulfide or silicate, is significant because they are the main 

reservoirs for a range of minor and trace elements, and most importantly, for the main heat-

producing elements U, Th, and K (Boujibar et al., 2019; Boukaré et al., 2019). On the Moon Ca-

bearing plagioclase concentrates the heat-producing elements while in enstatite chondrites CaS 

(oldhamite) does. The increased stability of (Mg,Ca)S in the melt structure suggests it may be the 

dominant sulfide and heat-producing element reservoir in Mercury’s crust. More experiments are 

needed in the CaS dominated regime between IW-2 to IW-4, which would place further 

constraints on the ƒO2 of Mercury’s mantle. 
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Tables 

Table 1. Estimates of Mercury’s Mantle Composition (wt.%) 

Primitive 

Mercury 

Mantle* 

Primitive 

Mercury 

Mantle 

(80% 

crystallized)

* 

Pre-

melting 

Mantle 

(NSP)a* 

Pre-melting 

Mantle 

(IcP-

HCT)a* 

Terrestri

al 

Mantleb 

CH 

ALH85085

c 

EH4 

Indarch

d 

NVPa IcP-HCTa 

SiO2 51.32 52.8 53.67 51.98 49.5 48.9 65.3 58.7 52.7 

TiO2 0.21 1.17 0.24 0.21 0.2 0.2 0.1 0.4 0.4 

Al2O3 3.78 17.33 4.57 4.24 3.6 3.6 2.1 13.8 8.79 

Cr2O3 0.41 0.09 ** ** 0.4 0.8 0.1 ** ** 

FeO 0.54 0.02 0.02** 0.03** 7.1 4 0.4 0.04** 0.04** 

MnO 0.09 0.2 ** ** 0.1 0.4 0.3 ** ** 

MgO 40.72 14.92 36.89 37.64 35.7 38.8 26.9 13.9 27.8 

CaO 2.73 10.91 2.26 3.84 2.8 2.6 1.4 5.81 7.27 
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Na2O 0.08 2.22 1.97 1.29 0.3 0.4 1 7 2.75 

K2O 0.02 0.44 0.05 0.04 0 0.1 0.1 0.2 0.08 

P2O5  0 0 ** ** 0 0.2 0 ** **

NiO 0.11 0.01 ** ** 0.2 3.5 2.4 ** ** 

Total 100.01 100.11 99.67 99.27 99.9 103.5 100.1 99.49 99.83 

a(Nittler et al., 2018), b(Hart & Zindler, 1986), c(Weisberg et al., 1988), d(Berthet et al., 2009) 
*Primitive Mercury Mantle is modelled from CH ALH85085, while Primitive Mercury Mantle (80% crystallized) is the experimental
residual liquid composition in this work. Pre-melting Mantle compositions are modelled by (Nittler et al., 2018).
**Cr, Mn, P, and Ni not constrained by MESSENGER affecting NVP and IcP-HCT compositions as well as Pre-melting Mantle
estimated compositions. These FeO contents do not include reduced Fe (1-2 wt.% Fe on Mercury’s surface measured by MESSENGER
(Nittler et al., 2011, 2018; Weider et al., 2014)
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Table 2. Table of experimental run conditions 

Sample T (°C) Si/SiO2 

(in 

wt.%) 

Time 

(hrs) 

ΔIW Phase assemblage 

MER17a 1475 0.02 24 -3 Liq, for, sulf 

MERC2a 

a 

1420 0.05 23 -3.4 Liq, ens, for, sulf 

PM6 a 1420 0.05 12 -5.5 Liq, ens, sulf, met 

SW1 a 1475 0.05 48 -2.9 Liq, ens, for, sulf 

MER15 a 1475 0.05 24 -7.5 Liq, ens, sulf, met 

MER18 a 1475 0.1 24 -6.2 Liq, sulf, met 

MER22 a 1475 0.15 24 -6.9 Liq, ens, for, sulf 

MC3_4 b 1250 0.04 24 -4.5 Liq, ens, sulf 

MC3_2 b 1300 0.04 24 -4.9 Liq, ens, sulf 

MC2_2 b 1300 0.05 24 -2.5 Liq, sulf 

MC1_1 b 1350 0.18 24 -5.7 Liq, sulf 

Liq = silicate melt; ens = enstatite; for = forsterite; sulf = liquid sulfide; met = metallic alloy 
aPrimitive Mercurian Mantle, bPrimitive Mercurian Mantle (80% crystallized) 
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Table 3. Average compositions (wt.%) for experimental silicate melts 

 
MER17 MERC2a PM6 SW1 MER15 MER18 MER22 MC3_4 MC3_2 MC2_2 MC1_1 

 
Na=9 1 σ Na=9 1 σ N=10 1 σ Na=10 1 σ Na=5 1 σ Na=5 1 σ Na=7 1 σ Na=10 1 σ Na=10 1 σ Na=10 1 σ Na=10 1 σ 

Si 27.62 0.27 30.04 0.08 24.53 0.30 24.78 0.08 25.03 0.32 24.91 0.19 24.70 0.14 25.16 0.10 25.13 0.20 24.57 0.09 26.86 0.61 

Ti 0.47 0.03 0.23 0.02 0.20 0.02 0.48 0.03 0.26 0.05 0.17 0.02 0.24 0.01 0.82 0.03 0.82 0.04 0.81 0.03 0.09 0.02 

Al 7.12 0.29 6.50 0.07 8.38 0.10 7.89 0.07 5.65 0.13 4.14 0.19 5.49 0.21 9.02 0.04 9.28 0.20 8.62 0.07 9.26 0.17 

Cr 0.04 0.02 0.02 0.01 0.07 0.01 0.05 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.04 0.01 0.04 0.01 0.06 0.01 bdl bdl 

Fe 0.09 0.04 0.06 0.02 0.04 0.02 0.05 0.01 bdl bdl 0.06 0.01 0.02 0.01 0.04 0.02 0.02 0.02 0.04 0.02 0.01 0.01 

Mn 0.08 0.03 0.03 0.01 0.15 0.01 0.03 0.02 0.02 0.01 0.04 0.01 0.06 0.03 0.10 0.02 0.10 0.02 0.11 0.01 0.04 0.01 

Mg 6.95 0.80 5.40 0.15 9.94 0.12 9.74 0.04 14.80 0.44 18.28 0.85 14.82 0.57 7.63 0.05 7.39 0.16 8.40 0.09 9.19 0.09 

Ca 7.56 0.27 5.90 0.07 7.17 0.09 7.40 0.07 5.90 0.13 4.59 0.30 5.41 0.26 7.82 0.06 8.13 0.10 7.44 0.07 7.54 0.21 

Na 1.80 0.15 3.43 0.09 1.21 0.06 2.15 0.08 0.31 0.05 0.44 0.04 0.76 0.09 1.68 0.07 1.51 0.08 1.50 0.08 0.36 0.03 

K 0.07 0.01 0.17 0.01 0.58 0.01 0.07 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.31 0.01 0.30 0.01 0.29 0.01 0.15 0.01 

Ni 0.01 0.01 0.01 0.01 bdl bdl 0.01 0.01 0.01 0.01 0.01 0.01 bdl bdl 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 

S 1.08 0.08 1.31 0.06 3.31 0.16 1.01 0.03 7.56 0.72 4.68 0.12 6.68 0.32 2.01 0.05 2.67 0.08 0.88 0.06 3.90 0.17 

O* 45.88 1.26 46.69 0.30 43.92 0.51 45.24 0.25 42.17 0.52 43.90 1.05 42.07 0.72 45.08 0.26 44.85 0.58 44.91 0.29 46.19 0.94 

Total 98.77 3.26 99.79 0.89 99.50 1.41 98.90 0.69 101.74 2.39 101.25 2.80 100.3 2.37 99.72 0.73 100.25 1.50 97.64 0.85 103.61 2.30 

Na= number of analyses; bdl = below detection limit 
*Oxygen calculated by stoichiometry
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Table 4. Fit statistics for different endmember combination of SW1 (IW-2.9, 1.01 wt.% S). 

 
Endmember 

combination 

RMSE of fitted 

region 

R2 

(ordinary) 

R2 

(adjusted) 

One endmember MgS 0.20 0.77 0.77 

One endmember CaS 0.14 0.87 0.87 

Two 

endmembers 

CaS, Na2S 0.05 0.98 0.98 

Three 

endmembers 

CaS, Na2S, FeS 0.05 0.98 0.98 
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Figures 

 

 
Figure 1. Terrestrial planets and meteorites cover a range of ƒO2 relative to IW (Fe-FeO buffer) 
(Righter et al. (2006), Wadhwa (2008)). The ƒO2 for typical magmas on Earth is denoted by a gray 
circle with black outline. Low ƒO2 is observed for Mercury (McCubbin et al. 2012, Zolotov et al. 
2013, Namur et al., 2016a), enstatite chondrites (e.g. Berthet et al. (2009)), aubrites (e.g. McCoy 
et al. (1997)), and early Earth (Javoy et al. (2010)). 
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Figure 2. S content at sulfide saturation (SCSS) in silicate melts as a function of oxygen fugacity.  
The ƒO2 is given relative to the iron-wustite (IW) oxygen buffer. As oxygen fugacity decreases, S 
solubility increases dramatically in silicate melts. The range of S concentrations for the Mercurian 
surface (blue field) from MESSENGER XRS (Nittler et al. (2011)) and the implied range of 
possible ƒO2 for Mercurian lavas (green field). The spread in the experimental data represents 
differences in P, T, and composition among the studies (McCoy et al. (1999), Holzheid & Grove 
(2002), Malavergne et al. (2007), Berthet et al. (2009), Malavergne et al. (2014), Cartier et al. 
(2014), Namur et al. (2016)).  
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Figure 3. Plot of Al/Si vs. Mg/Si showing the chemical fractionation lines for Earth (Drake & 
Righter (2002)), Mars (Dreibus et al. (1998)), and Mercury to determine the initial bulk 
composition of a terrestrial planet. Mercury’s olivine+pyroxene fractionation line is a fit through 
the different geochemical terrains on the surface (Weider et al. (2015)) excluding the anomalous 
low Mg NVP region that has a different slope. In Al/Si vs. Mg/Si space, chondrites form a linear 
trend, which represents the chemically primitive building blocks of the solar system (SR Taylor 
(2001)). The bulk composition of the planet is then determined as the intersection between the 
fractionation line (higher Mg/Si ratio identifies more primitive magmatic compositions) and the 
chondrite line. For Earth, this primitive upper mantle composition agrees well with estimates based 
on primitive ultramafic rocks and the slope of the line through ultramafic magmas indicates 
primarily olivine-fractionation (Jagoutz et al., 1979; Ringwood, 1979; Palme and Nickel, 1986). 
The lower slope of the ultramafic lavas on Mercury suggest mostly orthopyroxene fractionation, 
with minor olivine (intersection with y-axis gives some indication of proportions). CH ALH85085 
is used in this study as a primitive Mercurian bulk composition because of its similar Al/Si and 
Mg/Si ratios to the predicted bulk chemistry, high metal content and density consistent with 
Mercury’s internal structure with a large core, and low ƒO2 (IW-5 from Petaev et al., 2003). 
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Figure 4. ¾” Piston Cylinder cell assembly. 2mm tall x 2mm diameter sample powder is enclosed 
inside a graphite capsule inside a molybdenum capsule 7.2mm tall x 6.4 mm diameter. 
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Figure 5. a) Spectral variability as a function of energy for sulfide minerals (MgS, CaS, FeS, 
FeCr2S4, Na2S, and MnS), sulfate minerals (CaSO4, MgSO4, FeSO4, Fe2(SO4)3 , and reduced 
silicate glass (reduced CH composition). The green fitting window from 2463 to 2473.8 eV 
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emphasizes the sulfide K-edges (2469.0-2472.2 eV) where sulfide endmember predictive power 
is maximized. The variability in silicate glass spectra is broader than for crystalline sulfides, which 
is consistent with multiple scattering of other components in silicate glass (Fleet, 2005). b) Sulfur 
K-edge XANES spectra of endmember sulfides compared to one intermediate silicate glass 
(MC3_2: IW-4.9, 2.67 wt.% S) within the fitting window. A spectral shoulder at ~2469 eV is 
consistent with Fe-, Na-, and Cr-bearing sulfides, while the dominant feature is a spectral slope at 
~2472 eV similar to MgS.  
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Figure 6. X-ray Fluorescence RGB (R=Si, G=S, B=Fe) image of an experimental charge showing 
equilibrium texture. Euhedral, homogeneous silicate crystals of forsterite and enstatite are in red, 
separate sulfide phase of daubréelite (FeCr2S4) in blue, and silicate glass in yellow-green. The spot 
size for XANES spectroscopy analyses is 1-2 microns with a penetration depth of 2-3 microns for 
S.  



Manuscript to be submitted to EPSL 

98 
 

 

 
Figure 7. a) Pure endmember standards used in this paper (Anzures et al., 2020) and b) 
experimental glasses. The silicate glass spectra display a systematic change in shape with the sulfur 
content (proxy for ƒO2) with the spectral shoulder at ~2470 eV disappearing and the near-edge 
structure flattening. These spectral changes are due to changes in sulfur speciation. Inset brown 
box shows the complete spectra from 2440 to 2540 eV with the black lines showing expanded 
region. Vertical colored lines show the K-edge locations of the MgS and FeS species (thin black 
lines in figure 7a). The spectra were collected in total fluorescence yield. 
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Figure 8. Linear unmixing results for representative silicate glasses that span a range in ƒO2 
showing the full measured spectra, modelled spectra, and residual within the green fitting window. 
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Figure 9. Sulfide speciation in experimental glasses as a function of S content and ƒO2 from linear 
unmixing of XANES spectra. The proportions of FeS, FeCr2S4, MnS, and Na2S species decrease 
and MgS increases with more reducing conditions. CaS reaches a peak at IW-3 and then becomes 
the minor species. The regions where FeS, CaS & Na2S, and MgS & CaS are the dominant S 
species are highlighted in yellow, blue, and orange, respectively. Oxygen fugacity for the melts 
was calculated using the ƒO2-sulfur solubility model of Namur et al. (2016). Experiments run at 
1GPa and 1250-1475 °C. Error bars indicate standard error during unmixing. 
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Figure 10. Relative percent decrease in oxide concentration due to cations bonding with S as a 
function of oxygen fugacity. Oxide concentrations for cations that bond with S decrease in very 
reduced silicate melts. Oxide concentrations of FeO, Cr2O3, and MnO will be reduced by 100%. 
On average, oxide concentrations of CaO will decrease by 13%. When MgS and Na2S are detected, 
oxide concentrations will decrease by 22% and 28% respectively. 
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Supplementary Figures 
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S1. Linear unmixing results of SW1 silicate glass using one, two, and three endmembers. a) MgS 
is a weaker spectral match for SW1 than b) CaS when using only one endmember both qualitatively 
in the modelled spectra, residual, and 1st derivative, and statistically in the RMSE and adjusted r2. 
c) Fitting with two endmembers (CaS and Na2S) significantly improves the fit qualitatively and 
statistically with a RMSE of 0.05 and adjusted r2 of 0.98. d) Fitting with three endmembers (CaS, 
Na2S, and FeS), results in negligible improvement in fit qualitatively and statistically within error 
with a RMSE of 0.05 and an adjusted r2 of 0.98. Fits with additional endmembers can be ruled out 
as predominantly fitting noise (tapering off in statistical improvement) and/or adding insignificant 
endmembers (proportions that are negative or lower than their uncertainty). 
  



Manuscript to be submitted to EPSL 

104 
 

 
 
 

CHAPTER 3: An fO2-P-T-X model of sulfide speciation 
in Mercurian magmas 

 

Brendan A. Anzures1, Stephen W. Parman1, Ralph E. Milliken1, Olivier Namur2, Camille 

Cartier3 

 

1Department of Earth, Environmental, and Planetary Sciences, Brown University, Providence, 

Rhode Island 02912, U.S.A. 

2Department of Earth and Environmental Sciences, KU Leuven, Belgium 

3CRPG/CNRS, University of Lorraine, France 



Manuscript to be submitted to EPSL 

105 
 

Abstract 

MESSENGER revealed that lavas on Mercury are enriched in sulfur (1.5-4 wt.%) 

compared with other terrestrial planets (<0.1 wt.%) due to high S solubility under its very low 

oxygen fugacity (ƒO2) (Namur, Charlier, et al., 2016). S K-edge XANES spectra of reduced 

experiments show that as ƒO2 decreases from IW-2 to IW-7, S speciation in silicate melt goes 

through two major changes (Anzures, Parman, Milliken, Namur, et al., 2020). At IW-2, FeS and 

FeCr2S4 species are destabilized, and CaS becomes the dominant S species with minor Na2S and 

MnS. At IW-4, MgS is the dominant S species with minor CaS. The changes in S speciation at 

low ƒO2 also affect the activities of SiO2, MgO, CaO, Na2O, and MnO in silicate melt, 

stabilizing enstatite at the expense of forsterite, destabilizing Ca-bearing minerals plagioclase 

and clinopyroxene, and shifting plagioclase chemistry from the Ca-rich endmember anorthite to 

the Na-rich endmember albite (Anzures, Parman, Milliken, Namur, et al., 2020). Here, we extend 

that work to understand the pressure, temperature, and compositional controls on S solubility and 

speciation in reduced magmas. S K-edge XANES spectra were collected in 60 experiments that 

span a range of P (0.1 to 5 GPa), T (1225 to 1850 °C), and ƒO2 (IW-0.8 to IW-8.6) using new 

XANES standards (Anzures, Parman, Milliken, Lanzirotti, et al., 2020) and XANES unmixing 

technique (Anzures, Parman, Milliken, Namur, et al., 2020). Stepwise forward regression was 

used to develop empirical equations for S species (MgS, CaS, Na2S, and MnS) and S content at 

sulfide saturation (SCSS). We found that ƒO2, P/T, and S content in the silicate melt exert the 

main controls on MgS content (wt.%) in the silicate melt, and that ƒO2 and MgS content in the 

silicate melt exert the main controls on SCSS. At the expense of MgS, CaS is more stable in the 

silicate melt at higher pressures at ƒO2 below IW-4 creating a pathway for CaS to be carried in 

the silicate melt from depth to the surface before exsolving as the crystallizing oldhamite (CaS) 
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becomes more stable. These S speciation changes also have substantial impacts on 

physicochemical properties such as viscosity, melting temperature, and mineral stability, which 

led to the distinct evolution of Mercury and other reduced planetary interiors.  
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1. Introduction 

The Moon and Mercury are roughly the same size, and yet they are completely different 

in almost all geochemical and geophysical aspects. The NASA Mariner 10 and MESSENGER 

missions revealed that Mercury has extremely high S and low Fe lavas and it is more volatile 

rich and has more explosive volcanism than the Moon (Johnson & Hauck, 2016). In addition, 

Mercury’s high density implies a thin mantle (420km ± 30 km) (Hauck et al., 2013) and large 

metallic core with a radius 72-90% of the planet (Denton S. Ebel & Stewart, 2018; Harder & 

Schubert, 2001; Hauck et al., 2007) compared with ~55% for Earth, Venus, and Mars, and ~20% 

for the Moon (Johnson & Hauck, 2016; Matsuyama et al., 2016). The main drivers of these 

differences is the relatively low oxygen fugacity (ƒO2) in Mercury (McCubbin et al., 2012; 

Nittler et al., 2011; Zolotov et al., 2013). Compared to the Earth and Moon, Mercury formed 

with 100s to 1000s times lower oxygen fugacity (Figure 1). The paucity of oxygen has a 

fundamental effect on almost all aspects of the chemistry and physical properties of minerals and 

melts as it is the dominant negatively charged element and is involved in nearly all reactions. A 

consequence of Mercury’s low oxygen fugacity is that lavas on Mercury are extremely enriched 

in sulfur (1.5-4 wt.%) (Nittler et al., 2011) compared with other terrestrial planets (<0.1 wt.%) 

(Namur, Charlier, et al., 2016 and references within). Due to decreasing O2- availability at these 

low ƒO2 conditions and an abundances of S2-, the latter acts as an important anion. This changes 

the chemical partitioning behavior of some lithophile elements (Mg, Ca) into chalcophile 

elements and modifies both the chemical and physical properties of silicate melts.  

 Experiments from the 50’s by (Fincham & Richardson, 1954) in simple binary systems 

provided the thermodynamic backbone to understand how sulfur dissolves in magma under both 

oxidizing (where S6+ dissolves as sulfate species) and somewhat reducing (where S2- dissolves as 
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sulfide species) conditions. These experiments showed that as the cation that might bond with 

sulfur such as Fe, Ca, and Mg increases, the sulfur solubility at saturation in magma increases 

and that this solubility depends on both oxygen and sulfur fugacity (Fincham & Richardson, 

1954). A flurry of low ƒO2 experimental studies using more realistic magmatic compositions 

have demonstrated that highly reduced conditions (ƒO2 < IW-2) have high S solubility (Anzures, 

Parman, Milliken, Namur, et al., 2020; Berthet et al., 2009; C Cartier et al., 2015; Camille 

Cartier et al., 2014; Chabot et al., 2014; Charlier et al., 2013; Holzheid & Grove, 2002; 

Malavergne et al., 2007, 2014; Mavrogenes & O’Neill, 1999; McCoy et al., 1999; Namur, 

Collinet, et al., 2016; Namur & Charlier, 2017; Siebert et al., 2004; Vander Kaaden et al., 2020; 

Vander Kaaden & McCubbin, 2015a, 2015b) compared with relatively oxidizing conditions  

(IW-2 < ƒO2 < IW) (e.g. Holzheid & Grove, 2002; Jugo et al., 2005a) (Figure 2).  

The observed high S solubility under very reducing conditions has been attributed to a 

change in sulfide speciation from bonding with primarily iron to primarily magnesium and 

calcium based on enstatite chondrite-derived thermodynamic models (D. S. Ebel & Alexander, 

2011), thermodynamic models based on Mercury’s surface composition (Zolotov et al., 2013), 

Raman spectra (Namur, Charlier, et al., 2016), and S K-edge XANES spectra (Anzures, Parman, 

Milliken, Namur, et al., 2020). Of these methods only S K-edge XANES spectroscopy can 

provide quantitative results of S speciation that can be used to construct speciation models. Such 

models are key to understanding the thermochemical evolution of Mercury, from the 

solidification of its magma ocean (Boukaré et al., 2019)) and to later Mercurian volcanism (4.2 

to 3.7 Gyr (Namur, Collinet, et al., 2016; Tosi et al., 2013; Weider et al., 2012)). 

 While Mercury is similar in size to the Moon, which is the planetary body with the most 

evidence of planetary scale magma ocean solidification, differences in mantle ƒO2 caused 
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different magma ocean evolutions (Boukaré et al., 2019). Planetary-wide magma oceans are 

supported by geochemical evidence of very early fractionation of the lunar mantle (Elkins-

Tanton et al., 2011; Smith et al., 1970; Warren & Wasson, 1979) and models of planetary 

accretion have shown that impacts may melt terrestrial planets substantially (Canup, 2008; 

Elkins-Tanton, 2012; Safronov, 1978). On the Moon, due to intermediately reduced mantle (IW 

to IW-2) (Wadhwa, 2008) and the FeO-rich nature of silicate melts that increases the density of 

residual melt when plagioclase reaches saturation during magma ocean solidification, the Moon 

had an anorthosite flotation crust (Elkins-Tanton et al., 2011; Jolliff et al., 2000). On Mercury, 

due to a more reduced mantle (IW-3 to IW-7) (McCubbin et al., 2012; Zolotov et al., 2013) and 

FeO-poor silicate melts, a flotation crust may have only been comprised of graphite (Vander 

Kaaden & McCubbin, 2015a) or buoyant sulfides like CaS (Boukaré et al., 2019). CaS 

(oldhamite) is the main trace element reservoir in reduced enstatite chondrites (Floss et al., 1990; 

Lodders, 1996). If substantial S bonds to Ca (Anzures, Parman, Milliken, Namur, et al., 2020) to 

produce CaS, then the CaS-rich regions in reduced planetary interiors would be the primary heat-

producing element reservoir of reduced planetary interiors and have substantial influence on the 

thermal and geodynamic evolution of the body.  

 One of the major findings from MESSENGER was that volcanism was widespread on the 

surface of Mercury (J. W. Head et al., 2011; Marchi et al., 2013). Based on crater-counting, it 

has been estimated that the whole surface of Mercury was resurfaced by volcanic activity 

between 4.2 to about 3.7 billion years ago (Marchi et al., 2013) including kilometer-thick 

deposits indicative of large effusive eruptions (J. W. Head et al., 2011). The major element 

composition of the surface lavas from XRS and GRS can be used to understand mantle sources 

and melting processes (Charlier et al., 2013; Namur, Collinet, et al., 2016). Nine geochemically 
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distinct Mercurian terranes (Vander Kaaden et al., 2017; Weider et al., 2012, 2016) may be 

indicative of a chemically heterogenous mantle, as well as variable degree of partial melting, and 

crystallization on the surface (Charlier et al., 2013; Namur, Collinet, et al., 2016; Vander Kaaden 

& McCubbin, 2016). 

While Mercury is very reduced compared to other terrestrial planets such as Earth, Mars, 

and even the Moon, there are other reduced planetary interiors in the solar system including the 

parent bodies of enstatite chondrites and aubrites (Figure 1). Mercury is several orders of 

magnitude more reducing, at IW-3 to IW-7, than the other terrestrial bodies, but it is similar in 

ƒO2 with enstatite chondrites and aubrite meteorites. It is thought that these objects inherited 

their low ƒO2 by forming in regions of the solar nebula with a gas composition of high C/O 

(Denton S. Ebel & Stewart, 2018; Larimer & Bartholomay, 1979; Lattimer et al., 1978) and 

pH2/H2O (Wasson & Kallemeyn, 1988). There is a growing recognition that such low oxygen 

fugacity conditions were widespread (Figure 1) and important in the formation of planetary 

bodies, including the parent bodies of enstatite chondrite and aubrite meteorites (Casanova et al., 

1993; Sears et al., 1982), Mercury (McCubbin et al., 2012; Nittler et al., 2011; Zolotov et al., 

2013), exoplanets around C-rich stars (D. S. Ebel & Alexander, 2011; Parman et al., 2020), and 

perhaps even the early accretion of Earth that formed from primarily enstatite chondrite material 

(Dauphas, 2017; Javoy et al., 2010). 

To understand the effect of S solubility and speciation in reduced planetary interiors, we 

have analyzed 60 high-P experiments run at 0.1 to 5 GPa at temperatures of 1225 to 1850 °C and 

ƒO2 between IW-0.8 to IW-8.6. S K-edge XANES spectroscopy is used to quantify the 

coordination chemistry and oxidation state of S species in highly reduced silicate melts. The 

measured S speciation changes are used to develop empirical models of S speciation and SCSS 
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in silicate melts at ƒO2 below IW-2 where MgS and CaS species dominate. While (Namur, 

Charlier, et al., 2016) identified that higher temperature leads to higher S solubility (Figure 2), it 

is unclear whether pressure, temperature, or melt composition affect S speciation. The oxide 

activities of cations that bond with S in increasing amounts affects the silicate phase equilibria. 

We discuss how these changes in cation activities affect the initial mineralogical layering of 

Mercury’s mantle after magma ocean crystallization. This layering sets the stage for the 

subsequent thermal and magmatic evolution of the planet and other reduced interiors such as 

enstatite chondrite and aubrite parent bodies.  The S speciation changes have substantial impacts 

on physicochemical properties such as viscosity, melting temperature, and mineral stability, 

which led to Mercury’s distinct evolution. 

2. Materials and Methods 

2.1 Starting Material and Bulk Composition 

 Compositions used in this study are consistent with the Mercurian surface (Nittler et al., 

2011, 2018; Peplowski et al., 2011, 2014) and estimated mantle composition (Anzures, Parman, 

Milliken, Namur, et al., 2020), as well as a crystallizing EL (Camille Cartier et al., 2014) and EH 

chondrite (Namur, Charlier, et al., 2016). Mercurian surface silicate compositions were chosen to 

match the 1) lavas of the northern volcanic plains (NVP), 2) high-Mg terrane (HMg), 3) inter 

crater plains-highly cratered terrane (IcP-HCT) based on measured surface compositions of 

Mercury by XRS (Nittler et al., 2011) and GRS (Evans et al., 2012) and divided into 

geochemical terranes by (Weider et al., 2015) with full methods in (Namur, Charlier, et al., 2016; 

Namur, Collinet, et al., 2016; Namur & Charlier, 2017). Mercurian mantle silicate compositions 

were chosen to match a modified CH chondrite composition (based on CH chondrite ALH 85085 

(Weisberg et al., 1988)) representing an estimated primitive Mercurian mantle composition with 
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full methods in (Anzures, Parman, Milliken, Namur, et al., 2020). EL composition consisted of 

natural equilibrated EL6 meteorite Hvittis (composition characterized by (Rubin, 1983)) ground 

and doped with trace elements at the level of approximately 200 ppm each of La, Ce, Pr, Nd, Sm, 

Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc, U, Th, Ti, Zr, Nb, Hf, Ta, and V with full methods in 

(Camille Cartier et al., 2014). EH composition consisted of the silicate composition of Indarch 

(Berthet et al., 2009; McCoy et al., 1999) with full methods in (Namur, Charlier, et al., 2016). EL 

and EH chondrites are inferred to have formed under similarly reducing conditions as Mercury 

and have been used as possible analog material (Berthet et al., 2009; Brett & Sato, 1984; Camille 

Cartier et al., 2014; McCoy et al., 1999; Namur, Charlier, et al., 2016; Nittler et al., 2018).  

 Synthetic silicate starting compositions were produced from high-purity reagent grade 

powder oxides and carbonates. Silicate mixtures were conditioned and decarbonated at 900 °C 

for 4-10 hours. For surface Mercurian compositions, silicate compositions were mixed with 

metallic and sulfide materials with different proportions of FeS, S, and Fe (Namur, Charlier, et 

al., 2016). For the primitive Mercurian mantle, NVP, and High-Mg compositions, two powder 

mixes were made, one in which all the Si is added as SiO2 and the other where all Si is added as 

Si0. Mixing these two allows variation in the Si0/SiO2 in the mix while maintaining the same 

molar concentrations of all cations. Finally, elemental sulfur powder was added to ensure sulfide 

saturation (depending on ƒO2, P, and T). Oxygen fugacity was controlled by varying the initial 

Si0/SiO2 ratio in the starting mix following previous experimental studies (Anzures, Parman, 

Milliken, Namur, et al., 2020; Berthet et al., 2009; Namur, Charlier, et al., 2016) or adding 

different amounts of metallic Si (0-50 wt.%) (Camille Cartier et al., 2014). 
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2.2 Experimental Methods 

Experimental samples consistent with the Mercurian surface (Nittler et al., 2011, 2018; 

Peplowski et al., 2011, 2014) and estimated mantle composition (Anzures, Parman, Milliken, 

Namur, et al., 2020), as well as a crystallizing EL (Camille Cartier et al., 2014) and EH chondrite 

(Namur, Charlier, et al., 2016), were prepared in a TZM pressure vessel, internally-heated 

pressure vessel (IHPV), piston cylinder, and multi-anvil in previous studies (Anzures, Parman, 

Milliken, Namur, et al., 2020; Camille Cartier et al., 2014; Namur, Charlier, et al., 2016; Namur, 

Collinet, et al., 2016). Experiments ranged from 0.1 to 5 GPa at temperatures of 1225 to 1850 °C 

and ƒO2 between IW-0.8 to IW-8.6, with IW being the Fe-FeO equilibrium. Importantly, the 

primitive Mercurian mantle and EL experimental sets represent rough ƒO2 series holding starting 

composition and pressure constant (1 GPa vs. 5 GPa respectively), while temperature varies 

slightly (1250-1475 °C vs. 1580-1850 °C). Some of the NVP experiments represent a 

temperature series with ƒO2 between IW-5.8 and IW-6.8 and pressure of 0.1 GPa. Some of the 

high-Mg experiments represent a pressure series with ƒO2 between IW-4.5 and IW-6.1 and 

temperature between 1420 and 1500 °C although changes in pressure are difficult to completely 

disentangle from correlated changes in temperature.  

 Medium pressure experiments at 0.1-0.7 GPa were completed in a large volume 

internally heated pressure vessel (IHPV) at University of Hannover. Argon was used as the 

pressure medium. Runs were completed in a graphite capsule placed into an outer 4 mm inner 

diameter Pt jacket welded shut with bottom and top Pt lids. To attain equilibrium in the phase 

assemblage, experiments were run for 3-9 hours at 1250-1590 °C. For full experimental details 

see (Namur, Charlier, et al., 2016). 
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 High pressure experiments at 1-3 GPa were completed in a ¾” piston cylinder (PC) 

apparatus at Brown University and ½” PC apparatus at Bayreuth using inner pieces of crushable 

MgO, straight-walled graphite furnaces, and outer sleeves of Pyrex and sodium chloride or talc 

as the pressure cell. At Brown University, runs were completed using graphite capsules inside 

molybdenum capsules for a sample size of 2 mm height and 2 mm diameter. This capsule choice 

was used because a graphite inner capsule minimally reacts with silicate liquids under reducing 

conditions (Ardia et al., 2013; Vander Kaaden & McCubbin, 2016) and a molybdenum outer 

capsule minimizes oxygen diffusion in and volatile loss out as well as smoothing out the thermal 

gradient (Anzures, Parman, Milliken, Namur, et al., 2020). At Bayreuth, a graphite inner capsule 

and platinum outer capsule was used to achieve the same purpose. To attain equilibrium in the 

phase assemblage, experiments were run for 12-48 hours at 1250-1475 °C at Brown University 

and for 4-5 hours at 1360-1650 °C at Bayreuth. For full experimental details see (Anzures, 

Parman, Milliken, Namur, et al., 2020; Namur, Charlier, et al., 2016).   

 Even higher pressure experiments at 5 GPa were completed in a multi-anvil (MA) press 

at Laboratoire Magmas et Volcans (LMV) following the procedure in (Hammouda, 2003)  using 

18/11 and 14/8 assemblies, Cr-doped MgO octahedra as pressure transmitting medium, stepped 

LaCrO3 furnaces and ZrO2 insulating sleeves. Graphite capsule length was 2 mm resulting in a 

temperature gradient of less than 50 °C (Hammouda et al., 2010). After quenching, samples were 

decompressed in 10 hours. To attain equilibrium in the phase assemblage, experiments were run 

for 2 to 3.5 hours at 1580-1850 °C. For full experimental details see (Camille Cartier et al., 

2014). 

 After quenching, each capsule was sliced in half and one half was mounted in epoxy. 

Samples were dry-polished using hexagonal boron nitride as a lubricant to avoid loss of any 
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sulfides (Murthy et al., 2003) or volatiles such as S and Na in the silicate glass (Vander Kaaden 

& McCubbin, 2016). Polishing steps included 300, 600, and 1200 grit sandpaper, 1-µm diamond 

powder, and 0.3 and 0.05µm alumina polishing powder cleaning the sample in between steps 

with a Kimwipe and compressed air. 

2.3 Analytical Methods 

 Phase identification and quantitative major element chemical analyses were completed 

through electron probe microanalysis (EPMA) using a CAMECA SX100 electron microprobe at 

Brown University, University of Hannover, and Laboratoire Magmas et Volcans (LMV). Silicate 

glass phases were analyzed using a 15 kV accelerating voltage, a <10 nA beam current (10 nA at 

Brown University, 8 nA at University of Hannover, and 4 nA at LMV), and a 5 µm spot size 

(except for 10 µm at University of Hannover). Based on repeated analyses, relative errors (100 x 

1σ/mean value) for silicate glass are less than 12% for the major oxides. Relative error on sulfur 

concentration in silicate glass is less than 10% using pyrite as the S standard. Even though sulfur 

in reduced silicate melt is more similar to troilite than pyrite, pyrite is a common S standard for 

silicate melt and has no discernable difference in sine theta peak position (0.614681 for pyrite 

and 0.614686 for troilite). Silicate mineral analyses were performed using a 15 kV accelerating 

voltage, beam current of <20 nA (20 nA at Brown University and 15 nA at University of 

Hannover), and spot size of 1 µm. Synthesized sulfide and metals were analyzed using a 15 kV 

accelerating voltage, a <15 nA beam current (10 nA at Brown University and 15 nA at 

University of Hannover), and a small spot size (1 µm at Brown University and 2-20 µm at 

University of Hannover) because the sulfides were typically very small (< 1µm). Based on 

repeated analyses, purity is >99% with relative errors less than 0.5% (Anzures, Parman, 

Milliken, Lanzirotti, et al., 2020). 
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 Sulfur speciation was measured using S K-Edge XANES spectra using an undulator-

based, hard X-ray microprobe at beamline 13IDE of GSECARS at the Advanced Photon Source 

at Argonne National Laboratory. To prevent interaction with air during X-ray exposure, 

measurements were collected in a helium environment. X-ray fluorescence (XRF) maps with 2 

µm/pixel resolution were created using the program Larch (Newville, 2013) and used to guide 

XANES analyses of quenched silicate glass and sulfides. The spot size for S XANES was 1-2 

µm with a nominal penetration depth of 2-3 µm. XANES spectra were collected from 2442 to 

2542 eV with a step size of 0.25 eV near the S K-edge and 2 eV in the other energy regions (1 

second acquisition time per step). XANES spectra were normalized using an automated edge-

step normalization algorithm (Anzures, Parman, Milliken, Lanzirotti, et al., 2020) before 

averaging of 2-12 clean spectra per sample. 

 Beam damage was avoided during XANES analysis by keeping the acquisition time low, 

analyzing multiple spots on the sample before averaging, and monitoring for the potential 

presence of a S4+ species in the silicate melt known to occur by X-ray irradiation (Wilke et al., 

2008) and only rarely in natural samples (Métrich et al., 2009). Recent S K-edge XANES 

analyses at 13IDE did not observe the potential presence (or increase with time) of S4+ with 2.5 

seconds acquisition time per step (E. M. Head et al., 2018), with these analyses having an even 

lower collection time of 1 second and a few samples tested with 5-10 repeat analyses (Anzures, 

Parman, Milliken, Namur, et al., 2020). 

2.4 Calculations of Oxygen Fugacity 

The intrinsic ƒO2 of the experiments were calculated by Fe-FeO or Si-SiO2 metal-silicate 

melt equilibrium (Camille Cartier et al., 2014; Namur & Charlier, 2017) if Fe metal was present 

or using an empirically derived sulfur solubility-oxygen fugacity model (Namur, Charlier, et al., 
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2016) in samples that lacked Fe metal. For most experiments relevant for terrestrial and 

planetary materials, ƒO2 is calculated using Fe3+/Fe2+ under oxidizing conditions (ƒO2 > IW) 

(Kress & Carmichael, 1988; Wilke et al., 2004) and equilibrium between Fe-rich metal and FeO 

in the silicate melt under reducing conditions (IW-2 < ƒO2 < IW) (Zolotov et al., 2013). Under 

very reducing conditions, however, FeO solubility in the silicate melt decreases dramatically to 

<0.1 wt.% similar to or lower than the 0.1 wt.% detection limit of EPMA and at such low 

concentrations that the activity coefficient of FeO is poorly constrained (Wykes et al., 2015). 

The presence of silicate melt (Sil) and Fe-rich metallic melt (Met) constrain the intrinsic 

ƒO2 of the experiment through the two equilibrium reactions: 

𝐹𝑒ெ௘௧ ൅ ଵ

ଶ
𝑂ଶ ൌ 𝐹𝑒𝑂ௌ௜௟           (1) 

𝑆𝑖ெ௘௧ ൅ 𝑂ଶ ൌ 𝑆𝑖𝑂ଶ
ௌ௜௟                   (2) 

The empirically derived sulfur solubility-oxygen fugacity expression used for experiments 

lacking Fe metal is 
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         (3) 

where S is the sulfur content at sulfide saturation (SCSS), T is the temperature (K), P is the 

pressure (bar), ƒO2 is the oxygen fugacity, Xi are the mole fractions of oxides in the melt 

recalculated to a total of 100% on a sulfur-free basis, and a, b, c, d, and e are derived coefficient 

constants (a = 7.25, b = -2.54 x 104, c = 0.04, d = -0.551, eTiO2 = -62, eMgO = 0.426, and 

eNa2O = 1.56) (Namur, Charlier, et al., 2016). The estimated uncertainty on ƒO2 using both of 

these techniques are 0.5 log units (Anzures, Parman, Milliken, Namur, et al., 2020; Camille 

Cartier et al., 2014; Namur, Charlier, et al., 2016). 
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2.5 Modelling Methods 

Qualitative examination of the XANES spectra of experimental quenched glasses reveal 

several key trends consistent across the compositional groups including: 1) a diminishing 

spectral shoulder at 2470 eV, 2) flattening of the near-edge structure from 2473 to 2477 eV, and 

3) a positive overall K-edge shift. Although it is well-established that the sharp S2- peaks present 

in crystalline sulfides are absent in broadened silicate glass spectra due to additional scattering 

and slightly different coordination in multicomponent glasses (Anzures, Parman, Milliken, 

Namur, et al., 2020; Fleet, 2005; Jugo et al., 2010; Métrich, 2002; Paris et al., 2001), the energy 

location of the initial K-edge that is controlled by the s-p orbital energy differences is more 

robust. Thus, observed spectral changes of a diminishing 2470 eV shoulder can be attributed to 

lower K-edge energy sulfides (FeS, FeCr2S4, and Na2S) and the consequent increase in K-edge 

energy can be attributed to an increase in higher K-edge energy sulfides (CaS and MgS). 

Quantification of S speciation for the quenched silicate glasses was achieved by linearly 

unmixing the quenched silicate glass spectra into their component pure sulfide spectra 

minimizing RMSE and maximizing r2, keeping in mind chemical constraints of the silicate glass 

chemistry as developed in (Anzures, Parman, Milliken, Namur, et al., 2020). The unmixing 

fitting window of 2463-2473.8 eV encompasses spectral variability and emphasizes the sulfide 

K-edge where sulfide endmember predictive power is maximized. No weighting function is used 

due to XANES spectra mixing linearly. While most studies of sulfur speciation successfully 

distinguish between valence states of S2- (S K-edge ~2472 eV) and S6+ (S K-edge ~2480 eV) to 

quantitatively determine S6+/ΣS in quenched silicate glasses (e.g. Head et al., 2018; Jugo et al., 

2010; Klimm et al., 2012), this study determines sulfide speciation between different cations 

bonded to S2- (e.g. FeS, Na2S, CaS, and MgS) in reduced experimental quenched silicate melts. 
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This is possible because the K-edge position of FeS, Na2S, CaS, and MgS are distinct from each 

other ranging from 2469.0 to 2472.2 eV. For full details on the chemically constrained linear 

unmixing of S XANES spectra see (Anzures, Parman, Milliken, Namur, et al., 2020). 

The S species endmembers used in the unmixing starting model – NiS, FeS, FeCr2S4, 

Na2S, MnS, CaS, and MgS – were guided by sulfides present in enstatite chondrites that formed 

under similarly reducing conditions (Keil, 1968; Zhang et al., 1995), thermodynamic predictions 

(D. S. Ebel & Alexander, 2011), and previous Raman measurements (Namur, Charlier, et al., 

2016). Troilite (FeS), niningerite (MgS endmember of (Fe,Mg,Mn)S), and oldhamite (CaS) are 

common sulfide minerals in enstatite chondrites. Immiscible (Mg,Ca)S melts have been observed 

in very reduced Fe-poor silicate melt and sulfide bearing experiments (Camille Cartier & Wood, 

2019; Fogel, 2005; Namur, Charlier, et al., 2016; Stockstill-Cahill et al., 2012) hinting at them 

being the dominant sulfide dissolved in extremely reduced silicate melts. Alabandite (MnS 

endmember of (Mn,Fe)S) has been observed in EL chondrites instead of niningerite that is found 

in EH chondrites. Daubréelite (FeCr2S4) is another accessory sulfide mineral common in 

enstatite chondrites (Keil, 1968). Na2S acts as a proxy for alkali sulfides caswellsilverite 

(NaCrS2) and djerfisherite (K6Na(Fe2+,Cu,Ni)25S26Cl) that are rare phases in enstatite chondrites 

(Keil, 1968; Zhang et al., 1995). NiS was also included in the endmember suite because it can 

substitute into pyrrhotite, the non-stoichiometric form of troilite. In comparison, FeS has been 

confirmed to be the dominant sulfide species in reduced terrestrial magmas (O’Neill & 

Mavrogenes, 2002). 
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3. Results 

3.1 Experimental Phase Assemblages 

 All experiments have a multi-component phase assemblage with greater than 20% silicate 

glass, minor amounts of sulfide ± metal, and sometimes silicate crystals (orthopyroxene, olivine, 

and rarely tridymite). Some EL chondrite experiments run at 5 GPa were S-undersaturated and 

had the high-pressure silica polymorph coesite. Silicate glass is homogenous on the submicron 

scale revealed through BSE and XRF mapping. Most orthopyroxene and olivine are nearly pure 

(>99 %) Mg-endmembers of enstatite and forsterite. Enstatite and forsterite form homogenous, 

un-zoned, euhedral crystals 5-500 µm in size. Quenched sulfide and metal melts are observed as 

spherical globules indicating they formed from high temperature droplets. In most experiments, 

metal and sulfide globules are 50-500 µm, although in the primitive Mercurian mantle 

experiments that were run with low Fe and S content close to SCSS they were generally 1-2 µm. 

Some larger globules are composite with a core of metal melt and a rim of sulfide melt. Previous 

mineral-melt partitioning studies show that a texture of homogenous, euhedral, and un-zoned 

silicate crystals as well as homogenous silicate, sulfide, and metal melt are proof of equilibrium 

(Pertermann et al., 2004; Pertermann & Hirschmann, 2003). 

Sulfides identified through energy-dispersive x-ray spectroscopy (EDS) are FeS (troilite), 

FeCr2S4 (daubréelite), with a possible second Mg- and Ca-rich (Mg/Mn, Ca, Fe)S sulfide melt. 

Sulfide compositions from wavelength dispersive x-ray spectroscopy (WDS) for troilite are Fe 

(54-69 wt.%) and S (27-39 wt.%), with minor Ti (0.0-4.5 wt.%), Mn (0.0-2.3 wt.%), Mg (0.0-4.1 

wt.%), Ca (0.0-2.8 wt.%), Cr (0.1-3.2 wt.%), and Ni (0.0-3.0 wt.%). (Mg, Ca, Fe)S has a 

composition with Fe (10-33 wt.%), S (38-49 wt.%), Mg (7-30 wt.%), Mn (0-10 wt.%), and Ca 

(2-35 wt.%) with an average composition of (Fe0.25Mn0.03Mg0.60Ca0.14)S0.98. The metal phase 
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identified through EDS is an FeSi alloy where more Si and less S correlates with more reducing 

conditions. For most experiments, the metal composition is Fe (69-100 wt.%), Si (0-29 wt.%), 

with minor S (0-2.2 wt.%), Ni (0-8 wt.%), and Cr (0-3 wt.%). Metal totals from WDS increase 

from 94 to 100% with increasing Si content suggesting a decrease in dissolved C that is not 

directly measured by EPMA (Y. Li et al., 2015). For EL experiments run at 5 GPa and with more 

Fe and Si, metal compositions are Fe (54-83 wt.%), Si (0-41.2 wt.%), with minor S (0-3 wt.%), 

Ni (3.2-6.6 wt.%), Cr (0-0.3 wt.%). Compositional data are from (Anzures, Parman, Milliken, 

Namur, et al., 2020; Camille Cartier et al., 2014; Namur, Charlier, et al., 2016; Namur, Collinet, 

et al., 2016). 

Silicate melt compositions measured with EPMA span a wide range for all experiments 

and within groups with different starting compositions detailed in Table 3. Experiments span a 

range in Si (24.38-37.15 wt.%), Al (1.33-10.05 wt.%), Fe (0.00-7.89 wt.%), Mn (0.00-0.40 

wt.%), Mg (0.38-20.21 wt.%), Ca (0.25-8.13 wt.%), Na (0.40-6.10 wt.%), and S (0.11-15.01 

wt.%). The largest variability in Mg content is observed in the primitive Mercurian mantle, 

High-Mg, and NVP experiments at 5.40-18.28, 4.06-16.81, and 0.38-7.80 wt.% respectively 

whereas others have <5 wt.% range. The largest variability in Ca content is observed in High-Mg 

IcP-HCT and NVP experiments at 0.83-6.17 wt.% and 0.25-4.50 respectively whereas others 

have <3 wt.% range. The largest variability in Na content is observed in NVP and primitive 

Mercurian mantle experiments at 1.43-6.10 and 0.31-3.43 wt.% respectively whereas others have 

<1.5 wt.% range.  

3.2 Sulfur Speciation in Silicate Melts 

 Qualitative analysis of the S K-edge XANES spectra of very reduced experimental 

quenched glasses reveal several key trends as ƒO2 decreases and S solubility including: 1) a 
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diminishing low energy shoulder at 2470 eV attributed to decreasing amounts of Fe- and Na-

bearing sulfide species as well as 2) flattening of the near-edge structure from 2473 to 2477 eV 

and 3) a positive K-edge shift both ascribed to increasing amounts of Mg- and Ca-bearing sulfide 

species (Figures 4 and 5). MnS has an intermediate K-edge at 2470.6 eV as seen in Figure 3. 

Multicomponent silicate glass spectra (Figures 4 and 5) lack the sharp S2- peak present in 

crystalline sulfides (Figure 3) due to additional scattering and slightly different coordination 

(Fleet, 2005; Jugo et al., 2010; Métrich, 2002; Paris et al., 2001). However, the energy location 

of the initial K-edge determined by s-p orbital energy differences is a more robust predictor of 

speciation (Anzures, Parman, Milliken, Namur, et al., 2020).  

 These spectral shifts were quantified into sulfide species proportions using linear 

unmixing taking into account the chemical composition of the silicate glass using the methods 

described in (Anzures, Parman, Milliken, Namur, et al., 2020) and are plotted against S solubility 

in the silicate melt in Figure 6. The proportions of MgS increases, and FeS, FeCr2S4, and NiS 

decrease with more reducing conditions. CaS reaches a peak with ~1 wt.% S in the silicate melt 

and then becomes the minor species at higher S solubilities. MnS, and Na2S are only detectable 

at S solubilities of 1-3 wt.%. These qualitative and quantitative S speciation trends were first 

described in (Anzures, Parman, Milliken, Namur, et al., 2020) for primitive Mercurian mantle 

experiments, but are confirmed here to hold over the wider ƒO2 (IW-2.5 to IW-7.5 vs. IW-0.8 to 

IW-8.6), pressure (1 GPa vs. 0.1-5 GPa), temperature (1250-1475 °C vs. 1225-1850 °C), and 

compositional (see Table 3) parameter space albeit with larger scatter. 

 While broad S speciation trends are the same over the compositional range, some 

compositions highlight the effect of different variables. The 0.1 GPa EH chondrite (Figure 5d), 

1 GPa primitive Mercurian mantle (Figure 4a), and 5 GPa EL chondrite (Figure 5c) 
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experiments span a wide range in oxygen fugacity with more reducing experiments colored 

white to black. These experiments exhibit a decrease in the FeS/Na2S spectral shoulder at 2470 

eV and a flattening of the near-edge structure from 2473 to 2477 eV with more reducing 

conditions. Interestingly, these spectral trends are consistent in EL chondrite experiments that are 

S-saturated and S-undersaturated, especially comparing 1135 and 1247 that were both run at IW-

6.6. In Figure 5c, EL chondrite experiment 1183 shows a FeS dominated spectrum typical of 

terrestrial and lunar silicate glasses (Saal et al., 2008; Wallace & Carmichael, 1992). The 

Northern Volcanic Plains (NVP) (Figure 4b) experiments also span a wide range in ƒO2 but are 

plotted with increasing S solubility from white to black to emphasize the strong correlation 

between S speciation and S solubility under reducing conditions where S dissolves in silicate 

melt as S2-. Some NVP experiments (Figure 4c) represent a temperature series from 1300 to 

1500 °C but do not display a significant speciation difference. Na-free NVP experiments (Figure 

4d) show simple spectra, but also are more reducing (ƒO2 < IW-6.1) than the other experiments 

that have detectible Na2S (ƒO2 > IW-5.5) (Figure 7). The High-Mg IcP-HCT terrane 

experiments (Figure 5b) are plotted as a pressure series with decreasing pressure from white (2.0 

GPa) to black (0.5 GPa) within a small ƒO2 range (IW-4.6 to IW-6.1) highlighting a pressure 

effect. The High-Mg terrane experiments (Figure 5a) has a more prominent 2470 eV spectral 

shoulder even at more reducing conditions (IW-4.3 and below). 

3.3 Oxygen Fugacity Effect on Sulfur Speciation 

 Figure 7 plots sulfide speciation in very reduced experimental silicate glasses as a 

function of oxygen fugacity since previous studies have shown ƒO2 is the primary control on S 

solubility and speciation (Anzures, Parman, Milliken, Namur, et al., 2020; Jugo et al., 2005b, 

2005a, 2010; C. Li & Ripley, 2005; Namur, Charlier, et al., 2016; O’neill, 2019; O’Neill & 
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Mavrogenes, 2002). Under oxidizing conditions (>IW-2) typical of terrestrial, lunar, and Martian 

magmas, S solubilities are below 0.5 wt.% and the S speciation is mostly FeS (Lodders & 

Fegley, 1997; Saal et al., 2008; Wallace & Carmichael, 1992). Around IW-2 to IW-4 (S = 0.5-

2.0 wt.%), FeS and FeCr2S4 disappears from the spectra and CaS (40-65%) becomes the 

dominant S species with substantial Na2S (~35%) and minor MnS (~7%). In extremely reduced 

(<IW-4) and S-rich silicate melts relevant for Mercury, enstatite chondrites, and aubrites, the 

dominant melt species is (Mg61-98,Ca2-64)S consistent with an estimated sulfide composition at 

the surface of Mercury (Mg0.74Ca0.26S) (Nittler et al., 2011; Stockstill-Cahill et al., 2012; Weider 

et al., 2012), thermodynamic predictions for aubrites (Fogel, 2005), and sulfide compositions in 

experimental Mercurian and EH chondrite samples (Boujibar et al., 2019; Chabot et al., 2014; 

McCoy et al., 1999; Namur, Charlier, et al., 2016; Stockstill-Cahill et al., 2012). However, the S 

speciation region dominated by CaS/Na2S only appears in a limited number of primitive 

Mercurian mantle experiments because adding even small amounts of Si to the starting mix tends 

to reduce experiments below IW-4. 

3.4 Temperature Effect on Sulfur Speciation 

 Temperature appears to have a negligible effect on sulfide speciation looking at only the 

NVP experiments that ranged from 1310 to 1500 °C within a limited range of ƒO2 (IW-5.8 to 

IW-6.8) and constant pressure (0.1 GPa) (Figure 8). Temperature does, however, increase sulfur 

solubility in very reduced silicate melts (Malavergne et al., 2014; Namur, Charlier, et al., 2016; 

Vander Kaaden & McCubbin, 2015c). Additionally, the temperature effect on SCSS increases 

with more reducing conditions (Namur, Charlier, et al., 2016; Vander Kaaden & McCubbin, 

2015c). 
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3.5 Pressure Effect on Sulfur Speciation 

Pressure seems to have a minor effect on S speciation looking at only the High-Mg IcP-

HCT experiments that ranged from 0.1 to 2.0 GPa within a limited range of ƒO2 (IW-4.5 to IW-

6.1) and temperature (1420 to 1500 °C) (Figure 9). Comparing High-Mg experiments (0.1 GPa) 

to EL chondrite experiments (5 GPa) with similar composition (Si (24.55-34.41 vs. 24.38-33.39 

wt.%), Al (3.71-5.39 vs. 1.33-2.25 wt.%), Fe (0.05-0.39 vs. 0.02-7.89 wt.%), Mn (0.02-0.07 vs. 

0.01-0.19 wt.%), Mg (4.06-16.81 vs. 12.81-17.38 wt.%), Ca (2.62-5.85 vs. 1.26-2.44 wt.%), Na 

(2.00-2.70 vs. 0.54-1.26 wt.%), and S (1.11-15.01 vs. 0.11-10.10 wt.%)) and ƒO2 between IW-

4.5 and IW-7.5 displayed an increase in CaS stability at higher pressure even with less total Ca in 

the silicate melt (>2.62 vs. <2.44 wt.%) (Figure 10). 

3.6 Combined Effects of Oxygen Fugacity, Temperature, Pressure, and Composition on S 

Speciation 

The subtle effect of composition on S speciation can be tested by plotting MgS 

proportion of S species divided by compositional group as a function of ƒO2 (Figure 10) and by 

comparing S K-edge XANES spectra (Figures 4 and 5), which hints at differences in S 

speciation due to silicate melt chemistry. However, a forward stepwise regression of wt.% MgS 

in the silicate melt shows that ƒO2, P/T, and S content control the amount of dissolved MgS 

rather than silicate melt chemistry (Table 4). The following expression for wt.% MgS in silicate 

melts at ƒO2 <IW-2 is: 

ൣ𝑀𝑔𝑆௟௜௤ 𝑤𝑡. %൧ ൌ 𝑎 ൅ ௕௉

்
൅ 𝑐 log 𝑓𝑂ଶ ൅ 𝑑ሾ𝑆 𝑤𝑡. %ሿௌ஼ௌௌ         (4) 

where MgS is the wt.% MgS dissolved in silicate melt, P is the pressure (bar), T is the 

temperature (K), ƒO2 is the oxygen fugacity (ΔIW), and S is the sulfur content at sulfide 

saturation. This equation for wt.% MgS has an r2 value of 0.96, an adjusted r2 value of 0.95, a 
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RMSE of 0.91, an F-statistic of 203.35, and a p-value of 1.08x10-18. While the forward stepwise 

regression started with silicate melt chemical terms, these melt composition variables ended up 

not being statistically significant with p-values > 0.05 at each step. However, pressure is more 

difficult to deconvolve from associated changes in temperature and crystallization especially 

given the highest-pressure experiments are typically run at the highest temperatures. 

 Equation 4 does well to predict MgS content of silicate melt as a function of 

temperature, pressure, oxygen fugacity, and sulfur content as seen in Figure 11. This equation 

can be used to calculated MgS without access to highly specialized undulator-based, hard X-ray 

microprobe found at certain synchrotron facilities as temperature, pressure, and oxygen fugacity 

are controlled in experiments, and sulfur content can be easily measured using the more common 

electron microprobe. 

 All S species proportions have been modelled as a sigmoid or a gaussian as a function of 

ƒO2 with equations in Table 5 following previous sigmoidal models that find the ƒO2 width of 

transition between S species S2- and S6+ occur over a similar narrow range of ~2 log units 

roughly sigmoidal in shape regardless of composition (Jugo et al., 2005b; Moretti & Baker, 

2008; Nash et al., 2019). A sigmoidal model for MgS proportion is used because MgS is unstable 

in silicate melt at ƒO2 > IW-3 and the major species below ƒO2 ~ IW-5 with a narrow transition 

in between. MgS proportion in very reduced experimental silicate glasses divided by 

composition are shown in Figure 10. MnS and NaS2 are only stable in a narrow range of ƒO2 

between approximately IW-1 and IW-5 with a maximum at IW-3.3 (Figure 7) and are modelled 

as gaussians (Figure 12). Because CaS stability spans the largest range of ƒO2 between IW-1 and 

IW-9, it is modelled as the subtracted sum of the other S species to conserve proportion to 100%. 
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Models for proportion of all S species overlain on individual data points along with the pressure 

effect seen in MgS and CaS at ƒO2 below IW-4 in Figure 12. 

3.7 SCSS for Different Sulfide Components 

 There are several predictive models of SCSS in silicate melts relevant for terrestrial and 

Martian magmas (Ding et al., 2014; Fincham & Richardson, 1954; Holzheid & Grove, 2002; C. 

Li & Ripley, 2005; O’neill, 2019; O’Neill & Mavrogenes, 2002; Righter et al., 2009), but only a 

couple (Malavergne et al., 2014; Namur, Charlier, et al., 2016) were designed to estimate SCSS 

in reduced magmas. A recent thermodynamic SCSS model (Wykes et al., 2015) does predict 

high SCSS, but relies on FeO content, which in our experiments are close to the detection limit 

of EPMA and is unconstrained for Mercurian magmas (Weider et al., 2014). (Namur, Charlier, et 

al., 2016) developed an empirical expression for SCSS as a function of temperature, pressure, 

oxygen fugacity, and statistically significant silicate melt compositional terms. With the first 

quantitative measurements of sulfur speciation in very reduced silicate melts, a new empirical 

equation for SCSS was developed. 

Stepwise forward regression was used to develop an empirical equation for sulfur content 

at sulfide saturation. Figure 13 contains plots of intensive variables log(ƒO2), temperature (1/T), 

and pressure (P/T) versus ln[S wt.%] and shows that ƒO2 is the only intensive variable that 

linearly correlates with sulfur content at sulfide saturation with a high degree of correlation. This 

means that ƒO2 likely exerts the primary control on sulfur content at sulfide saturation. The 

empirically derived expression that incorporates S speciation follows the general form: 

lnሾ𝑆 𝑤𝑡. %ሿௌ஼ௌௌ ൌ 𝑎 ൅ ௕

்
൅ ௖௉

்
൅ 𝑑 log 𝑓𝑂ଶ ൅ ∑𝑒௜

௑೔
௑ೄ೔

൅ ∑ 𝑒௜𝑌௜         (5) 

and differs from Equation 3 in that Xi are the mole fractions of elements (rather than oxides) in 

the melt normalized to 100% and Yi are added terms for the wt.% contents of sulfide species 
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dissolved in the melt, and a, b, c, d, and e are derived coefficient constants. Coefficients of 

regression, statistical parameters, and details on uncertainties are described in Tables 6 and 7 

and select stepwise regressions are compared in Figure 14.  

The individual effects of pressure, temperature, oxygen fugacity, melt composition, and 

sulfur speciation cannot be easily determined from stepwise regression because these parameters 

are all related. However, it appears that oxygen fugacity and MgS exert the main control on 

SCSS in silicate melt below IW-2. Additional temperature, pressure, and compositional terms 

were tested and rejected due to having p-values greater than 0.05 in forward stepwise regression 

described in Table 7. Thus, an equation for SCSS is: 

lnሾ𝑆 𝑤𝑡. %ሿௌ஼ௌௌ ൌ 𝑎 ൅ 𝑏 log 𝑓𝑂ଶ ൅ 𝑐௜𝑀𝑔𝑆௜           (6) 

where MgS (wt.%) in the silicate melt can be interpreted from S XANES spectra or calculated 

using Equation 4, which does have a pressure (P/T) and melt composition (S wt.%) effect. From 

Equation 4, pressure has a small negative effect on MgS wt.% (positive effect on CaS wt.%) and 

consequently SCSS, which is in contrast with previous studies that measured a minor positive 

effect on SCSS (Malavergne et al., 2014; Namur, Charlier, et al., 2016; Vander Kaaden & 

McCubbin, 2015c). 

4. Discussion 

4.1 Sulfide Speciation as an Oxybarometer 

 The ƒO2 of very reduced silicate melts has been estimated in a variety of ways including 

Fe-FeO or SiO2 metal-silicate melt equilibrium (Camille Cartier et al., 2014; Namur & Charlier, 

2017) and S solubility at sulfide saturation (Namur, Charlier, et al., 2016). ƒO2 may also be 

roughly estimated based on the dominant S species with FeS at ƒO2 > IW-2, CaS at IW-2 < ƒO2 

< IW-4, and MgS at ƒO2 < IW-4. However, the small ƒO2 range where S speciation changes 
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allow equations for S species proportions to be used an oxybarometer because sigmoidal curves 

are approximately linear over the interval at which most of the change occurs. Thus, equations of 

MgS and CaS proportion of S species may be used to calculate ƒO2 between IW-3 and IW-5, 

while the equations of Na2S and MnS may be used to calculate ƒO2 between IW-1 and IW-5 

provided it is known which side of the IW-3.3 gaussian center (Table 5; Figure 12). If intensive 

parameters such as P, T, S content and SCSS are known, Equation 4 (MgS wt.% dissolved in 

silicate melt) and Equation 6 (SCSS (wt.%)) can be inverted to solve for oxygen fugacity. 

4.2 Effect of High S on Chemical Activities and Silicate Mineral Stability 

 The changes in S speciation at low ƒO2 affect the activities of SiO2, MgO and CaO in the 

silicate melt by reducing their effective oxide concentrations (Anzures, Parman, Milliken, 

Namur, et al., 2020). In very reduced silicate melts, the oxide concentrations will be reduced by 

100% for FeO, Cr2O3, and MnO, on average 25% for MgO and CaO, and on average 20% for 

Na2O when present as seen in Figure 15. These speciation changes stabilize enstatite at the 

expense of forsterite and destabilize Ca-bearing minerals plagioclase and clinopyroxene. A 

reduction in CaO also shifts plagioclase compositions from the Ca-rich endmember anorthite to 

the Na-rich albite, which is also observed in enstatite chondrite and aubrite meteorites (Fogel, 

2005). In some experiments, all Ca present bonded with S causing a 100% reduction in CaO that 

would fully destabilize these Ca-bearing silicate minerals making it impossible for them to 

crystallize. These shifts cause the initial layering of Mercury’s solidified magma ocean to be 

enstatite-rich and plagioclase poor. 

4.3 Reprojecting Silicate Phase Equilibria 

 Silicate glass S speciation data can be used to normalize silicate melt compositions for 

projection onto sulfur-free phase diagrams such as FO-PL-QZ after (Fogel, 2005) employed the 
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method to investigate high S and low Fe silicate glasses found in aubrite basalt vitrophyres. 

However, (Fogel, 2005) assumed that FeS complexes controlled S solubility in S2--bearing 

silicate melts above IW, and that below IW S will complex with all available Ca before bonding 

with Mg. This assumption of the predominance of CaS species in very reduced silicate melt is 

found to be incorrect considering the quantitative S speciation results from this study that find S 

speciation below IW-4 is (Mg,Ca)S in an approximately 80:20 Mg/Ca ratio. (Fogel, 2005) found 

that the major effect of this normalization is to reduce the anorthite component of the melt by 

driving the melt composition toward the alkali endmember, but this effect is probably lessened 

due to the majority of S bonding to Mg below IW-4 and with S split between Ca, Na, and Mn 

between IW-2 and IW-4 with 47-65% S, 30-45%, and 0-7 % bonding respectively. 

4.4 Implications for Sulfur Layering 

The stability of S species also controls the presence and composition of crystallizing 

sulfides or immiscible sulfide melts once sulfide saturation is achieved. S solubility is controlled 

by the formation of S species complexes in the silicate melt (Haughton et al., 1974), which is 

confirmed by similarities in S K-edge XANES spectra of crystalline sulfides and silicate melt 

with significant dissolved S (Anzures, Parman, Milliken, Namur, et al., 2020; Fleet, 2005). For 

example, FeS complexes in the silicate melt are highly stable under relatively reducing 

conditions (ƒO2 of IW to IW-2) such that S content of silicate melt does not need to get very high 

before troilite saturates and exsolves. Any decrease in ƒO2 beyond this point results in further 

stabilization of troilite and is observed in decreasing Fe solubility in silicate melt with more 

reducing conditions. The phenomenon that high S proportion or capacity in the silicate melt 

results in the corresponding exsolved sulfide stability decreasing means that more of that sulfide 

complex need to form in the silicate melt before it can create a separate phase. Under reducing 
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conditions where MgS and CaS complexes become stable, S solubility increases as melt CaO 

and MgO react with S to form MgS and CaS. At intermediately reducing conditions of IW-2 to 

IW-4 where CaS is the dominant S species in the silicate melt, S solubility increases because 

more CaS can dissolve in the melt before saturation is achieved. 

Additionally, CaS becomes more stable at the expense of MgS in the silicate melt at 

higher pressures at ƒO2 below IW-4 creating a pathway for CaS to be carried in the silicate melt 

from depth (where CaS stability in the silicate melt is higher) to the surface (where CaS stability 

in the silicate melt is lower) before exsolving as oldhamite (CaS) crystals or immiscible melt. 

With it known that CaS is the main trace element reservoir in reduced enstatite chondrites (Floss 

et al., 1990; Lodders, 1996), this increasing CaS from core to crust would significantly influence 

Mercury’s initial thermal structure. 

5. Conclusions 

 S speciation in a wide range of experiments have been measured and confirm S 

speciation trends with ƒO2 observed in reduced silicate melts on a single composition (Anzures, 

Parman, Milliken, Namur, et al., 2020) over a wider range of temperature, pressure, and 

composition. At IW-2, FeS and FeCr2S4 species are destabilized, and CaS becomes the dominant 

S species with minor Na2S and MnS. At IW-4, MgS is the dominant S species with minor CaS. 

Stepwise forward regression was used to develop empirical equations for S species (MgS, CaS, 

Na2S, and MnS) and S content at sulfide saturation (SCSS). We found that ƒO2, P/T, and S 

content in the silicate melt exert the main controls on MgS content (wt.%) in the silicate melt, 

and that ƒO2 and MgS content in the silicate melt exert the main controls on SCSS. At the 

expense of MgS, CaS is more stable in the silicate melt at higher pressures at ƒO2 below IW-4 

creating a pathway for CaS to be carried in the silicate melt from depth to the surface before 



Manuscript to be submitted to EPSL 

132 
 

exsolving as the crystallizing oldhamite (CaS) becomes more stable. These S speciation changes 

also have substantial impacts on physicochemical properties such as viscosity, melting 

temperature, and mineral stability, which led to the distinct evolution of Mercury and other 

reduced planetary interiors. 

 Future experiments using different methods to control ƒO2 such as gas-mixing furnaces 

or evacuated silica tubes would be helpful to flesh out the bounds of the CaS-dominated ƒO2 

region between IW-2 and IW-4. However, alternative experimental methods may need to be used 

because the addition of any Si0 in the starting experimental mix seems to drive the ƒO2 below 

IW-4. Additionally, experimental determination of trace element partitioning in different sulfides 

especially CaS and MgS due to (Mg,Ca)S likely being the dominant sulfide and heat-producing 

element reservoir in reduced planetary interiors. (Boujibar et al., 2019) has experimentally 

determined U, Th, and K partitioning in FeS, but it is known that CaS is the main trace element 

reservoir in reduced enstatite chondrites (Floss et al., 1990; Lodders, 1996) with partitioning data 

in these meteorites likely representing a lower bound due to the rapid decomposition of highly 

unstable CaS in Earth’s oxidizing atmosphere. 
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Tables 

Table 1. 
Starting compositions for the experiments  

Primitive 
Mercuria

n 
Mantle* 

Primitive 
Mercurian 

Mantle 
(80% 

crystallized)
* 

NVP*
* 

NVP 
(Na-

free)*
* 

 

High-Mg 
IcP-

HCT** 
EH**  EL**

* 

SiO2 51.32 52.8 58.59 62.99  52.56 62.42 SiO2 42.1 

TiO2 0.21 1.17 0.4 0.43  0.4 0.1 Ti 0.02 
Al2O

3 
3.78 17.33 13.72 14.75 

 
8.77 2.7 

Al2O
3 

1.27 

Cr2O
3 

0.41 0.09 0.1 0.11 
 

0.1 0.1 Cr 0.21 

FeO 0.54 0.02 ** **  ** ** Fe 25.9 

MnO 0.09 0.2 0.2 0.22  0.2 0.1 Mn 0.12 

MgO 40.72 14.92 13.91 14.96  27.78 30.81 MgO 25.5 

CaO 2.73 10.91 5.79 6.23  7.26 1.77 CaO 0.89 

Na2O 0.08 2.22 6.99 0.00  2.74 1.7 Na2O 0.47 

K2O 0.02 0.44 0.2 0.22  0.08 0.2 K2O 0.04 

P2O5 0 0 0 0.00  0 0 P 0.11 

NiO 0.11 0.01 0.1 0.11  0.1 0.1 Ni 1.67 
        Co 0.13 
        S 2.06 
        C 0.4 
        N 0.03 

Total 100.01 100.11 100 100.00 
 

99.99 
100.0

0 
 100.9

2 
 

*Primitive Mercurian mantle modelled from CH ALH 85085 (Weisberg et al., 1988), while 
Primitive Mercurian Mantle (80% crystallized) is the experimental residual liquid composition. 
Up to 3 wt.% S added as native S up to sulfide saturation. 
**NVP, NVP (Na-free), and High-Mg IcP-HCT silicate starting compositions mixed in certain 
silicate-metal-sulfide ratios using FeS, Fe, and S. Experiments from (Namur, Charlier, et al., 
2016; Namur, Collinet, et al., 2016) and unpublished 
***EL starting composition is natural EL6 Hvittis material (Major element composition from 
(Rubin, 1983)) and was doped with 200 ppm each of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, Lu, Sc, U, Thu, Ti, Zr, Nb, Hf, Ta, and V. Experiments from (Cartier et al., 2014) 
and unpublished.
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Table 2. 
Experimental run conditions 

Sample Laboratory Device T 
(°C) 

P 
(GPa) 

Caps
ule 

Si/SiO2 
(in 

wt.%) 

Fe, S source Time 
(hrs) 

DIW Phase assemblage 

Enstatite Chondrite (EL): Cartier et al. (2014) and unpublished 
   

  
1183 LMV MA 1720 5 Gr 0 natural EL6 Hvittas 

material 
2.3 -0.8 Liq, ens, sulf, met 

1212 LMV MA 1850 5 Gr 0.05 natural EL6 Hvittas 
material 

3 -5.3 Liq, ens, sulf, met 

1210 LMV MA 1800 5 Gr 0.05 natural EL6 Hvittas 
material 

2 -5.5 Liq, ens, sulf, met 

1135 LMV MA 1650 5 Gr 0.05 natural EL6 Hvittas 
material 

2.5 -6.6 Liq, ens, sulf, met 

1133 LMV MA 1690 5 Gr 0.1 natural EL6 Hvittas 
material 

3.5 -6 Liq, ens, sulf, met 

1141 LMV MA 1600 5 Gr 0.3 natural EL6 Hvittas 
material 

3 -7.4 Liq, ens, met 

1247 LMV MA 1750 5 Gr 
 

natural EL6 Hvittas 
material 

2 -6.6   

1262 LMV MA 1750 5 Gr 
 

natural EL6 Hvittas 
material 

2 -7.4   

1243 LMV MA 1700 5 Gr 
 

natural EL6 Hvittas 
material 

2 -7.9   

1178 LMV MA 1580 5 Gr 0.5 natural EL6 Hvittas 
material 

2 -8.2 Liq, ens, coes, met 

Enstatite Chondrite (EH): Namur et al. (2016a,b) and 
unpublished 

   
  

Y037-2 LUH IHPV 1520 0.1 Gr 0 FeS, Fe (A) 5 -1.9 Liq, sulf, met 
Y088 LUH IHPV 1520 0.1 Gr 

   
-5.7   

Y083-2 LUH IHPV 1520 0.1 Gr 0.1 FeS, Fe (A) 5 -6.2 Liq, sulf, met 
Y085-2 LUH IHPV 1590 0.1 Gr 

   
-7.2   
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Y037-1 LUH IHPV 1520 0.1 Gr 0 FeS, Fe, S (E) 
 

-5 Liq, sulf, met 
Y089 LUH IHPV 1520 0.1 Gr 0.2 Fe, S (B) 5 

 
Liq, tri, sulf 

Y085-1 LUH IHPV 1590 0.1 Gr 
   

-8.1   
Y087-2 LUH IHPV 1520 0.1 Gr 0.5 Fe, S (B) 5 

 
  

Northern Volcanic Plains (NVP): Namur et al. (2016a,b) and unpublished 
  

  
RY8-3 LUH IHPV 1250 0.1 Gr 0.05 FeS, Fe (A) 5 -4.9 Liq, for, sulf, met 
Y012-1 LUH IHPV 1360 0.1 Gr 0.05 FeS, Fe (A) 6 -5.9 Liq, sulf, met 
Y011-1 LUH IHPV 1420 0.1 Gr 0.05 FeS, Fe (A) 4 -5.2 Liq, sulf, met 
Y013-1 LUH IHPV 1500 0.1 Gr 0.05 FeS, Fe (A) 4 -4.6 Liq, sulf, met 
Y014 LUH IHPV 1360 0.1 Gr 0.1 FeS, Fe (A) 5 -5.2 Liq, sulf, met 

Y011-2 LUH IHPV 1420 0.1 Gr 0.1 FeS, Fe (A) 4 -5.4 Liq, sulf, met 
Y013-2 LUH IHPV 1500 0.1 Gr 0.1 FeS, Fe (A) 4 -5.8 Liq, sulf  
RY8-2 LUH IHPV 1250 0.1 Gr 0.2 FeS, Fe (A) 5 -8.1 Liq, for, sulf, met 
RY18-2 LUH IHPV 1310 0.1 Gr 0.2 FeS, Fe (A) 7 -8 Liq, for, sulf, met 
Y012-2 LUH IHPV 1360 0.1 Gr 0.2 FeS, Fe (A) 6 -6.6 Liq, sulf, met 
Y033-1 LUH IHPV 1420 0.1 Gr >0.5 FeS, Fe, S (E) 4 -7.1 Liq, sulf, met 
Y033-2 LUH IHPV 1420 0.1 Gr >0.5 FeS, Fe, S (E) 4 -8.6 Liq, sulf, met 
A713 Bayreuth PC 1360 1 Gr-Pt 0.1 FeS + S 4 -5.2 Liq, ens, sulf, met 

Northern Volcanic Plains (Na-free NVP): Namur et al. (2016a,b) and unpublished 
  

  
RY8-1 LUH IHPV 1250 0.1 Gr 0.05 FeS, Fe (A) 5 -6.3 Liq, ens, sulf, met 
Y029 LUH IHPV 1360 0.1 Gr 0.05 FeS, Fe (A) 4 -6.1 Liq, sulf, met 

RY13b-
2 

LUH IHPV 1310 0.1 Gr 0.2 FeS, Fe (A) 9 -7.7 Liq, ens, sulf, met 

High Magnesium Terrane (HighMg): Namur et al. (2016a,b) and unpublished 
  

  
Y010-1 LUH IHPV 1420 0.1 Gr 0 FeS, Fe (A) 3 -4.5 Liq, for, sulf, met 
Y023-1 LUH IHPV 1500 0.1 Gr 0.02 FeS, Fe (A) 3 -4.3 Liq, sulf, met 
Y010-2 LUH IHPV 1420 0.1 Gr 0.05 FeS, Fe (A) 3 -4.8 Liq, for, sulf, met 
Y023-2 LUH IHPV 1500 0.1 Gr 0.05 FeS, Fe (A) 3 -5 Liq, sulf, met 
Y030-2 LUH IHPV 1420 0.1 Gr 0.5 FeS, Fe (C) 4 -7 Liq, for, tri, sulf, 

met 
Y034-3 LUH IHPV 1500 0.1 Gr 0.5 FeS, Fe, S (E) 3 -7.5 Liq, sulf, met 
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High Mg IcP-HCT: Namur et al. (2016a,b) and 
unpublished 

    
  

Y084-2 
  

1455 0.3 
    

-4.8   
Y049-2 LUH IHPV 1470 0.5 Gr-Pt 0.1 FeS + S 4 -4.6 Liq, for, sulf, met 
BV02-2 LUH IHPV 1470 0.7 Gr-Pt 0.1 FeS + S 6 -5.2 Liq, for, sulf, met 
B1339 MIT PC 1500 1 Gr-Pt 0.1 FeS + S 4 -4.9 Liq, sulf, met 
A714 Bayreuth PC 1560 2 Gr-Pt 0.1 FeS + S 4 -6.1 Liq, ens, sulf, met 
A699    Bayreuth PC 1650 3 Gr-Pt 0.1 FeS + S 5 -5.9 Liq, ens, sulf, met 

Primitive Mercurian Mantle (modified CH): Anzures et al. (2020) 
   

  
MER17 Brown PC 1475 1 Gr-

Mo 
0.02 FeO, S 24 -3.1 Liq, for, sulf 

MERC
2a 

Brown PC 1420 1 Gr-
Mo 

0.05 FeO, S 23 -3.5 Liq, ens, for, sulf 

PM6 Brown PC 1420 1 Gr-
Mo 

0.05 FeO, S 12 -5.5 Liq, ens, for, sulf, 
met 

PM6_le
ft 

Brown PC 1420 1 Gr-
Mo 

0.05 FeO, S 12 -5.5 Liq, ens, for, sulf, 
met 

SW1 Brown PC 1475 1 Gr-
Mo 

0.05 FeO, S 48 -2.9 Liq, ens, for, sulf 

MER15 Brown PC 1475 1 Gr-
Mo 

0.05 FeO, S 24 -7.5 Liq, ens, sulf, met 

MER18 Brown PC 1475 1 Gr-
Mo 

0.1 FeO, S 24 -6.2 Liq, sulf, met 

MER22 Brown PC 1475 1 Gr-
Mo 

0.15 FeO, S 24 -6.9 Liq, ens, for, sulf 

Primitive Mercurian Mantle 80% Crystallized (modified CH): Anzures et al. (2020) 
  

  
MC3_4 Brown PC 1250 1 Gr-

Mo 
0.04 FeO, S 24 -4.5 Liq, ens, sulf  

MC3_2 Brown PC 1300 1 Gr-
Mo 

0.04 FeO, S 24 -4.9 Liq, ens, sulf 

MC2_2 Brown PC 1300 1 Gr-
Mo 

0.05 FeO, S 24 -2.7 Liq, sulf  
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MC1_1 Brown PC 1350 1 Gr-
Mo 

0.18 FeO, S 24 -5.7 Liq, sulf 

 
 
Table 3 
Compositional range (wt.%) of experimental silicate melts 
    Si 

(wt.
%) 

Ti 
(wt.
%) 

Al 
(wt.
%) 

Cr 
(wt.
%) 

Fe 
(wt.
%) 

Mn 
(wt.
%) 

Mg 
(wt.
%) 

Ca 
(wt.
%) 

Na 
(wt.
%) 

K 
(wt.
%) 

Ni 
(wt.
%) 

S 
(wt.
%) 

*O 
(wt.
%) 

Tota
l 

(wt.
%) 

**C 
(wt.
%) 

Primitiv
e 

Mercuri
an 

Mantle 
(modifie
d CH) 

mi
n 

24.5
3 

0.17 4.14 0.01 0.00 0.02 5.40 4.59 0.31 0.02 0.00 1.01 42.0
7 

98.7
7 

0.00 

n=7 ma
x 

30.0
4 

0.48 8.38 0.07 0.09 0.15 18.2
8 

7.56 3.43 0.58 0.01 7.56 46.6
9 

101.
74 

1.23 

Primitiv
e 

Mercuri
an 

Mantle 
80% 

Crystalli
zed 

(modifie
d CH) 

mi
n 

24.5
7 

0.09 8.62 0.00 0.01 0.04 7.39 7.44 0.36 0.15 0.01 0.88 44.8
5 

97.6
4 

0.00 

n=4 ma
x 

26.8
6 

0.82 9.28 0.06 0.04 0.11 9.19 8.13 1.68 0.31 0.02 3.90 46.1
9 

103.
61 

2.36 

Norther
n 

mi
n 

26.0
7 

0.00 6.27 0.00 0.02 0.00 0.38 0.25 1.43 0.04 n.a. 1.02 42.5
4 

98.6
7 

0.00 
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Volcanic 
Plains 
(NVP) 
n=13 ma

x 
37.1

5 
0.24 8.05 0.09 0.37 0.11 7.80 4.50 6.10 0.15 n.a. 9.56 48.0

1 
101.
24 

1.33 

Norther
n 

Volcanic 
Plains 

(Na-free 
NVP) 

mi
n 

27.8
9 

0.13 7.86 0.02 0.08 0.02 7.90 4.53 0.04 0.14 n.a. 1.51 44.4
4 

99.0
3 

0.00 

n=3 ma
x 

29.0
5 

0.21 10.0
5 

0.05 0.17 0.09 8.71 5.24 0.21 0.17 n.a. 4.79 47.4
6 

100.
61 

0.97 

High Mg 
IcP-
HCT 

mi
n 

24.5
2 

0.05 1.21 n.a. 0.02 0.01 14.5
0 

0.83 1.15 0.05 n.a. 1.65 40.8
7 

99.0
5 

0.00 

n=6 ma
x 

28.0
5 

0.22 4.53 n.a. 0.40 0.29 17.3
8 

6.17 2.42 0.16 n.a. 9.02 45.2
2 

101.
13 

0.95 

High 
Magnesi

um 
Terrane 
(HighM

g) 

mi
n 

24.5
5 

0.01 3.71 0.00 0.05 0.02 4.06 2.62 2.00 0.08 n.a. 1.11 36.9
7 

99.1
4 

0.00 

n=6 ma
x 

34.4
1 

0.24 5.39 0.05 0.39 0.07 16.8
1 

5.85 2.70 0.11 n.a. 15.0
1 

45.8
2 

101.
07 

0.86 

Enstatite 
Chondri
te (EL) 

mi
n 

24.3
8 

0.01 1.33 0.00 0.02 0.01 12.8
1 

1.26 0.54 0.07 0.00 0.11 39.5
1 

95.2
6 

0.42 

n=10 ma
x 

33.3
9 

0.15 2.25 0.26 7.89 0.19 17.3
8 

2.44 1.26 0.27 0.06 10.1
0 

46.5
3 

99.5
8 

4.74 
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Enstatite 
Chondri
te (EH) 

mi
n 

25.8
3 

0.06 1.25 0.00 0.00 0.01 16.7
9 

0.75 1.00 0.14 0.00 0.85 37.3
3 

95.3
2 

0.00 

n=8 ma
x 

30.1
8 

0.08 1.61 0.17 0.41 0.40 20.2
1 

1.22 1.39 0.21 0.00 12.8
5 

47.3
9 

100.
55 

4.68 

 
*Oxygen calculated by stoichiometry by the microprobe. 
**Maximum carbon content calculated by difference from the total. 
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Table 4 
Coefficients of stepwise regression for MgS (wt.%) in silicate melts at ƒO2 below IW-2  

step 1 step 2 step 3 step 4 
 

step 4 Coeff. t-stat p-val 

a (cons.) 6.21 -10.87 -11.94 -3.57 
 

ƒO2 -1.02 -3.8607 0.0006 

b (ƒO2) 
 

-2.91 -3.33 -1.02 
 

1/T -4843.68 -0.9168 0.3677 

c (P/T) 
  

-0.19 -0.08 
 

P/T -0.08 -3.9863 0.0005 

d (S) 
   

1.04 
 

Si -0.05 -0.5483 0.5882 

a (1σ) 0.76 2.59 
 

1.99 
 

1.18 
 

Ti/Si -48.62 -1.1933 0.2435 

b (1σ) 
 

0.43 
 

0.34 
 

0.26 
 

Al/Si -0.86 -0.4448 0.6602 

c (1σ) 
  

0.04 
 

0.02 
 

Cr/Si 171.48 0.7549 0.4571 

d (1σ) 
   

0.10 
 

Fe/Si 41.93 0.6144 0.5443 

Statistical fit quality 
 

Mn/Si 176.94 1.1195 0.2732 

r-sqr 
 

0.61 0.78 0.96 
 

Mg/Si 0.84 1.0173 0.3184 

r-sqr adj 
 

0.60 0.76 0.95 
 

Ca/Si -1.83 -0.5842 0.5641 

RMSE 4.22 2.68 2.05 0.91 
 

Na/Si -1.49 -0.5608 0.5797 

F-statistic 
 

45.11 49.44 205.35 
 

K/Si 46.09 0.8236 0.4177 

p-value 
 

2.28 

E-07 

6.50 

E-10 

1.08 

E-18 

 
Ni/Si -1512.64 -0.8768 0.3886 

n 31 31 31 31 
 

S 1.04 10.7199 0.0000 

 
Table 5 
Coefficients of equations for sulfide speciation in silicate melts at ƒO2 below IW-2 

 Form A B C a b c 

MgS (all) sigmoid* 0.84 -23 -5.7    

MgS (CH) sigmoid* 0.86 -23 -5.7    
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MgS (EL) sigmoid* 0.74 -23 -5.7    

MgS (HighMg) sigmoid* 0.84 -23 -5.7    

MgS (IcP) sigmoid* 0.82 -23 -5.7    

MgS (NVP) sigmoid* 0.92 -23 -5.7    

NaS2 (all) gaussian 0.39 -3.3 1.4    

MnS (all) gaussian 0.073 -3.3 1.4    

CaS (all) subtraction 1-f(MgS)-f(NaS2)-f(MnS) 
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Table 6 
Coefficients of empirical regression for SCSS in silicate melts at ƒO2 below IW-2  

step 

1 

step 2 step 3 
 

step 3 Coeff. t-stat p-val 

a (cons.) 1.11 0.29 -0.10 
 

1/T 339.75 0.3531 0.7264 

b (MgS) 
 

0.15 0.12 
 

P/T 0.00 -0.5838 0.5636 

c (ƒO2) 
  

-0.10 
 

ƒO2 -0.10 -2.0560 0.0480 

a (1σ) 0.12 0.06 0.20 
 

Ti/Si -0.91 -0.1000 0.9210 

b (1σ) 
 

0.01 0.01 
 

Mg/Si 0.26 1.5191 0.1389 

c (1σ) 
  

0.05 
 

Na/Si -0.25 -0.4415 0.6619 

Statistical fit quality 
 

CaS (wt.%) 0.01 0.2052 0.8387 

r-sqr 
 

0.90 0.91 
 

MgS (wt.%) 0.12 8.4260 0.0000 

r-sqr adj 
 

0.89 0.90 
     

RMSE 0.70 0.23 0.22 
     

F-statistic 
 

284.51 158.28 
     

p-value 
 

8.68 

E-18 

2.55 

E-17 

     

n 35 35 35      

 

Table 7 
Coefficients of semi-empirical regression for SCSS in silicate melts at ƒO2 below IW-2  

* 

Namur 

et al. 

(2016) 

**ƒO2 **1/T **P/T **ƒO2

, 1/T, 

P/T 

**ƒO2, 

1/T, 

P/T, 

comp 

**ƒO2, 

1/T, 

P/T, 

comp, 

**ƒO2, 

1/T, 

P/T, S 

species 
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S 

species 

a 7.25 -1.21 1.73 1.16 -0.53 -0.78 -1.46 -0.18 

b -25400 
 

-1064 
 

-1157 -1035 2060 -56.40 

c 0.04 
  

-0.01 -0.03 -0.03 0.00 -0.01 

d -0.55 -0.42 
  

-0.45 -0.47 -0.11 -0.13 

eTi -62.00 
    

9.56 -8.50 
 

eMg 0.43 
    

0.18 0.37 
 

eNa 1.56 
    

-0.55 -0.32 
 

eCaS 
      

0.03 0.02 

eMgS 
      

0.11 0.11 

a (1σ) 0.64 0.27 1.65 0.16 1.13 1.59 1.05 0.77 

b (1σ) 0.13 
 

2861 
 

1795 2834 1929 1245 

c (1σ) 0.00 
  

0.01 0.01 0.01 0.01 0.01 

d (1σ) 0.02 0.05 
  

0.04 0.06 0.08 0.07 

eTi (1σ) 14.00 
    

20.28 13.65 
 

eMg (1σ) 0.13 
    

0.33 0.22 
 

eNa (1σ) 0.31 
    

1.24 0.82 
 

eCaS (1σ) 
      

0.04 0.04 

eMgS (1σ)  
     

0.02 0.02 

Statistical fit quality 

r-sqr 0.93 0.70 0.00 0.01 0.79 0.81 0.92 0.91 

r-sqr adj 
 

0.70 -0.03 -0.02 0.77 0.76 0.90 0.90 
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RMSE 0.35 0.39 0.71 0.71 0.33 0.34 0.22 0.23 

F-statistic 225.00 78.68 0.14 0.24 39.77 19.21 38.18 58.69 

p-value 7.00 

E-79 

2.98 

E-10 

7.12 

E-01 

6.30 

E-01 

9.64 

E-11 

9.50 

E-09 

1.90 

E-12 

2.80 

E-14 

n 180 35 35 35 35 35 35 35 

 
*Equation form is ln[S wt.%]scss=a+b/T+cP/T+dlogƒO2+Σei(Xi/XSiO2) where Xi terms are TiO2, 
MgO, and Na2O mol.% in silicate melt. 
**Equation form is ln[S wt.%]scss=a+b/T+cP/T+dlogƒO2+Σei(Xi/XSi)+Σei(Yi)  where Xi terms 
are Ti, Mg, and Na mol.% in silicate melt and Yi terms are CaS and MgS wt.% in silicate melt. 
 

 

  



 

161 
 

Figures 

 

Figure 1. Lavas from terrestrial planets and meteorite parent bodies cover a range of ƒO2 relative 
to IW (Righter et al., 2016; Wadhwa, 2008). The ƒO2 of typical magmas on Earth is signified by 
a gray circle with black outline. Low ƒO2 is observed for Mercury (McCubbin et al., 2012; Zolotov 
et al., 2013), enstatite chondrites (Berthet et al., 2009), aubrites (Casanova et al., 1993), and early 
Earth (Javoy et al., 2010). Figure from (Anzures, Parman, Milliken, Namur, et al., 2020). 

 



 

162 
 

 

Figure 2. Sulfur content at sulfide saturation (SCSS) in silicate melts as a function of oxygen 
fugacity. The ƒO2 is given relative to the iron-wüstite (IW) oxygen buffer. As oxygen fugacity 
decreases below IW-2, S solubility increases dramatically in silicate melts. The range of S content 
measured on the Mercurian surface by MESSENGER’s XRS (Nittler et al., 2011) is shown in the 
blue rectangle, while the implied range of ƒO2 for Mercurian lavas are shown in the green rectangle 
(McCubbin et al., 2012; Zolotov et al., 2013). The scatter in the experimental data can be attributed 
to differences in P, T, and composition among the studies (Berthet et al., 2009; Cartier et al., 2014; 
Holzheid & Grove, 2002; Malavergne et al., 2007, 2014; McCoy et al., 1999; Namur, Charlier, et 
al., 2016; Namur, Collinet, et al., 2016), where temperature has the second strongest effect after 
ƒO2 (Namur, Charlier, et al., 2016). Modified from (Anzures, Parman, Milliken, Namur, et al., 
2020). 
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Figure 3. S K-edge XANES spectra of pure endmember sulfide standards from (Anzures, Parman, 
Milliken, Lanzirotti, et al., 2020) used in unmixing experimental silicate glass spectra with 
dissolved sulfur. The spectra were collected in total fluorescence yield. 
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Figure 4. S K-edge XANES spectra of very reduced experimental silicate glasses with dissolved 
sulfur divided by composition (a) primitive Mercurian mantle (Anzures, Parman, Milliken, Namur, 
et al., 2020), (b) northern volcanic plains, (c) northern volcanic plains (temperature series), and (d) 
northern volcanic plains (Na-free). The inset brown box in (a) shows the complete spectral range 
from 2440 to 2540 eV with the black lines showing the expanded region. Vertical colored lines 
show the S K-edge locations of MgS and FeS species. Regardless of starting composition, silicate 
glass spectra display a systematic change in shape with decreasing ƒO2 and increasing S content 
as the spectral shoulder at ~2470 eV disappearing and the near-edge structure flattening. The 
spectra were collected in total fluorescence yield. 
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Figure 5. S K-edge XANES spectra of very reduced experimental silicate glasses with dissolved 
sulfur divided by composition (a) high-Mg terrane, (b) high-Mg IcP-HCT terrane, (c) EL 
chondrite, (d) EH chondrite. EL chondrite experiment 1183 that has an intrinsic ƒO2 of IW-0.8 
displays a FeS dominated spectrum typical of terrestrial and lunar silicate glasses. Regardless of 
starting composition, silicate glass spectra display a systematic change in shape with decreasing 
ƒO2 and increasing S content as the spectral shoulder at ~2470 eV disappearing and the near-edge 
structure flattening. The spectra were collected in total fluorescence yield. 
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Figure 6. Sulfide speciation in very reduced experimental silicate glasses from linear unmixing of 
S K-edge XANES spectra as a function of S content and ƒO2. The proportions of MgS increases, 
and FeS, FeCr2S4, and NiS decrease with more reducing conditions. CaS reaches a peak with ~1 
wt.% S in the silicate melt and then becomes the minor species at higher S solubilities. MnS, and 
Na2S are only detectable at S solubilities of 1-3 wt.%. Error bars indicate standard error during 
unmixing. 
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Figure 7. Sulfide speciation in very reduced experimental silicate glasses as a function of oxygen 
fugacity. The proportion of MgS increases with more reducing conditions below IW-4. CaS 
reaches a peak at IW-3 and then becomes the minor species below IW-3. MnS, and Na2S are stable 
at IW-3 and become less stable at more reducing and more oxidizing conditions. FeS, FeCr2S4, 
and NiS are only stable above IW-1. The ƒO2 regions where FeS, CaS & Na2S, and MgS are the 
dominant S species are highlighted in different shades of gray. The large scatter in the proportions 
of MgS and CaS in the Mg-dominated region hint at additional controls on S speciation aside from 
ƒO2. Nevertheless, these S speciation trends are consistent even within the large range of 
temperature (1225 to 1850 °C), pressure (0.1 to 5 GPa), and composition, implying ƒO2 is the 
primary control on S speciation in very reduced silicate melts. Error bars indicate standard error 
during unmixing. 
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Figure 8. Sulfide speciation in very reduced experimental silicate glasses as a function of 
temperature for only NVP experiments within a limited range of ƒO2 (IW-5.8 to IW-6.8) and 
constant pressure (0.1 GPa). Although temperature does increase S solubility in very reduced 
silicate melts (Namur, Charlier, et al., 2016), it appears that temperature only plays a minor role in 
S speciation. Error bars indicate standard error during unmixing. 
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Figure 9. Sulfide speciation in very reduced experimental silicate glasses as a function of pressure 
for only High-Mg experiments within a limited range of ƒO2 (IW-4-5 to IW-6.1) and temperature 
(1420 to 1500 °C). Pressure seems to have little effect on S speciation. CaS and Na2S may both be 
more stable at ~1 GPa. Error bars indicate standard error during unmixing. 
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Figure 10. Proportion of MgS species in very reduced experimental silicate glasses as a function 
of oxygen fugacity with sigmoidal fits divided by compositional group. The thick black line 
signifies the sigmoidal fit to all the data, while the primitive Mercurian mantle data was fit 
separately because it represented the most complete ƒO2 range of the experimental groups. The 
NVP, High-Mg, High-Mg IcP-HCT, and EL fits were modified from the fit to all the data by 
changing the ratio of MgS to CaS in the MgS dominated region of IW-4 and below. Error bars 
indicate standard error during unmixing.  
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Figure 11. Comparison of measured versus predicted MgS (wt.%) in silicate melts according to 
Equation 4 with full regression details in Table 4. This equation has a high adjusted r2 of 0.95, F-
statistic of 205.35, and low p-value of 1.08E-18. The residual does not show a skewed distribution 
although the experiment with the highest MgS is overestimated by 1.7 wt.%. The four low S 
primitive Mercurian mantle experiments that lack MgS species are excluded from the regressions 
and are plotted as squares rather than circles, but still fall within the 95% confidence intervals of 
predicted MgS. 
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Figure 12. Modelled sulfide speciation from unmixing of S K-edge XANES spectra in very 
reduced experimental silicate glasses as a function of ƒO2 with full data shown in Figure 8 and 
equations in Table 5. The proportions of FeS, FeCr2S4, MnS, and Na2S species decrease and MgS 
increases with more reducing conditions. CaS reaches a peak at IW-3 and then becomes the minor 
species at more reducing conditions. Outside of ƒO2, pressure exerts a strong effect on MgS and 
CaS proportion with higher pressures leading to higher % CaS (and proportionally lower MgS). 
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Figure 13. S content at sulfide saturation (ln[Xs]) plotted against intensive parameters of (a) 
oxygen fugacity (ΔIW), (b) temperature (1/T), and (c) pressure (P/T) following the empirical form 
for input variables into SCSS (e.g. Li & Ripley, 2005). S content is highly correlated with oxygen 
fugacity but not temperature or pressure. The residual of ƒO2 versus ln[XS] does not show a skewed 
distribution. 
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Figure 14. Comparison of measured versus predicted ln[XS] in silicate melts using variables of (a) 
oxygen fugacity, (b) oxygen fugacity and MgS (wt.%) in silicate melt, (c) oxygen fugacity, 
temperature, pressure, MgS, and CaS, and (d) oxygen fugacity, temperature, pressure, silicate melt 
compositional terms, and sulfide speciation terms with full regression details in Tables 6 and 7. 
e) Comparison of measured versus predicted ln[XS] in silicate melts using variables oxygen 
fugacity and calculated MgS (wt.%) in silicate melt using Equation 4 and f) comparison of the 
same model using calculated and measured MgS (wt.%) in silicate melt. Oxygen fugacity is the 
most significant variable that explains the variance in SCSS, although MgS (wt.%) increases the 
fit substantially from an adjusted r2 value of 0.70 to 0.90 and F-statistic from 78.68 to 158.28. 
Adding additional temperature, pressure, and compositional terms does not significantly improve 
the fit with both (c) and (d) having an adjusted r2 value of 0.90 with lower F-statistics (58.69 and 
38.18 respectively). Equation form is ln[S wt.%]scss= a+b/T+cP/T+dlogƒO2+Σei(Xi/XSi)+Σei(Yi)  
where 1/T is in 1/K, P/T is in bar/K, ƒO2 is given in ΔIW, Xi terms are Ti, Mg, and Na mol.% in 
silicate melt, and Yi terms are CaS and MgS wt.% in silicate melt. Although all 36 data points are 
plotted, the one anomalously low S EL chondrite experiment and the four low S primitive 
Mercurian mantle experiments that lack MgS species are excluded from the regressions. 
 

 

Figure 15. Relative percent decrease in oxide concentration due to cations bonding with S rather 
than O under reducing conditions.  
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Abstract 

 The Hayabusa2 and OSIRIS-REx asteroid sample-return missions have recently 

encountered the hydrous C-class asteroids 162173 Ryugu and 101955 Bennu, respectively. 

Mission data reveal that these objects are rubble pile asteroids with surfaces that are dominated by 

boulders. However, previous workers have relied on comparison of reflectance spectra to powders 

to quantify water content. As such, additional studies are warranted to understand how to convert 

OH/H2O absorptions seen in spectral reflectance data to estimates of absolute water content of 

objects that lack fine-grained regolith. This study compares the strength of OH/H2O absorption 

features observed for several intact carbonaceous chondrite (CM2) chips with the same features as 

observed in several different particle sizes of their corresponding powders; these data are then 

compared with independent estimates of sample bulk water content. These data are used to 

construct empirical relationships between reflectance band depth, absolute water content, and 

particle size.  

 Reflectance spectra from 0.3 to 25 μm were collected using the Thermo Nexus 870 FT-IR 

spectrometer and the bidirectional reflectance (BDR) spectrometer in Reflectance Experiment 

LABoratory (RELAB), a NASA-supported multi-user spectroscopy facility at Brown University 

on bulk chip and powders under ambient and dry air conditions. Reflectance spectra were 

converted to single scattering albedo (SSA) to minimize effects of multiple scattering. We find 

that for CM2s as particle size decreases, a variety of band parameter values related to OH/H2O 

absorptions increase in value. Studies of carbonaceous chondrite (CC) powders showed that certain 

spectral parameters (e.g., sum of 2.75 and 2.8 μm band depth) are highly correlated with hydrogen 

or water content (Beck et al., 2018; Garenne et al., 2016). Nine CC samples including seven CM2s 

indicate that particle size effects (chip versus powder) can produce similar correlations even when 
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the bulk water content is largely unchanged. If particle size is not properly accounted for, this may 

lead to water content estimates that differ by as much as 6 wt.%. This highlights the need for 

improved methods to extract quantitative information from reflectance spectra of regolith-poor 

(rubble pile) asteroids. We suggest use of our reflectance band parameter-water content 

relationships calibrated for particle size to quantify water content on boulder-rich planetary 

surfaces because they decrease the uncertainty in water content estimates from reflectance 

spectroscopy considerably from currently 5 wt.% to <1 wt.%, which is significant considering 

these objects have 10-20 wt.% water or less if they have experienced thermal metamorphism. For 

example, there may be 4-6 wt.% more water on Ryugu and Bennu than previously thought from 

comparisons to fine powder rather than the more analogous chip spectra. 

1. Introduction 

 The presence of water- and hydroxyl-bearing minerals in meteorites and asteroids has long 

been known (Dufresne & Anders, 1962; Lebofsky, 1978, 2002), but quantifying the absolute 

amount of water in these objects, from samples and remote observations from Earth, has remained 

difficult. Especially high water contents (>10 wt.%) have been measured in carbonaceous 

chondrites (CCs) and inferred for C-class asteroids based on their spectra (Brearley, 2006; Rivkin 

et al., 2003). These objects are critical to understanding the abundance and distribution of water, 

as well as how, where, and when aqueous alteration occurred in the early solar system. The study 

of aqueous alteration in chondritic meteorites provides insights into the extent of chemical 

redistribution and isotopic fractionation that took place in chondritic parent bodies (Zolensky et 

al., 2018). However, the conditions of aqueous alteration in chondritic parent bodies are wide-

ranging and without consensus, with variations in temperature (including below freezing), 

pressure, redox conditions, fluid mobilization, and escape of volatiles, and especially water-rock 



 

180 
 

ratio (e.g. Zolensky et al., 1993; Zolotov, 2012). Constraining the water content of near-Earth 

asteroids is also important for assessing their potential as an in-situ resource for space exploration 

and industrialization (Lewis et al., 1993; Ross, 2001). Therefore, detection, identification, and 

quantification of water in CCs and C-class asteroids are important. 

 Currently, quantification of water on C-class asteroids is limited to laboratory 

measurements of CCs and spectral measurements of asteroid regolith. Miyamoto & Zolensky 

(1994) showed that the integrated intensity of the 3 μm water absorption is correlated with the 

hydrogen to silicon ratio in CC powders. Sato et al. (1997) found that the reflectance ratios 2.9/2.53 

μm and 3.2/2.53 μm correlate very well with the integrated intensity of the entire 3 μm band in CC 

powders as well. Later on, Milliken et al. (2007), in the context of Mars, produced a method to 

remotely measure water in meteorites through calculation of spectral parameters such as band 

depth and integrated band depth, integrated band area, mean and normalized optical path length, 

and effective single-particle absorption thickness. Milliken (2006) found that the ESPAT 

parameter provides the most accurate spectra-based quantification of water content for low-albedo 

conditions and has recently been applied to the Moon (Li & Milliken, 2017; Milliken & Li, 2017). 

Many of these spectral parameters have been tested on a limited number of CC powders and have 

found that the normalized optical path length (NOPL) parameter allows quantification of H2O with 

an uncertainty of 4-5 wt.% (Garenne et al., 2016) and the sum of band depth at 2.75 and 2.80 μm 

allows quantification of H2O with an uncertainty of 1-2 wt.% (Beck et al., 2018) within a narrow 

particle size range of 50-100 μm. Unfortunately, water vapor in Earth’s atmosphere obscures much 

of the 3 μm absorption such that many researchers that use Earth-based telescopic spectra simply 

omit data in the 2.5-2.8 μm region (Rivkin et al., 2015). 
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 For asteroid applications using telescopic data, Rivkin et al. (2003) combined the early 

results from CCs (Miyamoto & Zolensky, 1994; Sato et al., 1997) to produce analytical 

expressions for H/Si ratio as a function of integrated intensity at 2.9 and 3.2 μm. These empirical 

expressions only hold for surfaces analogous to CC powders such as the top several cm of C-class 

asteroids where ~10 μm is directly sensed through reflectance spectroscopy and several cm can be 

homogenized through regolith mixing assuming lunar-like processes (Hörz et al., 1991). Rivkin et 

al. (2003) thus provides a method to calculate “equivalent water content” through empirical 

expressions of H/Si and knowledge of bulk Si concentration. Unfortunately, this method cannot 

distinguish between H2O and OH and may not be applicable to the variety of 3 μm band shapes 

now observed for C-class asteroids (Rivkin et al., 2019; Takir & Emery, 2012). 

 Recent laboratory advances and current orbital and sample-return missions to near-Earth 

C-class asteroids make it particularly timely to advance our ability to remotely quantify water on 

asteroid surfaces. A flurry of spectral measurements of CCs over the past decade were sparked by 

advances in laboratory techniques to drive off terrestrial water (Cloutis et al., 2012; Cloutis, Hiroi, 

et al., 2011; Cloutis, Hudon, et al., 2011; Takir et al., 2013), while asteroid orbiter and sample-

return missions Hayabusa2 and OSIRIS-REx measure complementary high-resolution visible 

(Vis) to near-infrared (NIR) and mid-infrared (MIR) spectra that include the full 3 μm region 

(Hamilton et al., 2019; Kitazato et al., 2019). Previous studies have assumed asteroid regolith has 

a grain size of 10-100 μm (Gundlach & Blum, 2013), which has only been reconsidered recently 

due to observations that the surfaces of rubble-pile asteroids 25143 Itokawa, 162173 Ryugu, and 

101955 Bennu have extensive boulder-rich and regolith-free areas (Figure 1) (Lauretta et al., 

2019; Michikami et al., 2019; Sugita et al., 2019). Thus, previous water quantification methods for 
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C-class asteroids that assume a fine particle size on the surface may underestimate the hydration 

state.  

 Here, we investigate the uncertainties and detection limits of OH and H2O through 

reflectance spectral measurements for C-class asteroids through laboratory analyses of their 

analogs, CCs. ESPAT-H2O relationships of the 3 μm water absorption for specific size ranges 

(intact chips to fine regolith <65μm) that are applicable to different asteroid regolith conditions 

are developed. The utility of the 0.7 μm Fe absorption that is attributed to phyllosilicates as a proxy 

for hydration (Takahiro Hiroi et al., 1996; Rivkin et al., 2015) and the 12 μm phyllosilicate/olivine 

absorption as a proxy for degree of aqueous alteration (McAdam et al., 2015) are also evaluated. 

This will help us answer questions such as what are the detection limits of H2O and OH for the 

surfaces of CC parent bodies, the effect of particle size on the variation in 3 μm band shape, and 

can different 3 μm types be found on a single body? 

2. Background 

2.1 Carbonaceous Chondrites: Water, Mineralogy, Organics, and Parent Body Processes 

 Paradoxically, the most chemically primitive and pristine meteorites (CI1 and CM2) have 

also experienced the most pervasive aqueous alteration, requiring an isochemical process at the 

scale of meteorite-specimen or larger (e.g. Brearley, 2006; Zolensky et al., 2018). Studies of 

different CC lithologies, both as individual meteorites and as exogenic components in other 

meteorites, reveal a complex history of aqueous alteration, brecciation, sometimes thermal 

metamorphism, and other regolith processes on hydrous asteroids (Zolensky et al., 1997). CI and 

CM chondrites are the most volatile-rich CCs with around 20 wt.% and 9 wt.% water (e.g. 

Brearley, 2006) as well as 3 wt.% and 2 wt.% carbon (Dodd & Hutchison, 2004) respectively. As 

(Zolensky et al., 2018) remarks, “carbonaceous chondrites carry the best record of the history, 
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distribution, and activity of water in the early solar system.” CM chondrites are of particular 

interest because they are the most common CC and the material most commonly found as clasts 

within other meteorite types and groups (Zolensky et al., 1996). Thus, CM chondrites uniquely 

preserve a broad range of aqueous alteration relevant to surface boulders and unconsolidated 

regolith found on hydrous asteroids (Zolensky et al., 2018). 

 CM and CI chondrites are primarily composed of water-bearing matrix phyllosilicates (70 

to >99% respectively) partly due to chondrule replacement by phyllosilicates during aqueous 

alteration. As such, CM and CI chondrites have low chondrule abundance (20 and <<1 vol.%) and 

chondrule size (0.3 mm to none), in addition to low refractory inclusion abundance (5 to <<1 

vol.%) and metal abundance (0.1 to 0 vol.%) (Scott et al., 1996). Phyllosilicate grain size is up to 

1 μm, with aggregates up to 1mm (Mackinnon & Zolensky, 1984). Phyllosilicate minerals include 

serpentine (antigorite, cronstedtite, etc.), saponite, brucite, and tochilinite (Buseck & Hua, 1993; 

Zolensky et al., 1993). The mineral tochilinite was first observed in CM chondrites and is a hydrous 

iron sulfide (MacKinnon & Buseck, 1979; Mackinnon & Zolensky, 1984). 

 It is important to understand the mineralogical progression of aqueous alteration with CCs 

exhibiting a range in the degree of aqueous alteration from 3 as the most primitive to 1 as the most 

aqueously altered (Browning et al., 1996; Howard et al., 2009; Rubin et al., 2007; Zolensky et al., 

1993). Additionally, Rubin et al. (2007) proposed a CM chondrite alteration sequence of 

moderately-altered 2.6 to most-altered 2.0 that is generally used today. Overall, serpentine 

composition, isolated anhydrous mineral fragments in the matrix (Browning et al., 1996), 

abundance of phyllosilicates, alteration of chondrule mesostases, large clumps of serpentine-

tochilinite intergrowths, and alteration of mafic silicate phenocrysts in chondrules (Rubin et al., 

2007), are all indicative of aqueous alteration degree that occurred at temperatures of 20-35°C for 
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CMs (Guo & Eiler, 2007) and 50 to >150°C for CI’s (Clayton & Mayeda, 1984, 1999; Leshin et 

al., 1997; Zolensky et al., 1989). 

2.2 Remote Sensing of Water 

 Remote sensing remains the primary method to detect and characterize hydrated minerals 

on small planetary bodies because of its ubiquity and relative simplicity. Three primary 

wavelength regions are used to characterize hydration of water-bearing minerals including the Vis 

(~0.4-0.8 μm), 3-μm, and MIR (5-13μm) regions, which each have their strengths and weaknesses 

(Rivkin et al., 2015). Direct measurement of volatiles such as hydrogen can also be carried out by 

neutron spectrometers or via sounding with radar instruments on orbiters. Ground-based radar of 

submillimeter observations also provide indirect evidence for hydrated minerals. Here, the 

reflectance spectral properties of hydrated minerals and aqueous alteration products are focused 

on because it is a tool particularly suited to observing many planetary surfaces at high spatial 

resolution from both Earth and space. 

 The Vis spectrum has a 0.7 μm iron absorption band that is a defining characteristic of Ch 

asteroids as well as CM chondrites. This absorption has been attributed to Fe2+-Fe3+ intervalence 

charge transfer associated with, but not diagnostic of, phyllosilicates (Vilas, 1994; Vilas & Gaffey, 

1989). In CCs, the 0.7 μm band has been ascribed to saponite (band center ~0.6-0.67 μm) and 

“mixed valence Fe-bearing serpentine” (band center ~0.7-0.75 μm) (Cloutis, Hiroi, et al., 2011). 

The 3 μm region hosts strong absorptions for both H2O and OH and have been used to sub-

categorize CM and CI chondrites along with mineralogical indexes of aqueous alteration (Takir et 

al., 2013, 2019).   

 The MIR region (5-50 μm) has generally not been used to detect phyllosilicates or 

characterize hydration because of overlapping absorptions with anhydrous silicates such as quartz 
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and olivine and the lack of MIR telescopes and instruments. The MIR spectrum has a H-O-H (or 

X-O-H) bending vibration at 6.25 μm and a broad absorption feature in the 10-13 μm region that 

is a convolution of Mg-rich phyllosilicate and unaltered olivine, which is correlated with degree 

of aqueous alteration (McAdam et al., 2015) and is a focus on future SOFIA telescope spectral 

observations (Honniball et al., 2020). Fortunately, OSIRIS-REx does have a MIR thermal emission 

spectrometer and has measured a broad 12 μm absorption (Hamilton et al., 2019). 

2.3 Effect of Particle Size on Reflectance Spectra   

 Particle size has long been known to influence reflectance spectral band shapes and 

strengths (T Hiroi & Pieters, 1992; Johnson & Fanale, 1973; Lyon, 1964; Milliken & Mustard, 

2007b; C. Pieters, 1983; Pommerol & Schmitt, 2008). Differences in particle size result in 

wavelength-dependent changes in absolute reflectance values and spectral contrast (e.g. band 

depth and spectral slope) due to changes in the scattering regime. For a given absorption feature, 

there is an optimal particle size that maximizes its spectral contrast that varies from mineral to 

mineral (Gaffey et al., 1993; Mustard & Hays, 1997) as shown in a schematic Figure 2. The 

optimal particle size occurs when the absorbance (absorption coefficient x particle size) is an 

adequate value so that the incident light of each particle comes out strong enough and attenuated 

enough by absorbing agents in the particulate material. This means that the darker the material, 

the smaller the optimal particle size should be. Smaller particles may result in lower or higher 

absolute reflectance values in the IR (Aronson & Emslie, 1973; Hovis & Callahan, 1966; Salisbury 

& Walter, 1989) and VIS-NIR (Adams & Filice, 1967; Mustard & Hays, 1997; C. Pieters, 1983; 

C. M. Pieters et al., 1993). However, the particle size effect can be complicated by surface 

roughness or changes in porosity (Aronson & Emslie, 1973; B. W. Hapke, 1993; Salisbury & 

Wald, 1992), particle sizes similar to or smaller than the wavelength (Mustard & Hays, 1997; 
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Piatek et al., 2004), and particles that are aggregates of finer grained material (Cooper & Mustard, 

1999; Milliken & Mustard, 2007a). Other important factors that affect strength of spectral 

absorptions are albedo, composition/crystal structure, and temperature. Nevertheless, the particle 

size effect can be understood through the theory of scattering light by the relative contributions of 

volume scattering, surface scattering, and surface reflection. 

 Importantly, grain size effects must be taken into account to accurately determine 

composition, mineralogy, abundance, and water content (e.g. Jamieson et al., 2014; Milliken & 

Mustard, 2007b). A study of clay minerals at varying grain size aggregates has shown that models 

using ESPAT  to estimate H2O for <25 μm would overestimate the water content of larger particles 

by a few weight percent (Milliken & Mustard, 2007b). However, most planetary surfaces of small 

airless bodies such as the Moon are covered in regolith defined as fine particles (<50 μm) that 

dominate the spectral signature of mixtures or surfaces with larger mean particle sizes (Adams & 

Filice, 1967; Aronson & Emslie, 1973; Pieters, 1983; Pieters et al., 1993; Salisbury & Wald, 1992). 

Thus, the assumption that asteroid surfaces could be approximated by powders has only recently 

been challenged by observations that Itokawa, Ryugu, and Bennu have extensive boulder-rich and 

regolith-free areas (Figure 1). In this work we examine multiple particle sizes as well as intact 

chips to more accurately quantify water on planetary surfaces that lack fine-grained regolith.  

3. Methods 

3.1 Meteorite Sample Selection 

 We studied nine CCs including seven CM2’s (Allan Hills (ALH) 84048 and paired ALH 

84040, ALH 84031, Elephant Moraine (EET) 83389, Queen Alexandra Range (QUE) 97077, 

Meteorite Hills (MET) 00639 and paired MET 00630), one ungrouped C2 (EET 83226), and one 

anomalous CM (Grosvenor Mountains (GRO) 95566). Samples were chosen to span a range in 3 
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μm band strength and shape based on chip reflectance spectra (T. Hiroi et al., 2021; Schultz et al., 

in preparation)to investigate the effect of particle size on a range of water and H2O and OH content 

as seen in Figure 3. Grain size separates for up to six different grain sizes (<25, 25-45, 45-75, 75-

125, 125-250, and 250-500 μm) were prepared from larger chips using a small chip splitter and 

finally a mortar and pestle. Notably, these grain size separates span a larger range than previous 

studies that focus on 50-100 μm powders (e.g. Beck et al., 2018; McAdam et al., 2015; Takir et 

al., 2013) that followed the prevailing paradigm that solar system small body surfaces are 

dominated by 10-100 μm powder regolith (Gundlach & Blum, 2013). MET 00630 was left as a 

chip, while MET 00639 was ground into grain size separates given the small sample size and their 

close spectral match to the asteroid Ryugu (Sugita et al., 2019).  

3.2 Vis-IR spectroscopy 

 Reflectance spectra under both ambient (~30% relative humidity) and dry air (dewpoint of 

-70) conditions were acquired using the Thermo Nexus 870 FT-IR spectrometer and the 

bidirectional reflectance (BDR) spectrometer in Reflectance Experiment LABoratory (RELAB), 

a NASA-supported multi-user spectroscopy facility at Brown University. Bidirectional UV-Vis-

NIR spectra were measured at 30° incidence and 0° emergence angles from 0.3 to 2.6 μm using 

the BDR spectrometer. NIR-MIR spectra were measured from 0.8 to 25 μm with 4 cm-1 spectral 

resolution using a 150 μm aperture in the FTIR spectrometer corresponding to a 1-2 mm spot size. 

NIR spectra (0.8-5 μm) were collected using a CaF2 beam splitter and a white light source, while 

MIR spectra (1.5-25 μm) were collected using a KBr beam splitter and a globar IR “light” source, 

both using a DTGS detector. A diffuse gold reflectance standard was used as a spectral reference. 

NIR and MIR spectra were spliced together between 2.65 and 4.4 μm at a point where spectra 

aligned well. NIR-MIR spectra were spliced to UV-Vis spectra at 2.5 μm, which also scaled the 
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spectra to absolute reflectance. A piecewise convex hull continuum was fit to the spectra between 

1.5 and 4.5 μm to produce continuum removed spectra in the 3 μm region. 

Reflectance spectra were also converted to single scattering albedo (SSA) using Hapke’s 

model to minimize multiple scattering and albedo effects (B. Hapke, 1981; B. W. Hapke, 1993) 

using methods from (Milliken & Mustard, 2005) prior to removing the continuum slope for SSA 

plots. SSA represents a more linear combination of the individual components than reflectance 

does, which aids in quantitative estimates of components such as water. Using the incidence (i = 

30°) and emergence angles (e = 0°) of measurement and assuming backscattering is negligible 

(B(g) = 0), scattering is isotropic (p(g) = 1). While Hapke’s model is designed for particulates, 

chip spectra were also converted for an apples-to-apples comparison. 

3.3 Band parameters 

 Band centers, depths (BD), integrated band depth (IBD), band depth sum (for 2.7 + 2.8 μm 

and 2.75 + 2.8 μm), band ratios (for 2.9/2.53 and 3.2/2.53), full width at half maximum (FWHM), 

degree of asymmetry, aspect ratio, and effective single-particle absorption-thickness (ESPAT) 

were calculated for the 3 μm water absorption using both reflectance spectra and SSA (w) spectra. 

Band depth sum (2.75+2.85 μm) and ESPAT are of particular interest because previous studies 

found they produce the most accurate spectra-based water content estimates for  low albedo 

materials (Milliken & Mustard, 2007b) and CC fine powders (Beck et al., 2018). FWHM, degree 

of asymmetry, and aspect ratio, all quantify changes in the shape of the absorption; FWHM 

measures broadening, degree of asymmetry measures the symmetry around the band minimum, 

and aspect ratio measures the relative shape (width vs. height). These 3 μm band parameters are 

plotted against absolute water content from thermogravimetric analysis to assess if and how 

variations in grain size affect the slope of these trends compared to pure minerals. 
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3.4 Thermogravimetric Analysis 

 Thermogravimetric analysis was used to quantify meteorite volatile loss when heated up 

to 750 °C in inert gas (80 mL/min N2 flow) using a TGA/DSC 1 Mettler-Toledo instrument at the 

School of Engineering at Brown University. In detail, approximately 10 mg of meteorite chip or 

the same material powder (<25 μm particle size) were heated in a 150µL volume alumina crucible 

from 25 °C to 750 °C at 5 °C/min heating rate. At 125 °C samples were held at isothermal for 15 

minutes to ensure adsorbed water removal. At 750 °C the samples were held at isothermal for 45 

minutes to record the stabilized final sample mass. This study applied an instrument heating rate 

of 5 °C/min compared with the heating rate 10 °C/min applied in Garenne et al., 2014; King et al., 

2015). Consequently, the mass loss rate (DTG curve fitting, min-1) maximum temperatures moved 

to slightly lower temperature values and mass loss rate leveled off in the DTG curve fit plot (in 

min-1) (see supplementary figures for all TGA/DTG curves). Previous TGA measurements of 

CC’s sometimes observed anomalous mass gain perhaps due to oxidation of the sample (Garenne 

et al., 2014; King et al., 2015), which was not observed in these measurements with inert N2 gas 

flow and a slower heating rate. Additionally, A correction for mass gain from the buoyancy effect 

during heating was applied by subtracting the “mass” of an empty pan during the same heating 

profile. The MT TGA instrument mass measurement uncertainty is 1 µg, which corresponds to a 

relative error of 0.01% on 10 mg samples. It is expected that the raw mass data recorded are 

somewhat noisy. Therefore, the mass rate data (DTG) were boxcar smoothed for every 2 minutes. 

The instrument uncertainty on the temperature measurement is around ±0.5°C.  

 TGA curves were used to quantify the water speciation (H2O vs. OH) and content of 

meteorites held in different phases. Loosely held H2O in the interlayer of swelling clays (e.g. 

smectite) or adsorbed onto the surface is lost between 25 and 200 °C (Garenne et al., 2014; King 
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et al., 2015). Ferrihydrite (Fe2O3•0.5(H2O)) also loses its H2O below 200 °C (King et al., 2015).  

Oxy-hydroxides such as goethite (FeO(OH)) and brucite (Mg(OH)2) lose their OH between 200 

and 400 °C (Garenne et al., 2014; King et al., 2015). Phyllosilicates including serpentine and 

saponite lose their OH between 400 and 750 °C (Che et al., 2011; Garenne et al., 2014; 

Guggenheim & Koster Van Groos, 2001; King et al., 2015). Volatile loss in this temperature range 

may also be due to S or C species as predicted from thermodynamic modelling (Schaefer & Fegley, 

2010) and measured using residual gas analysis (RGA) (Thompson et al., 2021), but is assumed to 

not be a large factor. Release of H2S or SO2 from sulfides pyrite, pyrrhotite, troilite, and pentlandite 

occur between 400 and 650 °C (King et al., 2015), but these phases only represent <4 wt.% of 

these CM2 meteorites (Schultz et al., in preparation). Release of CO or CO2 from carbonate occurs 

either between 750 and 900 °C (Garenne et al., 2014) or 600 to 800 °C (King et al., 2015), but the 

exact temperature range of carbonate decomposition is strongly influenced by particle size (King 

et al., 2015). Although organics may also contribute to C volatile loss, meteorites in this study 

were chosen to have little organics and carbonates as seen in absent/weak 3.4 μm organic 

absorptions in their reflectance spectra. TGA reproducibility was tested by comparing the volatile 

losses between the chip and powder samples.  

4. Results 

 The reflectance spectra of CM chondrites are characterized by low overall albedo and 

several phyllosilicate absorptions indicative of OH/H2O and phyllosilicate iron abundance as seen 

in Figure 4. Peak reflectance values in the Vis-NIR region range from 0.04 (MET 00630 and MET 

00639) to 0.22 (EET 83389). The main spectral features include the 0.7 μm absorption due to 

Fe2+/Fe3+ intervalence charge transfer of phyllosilicates with possible contribution of Fe oxides 

(Cloutis, Hiroi, et al., 2011; Cloutis, Hudon, et al., 2011), possible 0.9 and 1.1 μm absorptions due 
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to Fe2+ crystal field transitions, a deep 3-μm absorption caused by OH/H2O in phyllosilicates, an 

OH/H2O absorption around 6.25 μm, and a broad reflection peak in the 10-13 μm region that is 

due to a convolution of phyllosilicates and unaltered olivine. Other absorption features include an 

OH bending mode from phyllosilicates at ~16 μm and an SiO bending mode at ~21 μm. Many CM 

chondrites are rich in organics (up to 4 wt.% C), however, the meteorites chosen for this study 

have absent or weak C-H organic absorptions at 3.4 μm. C-complex asteroids have similarly low 

overall albedo, strong water absorptions indicative of abundant phyllosilicates, and organic 

absorptions (e.g. DeMeo et al., 2015). 

 Assuming all differences observed in the spectra are caused by differences in particle size, 

spectra in Figure 4 confirm that peak reflectance in the Vis-NIR region increases as particle size 

decreases. In the MIR region, the opposite occurs, because increased surface scattering with larger 

particles acts to increase reflection. 

4.1 Visible/Near-Infrared Spectral Relationships to Water Content 

 The strength and shape of the 3-μm water absorption in CMs has been used to distinguish 

between different water contents and OH/H2O ratios leading to several spectral groups being 

identified suggesting their parent bodies experienced distinct aqueous alteration conditions (Takir 

et al., 2013, 2019). To highlight the shapes and particle size effect on the 3-μm absorption, 

continuum removed SSA spectra are shown in Figure 5. In all the CCs, a systematic deepening 

and broadening of the 3 μm absorption is observed with finer grain size with the largest difference 

between the chip and any powders. This is consistent with the theory that volume scattering 

increases with decreasing particle size, such that the more light is absorbed.  

 Band parameters related to the strength of the absorption (BD, BD sum, IBD, ESPAT) 

derived from reflectance and SSA spectra generally increase with decreasing particle size due to 
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increased spectral contrast of the 3 μm absorption. Band depth one of the most widely used 

parameters for determining the relative strengths of absorptions due to its simplicity and was 

calculated at the band minimum wavelength as well as 2.9 and 3.2 μm to probe the relative 

contributions of OH vs. H2O. Integrated band depth represents the combined contributions of all 

the water absorptions in the 3 μm region, while band depth sum keyed in on a couple specific 

wavelengths to avoid possible contribution of organics at 3.4 μm. ESPAT (2.8 µm) as a proxy for 

total water content ranges from 0.22-1.59 for <25 µm powder and 0.02-1.02 for the chip. 

 Band parameters related to the OH/H2O ratio highlighting the shape of the absorption 

(FWHM, degree of asymmetry, and aspect ratio) are also affected by the particle size effect. Full 

width half max measures broadening and tends to increase with increasing particle size. The degree 

of asymmetry, which measures the symmetry around the band minimum, is sensitive to the 

H2O/OH ratio as shown in Figure 6. In a low H2O/OH and OH-rich sample, the absorption tends 

towards a sharp V-shaped absorption with a band minimum of ~2.7 μm. With increasing H2O/OH 

in an OH-rich sample, degree of asymmetry increases as the absorption more resembles a 

checkmark. However, at some point increasing H2O starts to the dominate the spectra, shifting the 

band minimum location to longer wavelengths (2.8-3.0 μm) and decreasing the degree of 

asymmetry as the absorption starts to resemble a pure broad U-shaped H2O absorption. 

 Figure 7 shows the continuum removed SSA spectra in the 3 μm range measured under 

both ambient and dry air conditions. There does not appear to be a significant difference between 

CM chondrite reflectance spectra measurements run under ambient and dry air conditions, 

consistent with the need to heat up to 200 °C in vacuum of N2 atmosphere to remove adsorbed 

H2O. The maximum difference was a 10% relative increase in 2.7 and 2.8 μm band depth sum for 

the 125-250 μm grain size separate of EET 83226. Although band parameters are expected to 
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decrease and not increase from ambient to dry air, small variations may be due to manual 

adjustment of the sample stage height during measurement. Nevertheless, dry air measurements 

produced less noisy data and mostly avoided CO2 bumps at 2.55 and 4.25 μm due to atmospheric 

contamination. As such, focus is placed on the dry air measurements with spectra collected under 

dry air shown in all other figures. 

4.2 MIR Spectral Relationships to Mineralogy 

 Spectral features in the MIR region also display mineralogical relationships consistent 

with the process of aqueous alteration (McAdam et al., 2015). To highlight the shapes and 

particle size effect on the MIR spectral region, reflectance spectra from 5 to 25 µm are shown in 

Figure 8. In general, reflectance in this region increase with particle size as volume scattering 

decreases and relative surface reflection increases. The Christiansent feature is a reflectance 

minimum and emissivity maximum in the MIR spectral region caused when the real part of 

index of refraction becomes nearly equal to the index of refraction of the mineral (Salisbury & 

Wald, 1992). The Christiasen feature position can be diagnostic of mineralogy in pure minerals 

(Nash & Salisbury, 1991), but was not shown to be correlated with phyllosilicate abundance or 

composition in CM/CIs (McAdam et al., 2015). The broad spectral feature from 10-13 µm is a 

convolution of the primary Reststrahlen bands composed of the tetrahedral layer vibrations of 

phyllosilicates (Bishop et al., 2008) and the fundamental stretching vibration of olivine at 12.9 

µm (Duke & Stephens, 1964; Dyar et al., 2009). Less altered meteorites with more olivine 

present have a dominant peak at ~12.3 µm, more altered meteorites with more Mg-rich 

phyllosilicates have a shorter wavelength peak at 11.4 µm, and intermediately altered meteorites 

with roughly equal contributions of olivine and phyllosilicate have a spectral doublet (McAdam 



 

194 
 

et al., 2015). Thus, changes in the Christiansen feature and primary Reststrahlen band locations 

may indicate differences in phyllosilicate abundance and composition. 

 While the 3 μm absorption band center does not change significantly with particle size or 

between powder and chip, the Christiansen feature and primary Restrahlen band locations do 

systematically decrease in wavelength with increasing particle size, especially comparing the 

smallest powder to the chip as seen in Figure 9. With the primary Reststrahlen band position 

being a convolution of the olivine (12.9 µm) and phyllosilicate (11.4 µm for Mg-rich 

phyllosilicates) bands, it appears that the spectrally dominant mineral changes from olivine to 

phyllosilicate at larger particle size powders and chip samples where larger mineralogical 

heterogeneities are preserved. 

 Changes in the primary Reststrahlen band location may indicate differences in 

phyllosilicate abundance, with a shift of 1 µm indicating a 5-15 % difference in vol.% of 

phyllosilicate in CI/CM meteorites (McAdam et al., 2015). However, within a given CM2 

meteorite with roughly the same modal mineralogy, particle size may change the primary 

Reststrahlen band location by 1-2 µm consistent with a 10-30% difference in vol.% 

phyllosilicate as seen in Figure 10. Size-sieving powders may introduce mineralogical 

differences due to preferential size sorting. However, similar volatile contents were observed 

from TGA between the smallest powder and chip samples seen in Figure 14. 

4.3 Trends in NIR slope with mineralogy  

CM chondrites commonly exhibit 0.7, 0.9, and 1.1 µm absorptions in the Vis-NIR region 

of reflectance spectra due to hydrated minerals. In particular, the 0.7 µm iron absorption band is 

a defining feature of CM chondrite meteorites and Ch group asteroids. This absorption has been 

attributed to Fe2+-Fe3+ intervalence charge transfer associated with, but not diagnostic of, 
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phyllosilicates (Vilas, 1994; Vilas & Gaffey, 1989). In CCs, the 0.7 µm band has been ascribed 

to saponite (band center ~0.6-0.67 µm) and “mixed valence Fe-bearing serpentine” (band center 

~0.7-0.75 µm). Finally, the 0.7 µm absorption may also be produced during lab spectral analysis 

(Robertson & Milliken, 2014). The potential of the 0.7 µm band as a good proxy for hydration is 

that there is much more high-quality data in the Vis than the IR, where the 3 µm absorption is. 

The 0.7 µm absorption is correlated with the 3 µm absorption in 70% of 113 low-albedo 

asteroids, with the 3 µm band observed in all asteroid spectra that have a 0.7 µm absorption 

(Rivkin et al., 2015). However, the 3 µm absorption is only observed in about half of the objects 

without the 0.7 µm absorption (Takahiro Hiroi et al., 1996; Howell et al., 2011; Vilas, 1994). 

Absorptions at 0.9 and 1.1 µm are due to Fe2+ crystal field transitions in phyllosilicates and iron 

hydroxides such as goethite (Clark, 1990; Cloutis, Hudon, et al., 2011). 

CMs in this study exhibit a 0.7 µm absorption regardless of particle size. Even though 

anomalous C2 meteorite EET 83226 has a strong 3 µm absorption, it does not exhibit 0.7, 0.9 or 

1.1 µm absorptions as see in Figure 11d. However, this is explained by EET 83226 having the 

lowest phyllosilicate content at 28.93 ± 1.85 wt.% (Schultz et al., in preparation) that would 

depress an already weak absorption. 

 Higher slope in the Vis-NIR region has been intepreted on Ryugu to indicate more 

alteration by thermal metamorphism, space weathering, OH devolatilization, and surface 

temperature during measurement (Kitazato et al., 2021; Riu et al., 2021). However, decreasing 

particle size also increases spectral slope, sometimes by an order of 2 as seen in Figure 12. The 

1.9-2.5 µm spectral slope changes from positive to negative with increasing particle size, which 

is consistent with overall reddening. 
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4.4. Quantification of water in CMs by TGA 

 Thermogravimetric analysis confirmed similar bulk water contents of meteorite chip and 

<25 μm powder (0.3 wt.% and <2.1 relative percent difference) for most meteorites with TGA 

and DTG curves of ALH 84048 shown in Figure 4.  EET 83389 is the only meteorite with 

significant difference between the chip and powder, which may be due to large heterogeneity and 

the chip including terrestrially altered sulfate clasts (chip has 3.1 wt.% more volatile loss up to 

750 °C for 15 relative percent difference) (see supplementary figure for TGA/DTG curves of 

all meteorites). Little variability was observed in 4 replicate measurements for EET 83389 in 

both chip (21.14-22.77 wt.%) and powder (13.03-19.51 wt.%) with half of the measurements at a 

higher temperature ramp rate of 10 °C/minute rather than 5 °C/minute (see supplementary 

figure). 

The total mass losses divided by temperature ranges associated with water loss from 

specific phases for five CM2’s and one ungrouped C2 total mass loss from this study and eight 

CM2’s from (Garenne et al., 2014) are shown in Figure 14. Total volatile mass loss ranges from 

13.9 wt.% in MET 00639 to 22.1 wt.% in EET 83389. An increase in phyllosilicate abundance 

attributed to an increase in degree of aqueous alteration correlated with increasing amounts of 

total volatile loss between 400 and 750 °C is consistent with phyllosilicate OH loss. However, 

total volatile loss up to 750 °C did not correlate with phyllosilicate abundance or degree of 

aqueous alteration with differing amounts of volatile loss below 400 °C perhaps due to 

differences in terrestrial alteration. 

EET 83389 and EET 83226 both have substantial loosely held water lost below 200 °C 

(7.4-.9.1 wt.%) consistent with their terrestrially altered mineralogy including hydrated sulfates 

that lose water at low temperatures. The majority of volatile loss below 200 °C is due to H2O 
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rather than OH, S-, or C-species inferred by TGA temperature ranges of loss of S- and C- species 

(Garenne et al., 2014; King et al., 2015) and measured using residual gas analysis (RGA) of CM 

chondrites (Thompson et al., 2021). CM2 meteorites that lack sulfate had less loosely held H2O 

(2.3-3.6 wt.%). 

The CM2 and C2 meteorite volatile loss between 200 and 400 °C has contributions of 

OH from (oxy)hydroxides goethite and brucite when present, but also C-species decomposition 

of organics. Comparing the volatile contents of ALH 84048/ALH 84031 from this study with 

paired ALH 84040/ALH 83100 from (Garenne et al., 2014) highlight the utility of the slower 

temperature ramp rate and hold at 125 °C to not miss water (>1 wt.% volatile in both 0-200 and 

200-400 °C). This results in an ~ 2 wt.% underestimate of the water content even though 

phyllosilicate OH volatile loss remains the same. 

The CM2 and C2 meteorite volatile loss between 400 and 750 °C is composed of OH 

from phyllosilicates as well as small contributions of C- and S-species of organics and sulfides. 

The contributions due to sulfide species that release either H2S or SO2 were calculated from their 

modal proportions from XRD and subtracted. The resulting volatile mass losses between 400 and 

750 °C were remarkably similar to maximum water contents from the modal proportions of 

phyllosilicates from XRD except for ungrouped C2 EET 83226 (3.48 wt.% water mass from 

XRD vs. 7.9 wt.% total volatile loss from TGA) as seen in Table 1; this similarity suggests that 

the majority of volatile mass loss between 400 and 750 °C is due primarily to phyllosilicate 

water decomposition. 
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5. Discussion 

5.1 Quantifying hydration with 3-um band 

 While there are many techniques useful in quantifying absolute H2O/OH content of 

meteorites in the laboratory, reflectance spectroscopy is the technique of choice for remote 

identification and quantification of H2O/OH on planetary surfaces in space. This is because water 

absorptions in reflectance spectra not only contain information on the absolute water content 

through band parameters that measure the absorption strength, but also the speciation of H2O 

versus OH in band parameters that measure the band minimum position and asymmetry. Several 

spectral metrics have been shown to be well correlated with water content in clay minerals 

(Milliken & Mustard, 2005, 2007a, 2007b), which have been applied to carbonaceous chondrites 

(Beck et al., 2018; Garenne et al., 2016) as well as the surface of the Moon (Li & Milliken, 2017; 

Milliken & Li, 2017). In particular, effective single particle absorption thickness (ESPAT) has 

been shown to be the most accurate for low-albedo materials (Milliken & Mustard, 2007a, 2007b), 

while the 2.7 and 2.8 μm band depth sum had the highest degree of correlation for carbonaceous 

chondrite powders (Beck et al., 2018).  

Data for six CM2 samples indicates that particle size effects (chip versus powder) can 

produce similar correlations of 3 µm absorption strength even when the bulk water content is 

largely unchanged as seen in Figure 15. Though the ESPAT parameter may act as a linear proxy 

for water content, the slope of the ESPAT-water content trends/slopes are very dependent on 

particle size of the sample as observed in clay minerals (Li & Milliken, 2017; Milliken & 

Mustard, 2007a). The scatter observed in meteorite band parameter-water content relationships 

from (Beck et al., 2018; Garenne et al., 2016) may be due in part to the wide range of particle 

sizes (50-230 µm grain size) included in the studies. Using just meteorite reflectance spectra with 
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existing equations that did not account for particle size, estimated water content of a given 

meteorite can differ by up to 6 wt.%. This highlights the need for improved methods to extract 

quantitative information from reflectance spectra of regolith-poor (rubble-pile) asteroids.  

 A critical step to accurately estimate the water content of hydrated minerals and by 

extension hydrous meteorites and asteroids are reflectance band-parameter-water content 

relationships for different particle sizes of planetary analogs. Presented in Figure 16, 17, and 18 

are the first band parameter-water content relationships calibrated for particle size for 

mineralogically complex CM chondrites that are analogs to hydrous C-class asteroids. Band 

depth is the simplest spectral parameter to investigate variability in absorption strength. Figure 

16 shows the 3 µm absorption band depths at the 3 µm band center, 2.7 µm, and 2.8 µm. Band 

depths at the band center and 2.8 µm show systematic shifts with particle size and have slightly 

higher correlations in SSA. Because the 3 µm absorption is a mixture of multiple OH and H2O 

absorptions, band parameters that sum over the absorption like band depth sums and integrated 

band depth should produce higher correlations with total water content as seen in Figure 17. The 

2.75 and 2.8 µm band depth sum produces systematic shifts with particle size and has the highest 

degree of correlation as measured by r2. Integrated band depth regressions are highly correlated, 

but are likely complicated by small variations in weak 3.4 µm organic absoprtions seen in 

Figure 6.  

The ESPAT (2.8 µm)-water content relationship shows that incorrect assumptions of a 

regolith dominated surface on asteroids may result in a significant underestimate of water 

content (up to 4 wt.%) through interpretations of Vis-NIR reflectance data seen in Figure 18a. 

The ESPAT (2.9 µm) parameter correlates well with low T (<200 °C) H2O content in Figure 

18b. Calibrating for particle size significantly decreases water content estimate uncertainty with 
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linear regressions of our data calibrated for particle size having r2 values between 0.89-0.99 as 

shown in Table 2. 

 While particle size is important, other important physical characteristics that may impact 

reflectance spectra and consequently the ability to quantify water and mineralogy of meteorites 

and rubble-pile asteroid surfaces include porosity, surface roughness, and potential dust 

covering. Small near-Earth asteroids (< 1 x 1 x 1 km) visited by space missions appeared to lack 

significant dust covering (Fujiwara et al., 2006), while larger objects like 253 Mathilde (66 x 48 

x 46 km) was observed to have regolith by the Near Earth Asteroid Rendezvous (NEAR) 

spacecraft. Interestingly, some MASCOT lander images of Ryugu’s surface (~440 m radius) did 

exhibit some dust covering of particles estimates to be <3 µm in size from diffracting light. 

Reflectance spectra of chip and powdered samples of CM2 meteorite Mukundpura, a meteorite 

whose spectra is similar to Ryugu, found that surface texture strongly affects the shape of the 3 

µm absorption (Potin et al., 2019). In addition, a dust-covered chip surface exhibited reddening, 

darkening, and slight increase in absorption strength (Potin et al., 2019). Future work should 

explore the complementary and competing effects of these physical sample characteristics on the 

reflectance spectra of meteorite analogs where water content and mineralogy are unchanged. 

5.2 Connections to asteroid water content and mineralogy 

 An improved understanding of asteroid water content and hydrous mineralogy and how 

this varies between near-Earth, main belt, and other asteroid populations will result in a better 

understanding of the abundance and distribution of water, as well as how, where, and when 

aqueous alteration occurred in the early solar system. While hydrated asteroids seem common in 

the main belt asteroid population and beyond (e.g. Fornasier et al., 2014), there is less evidence 

for hydrated near-Earth asteroids (Carry et al., 2016; Rivkin et al., 2002; Rivkin & DeMeo, 2019). 
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Ryugu and Bennu are near-Earth asteroids whose orbits say they came from the asteroid main belt 

(Campins et al., 2010; Lauretta et al., 2015; Michel et al., 2020; Walsh et al., 2013), but some 

Trojan asteroids that are targets of the upcoming Lucy mission may have come from reservoirs 

from the outer solar system (Levison et al., 2011; Morbidelli et al., 2007; Nesvorný et al., 2013). 

Ryugu has been estimated to have been in near-Earth orbit for ~4 x 107 years (Sugita et al., 2019). 

 Using reflectance spectroscopy at visible, NIR, and MIR wavelengths as a method to 

quantitatively measure water in geologic materials has broad applications in planetary science with 

recent and future mission to hydrous asteroids. If mineralogy, water content, and degree of aqueous 

alteration can be determined in microscopic, hand sample, and planetary surface spatial scales, 

then we can better understand the thermal and alteration histories of asteroids. With the addition 

of particle-size dependent water and mineral models, as well as boulder-size distributions of 

hydrous asteroids such as Ryugu and Bennu, the aqueous alteration environment can be 

investigated. Chip spectra can be used to estimate water content of boulder-dominated rubble-pile 

asteroids, while size-sieved powders may be used for finer, regolith-dominated surfaces. 

 The future of asteroid mining requires quantitative assessments of resources such as water 

(Lewis et al., 1993; Ross, 2001; Sanchez & McInnes, 2011). Water is essential for space 

exploration as water to sustain life, but also can be split to produce hydrogen fuel propellant and 

breathable oxygen. However, there is a prohibitive cost by launching from Earth because of Earth’s 

strong gravity (~$23,300/kg to $93,400/kg for payload on SpaceX’s Falcon 9 and NASA’s space 

shuttle respectively (Jones, 2018)) that motivates a search for water in the low-gravity environment 

of near Earth asteroids or the Moon. While aqueously altered CI and CM chondrites have been 

measured on Earth to have 20 wt.% and 9 wt.% water respectively (e.g. Brearley, 2006), they are 

imperfect analogs for hydrous asteroids in space that may have undergone additional parent body 
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processing such as space weathering, thermal metamorphism, and collisions to form into rubble-

piles and potentially lose water. Particle-size dependent models to relate readily accessible 

reflectance spectra to water content held in hydrated minerals will aid in estimating available water 

from asteroid sources. 

5.3 Applications to current and future NASA missions 

Laboratory Vis-NIR reflectance data of hydrous asteroid analogs - water-rich CM and CI 

chondrites - can be applied to past, present, and future asteroid data from ground-based telescope, 

space-based orbiters, and laboratory analyses of returned asteroid samples. Hayabusa2 and 

OSIRIS-REx are orbital sample-return missions to hydrous C-type and B-type near-earth asteroids 

that have measurable 3 µm absorptions (Hamilton et al., 2019; Kitazato et al., 2019), while Lucy 

is an orbital mission to Trojan asteroids associated with Jupiter that include primitive water and 

carbon-rich C-, P-, and D-type asteroids (Sharkey et al., 2019).  

The spectra of MET 00630/39 are similar to Ryugu, while EET 83389 spectrum is similar 

to Bennu, the targets of Hayabusa2 and OSIRIS-REx respectively. For the orbital data with large 

spatial resolution that covered areas dominated by boulders, the chip spectra and band parameter-

water content relationships would be suitable. The grain size distribution of returned samples can 

be used to determine accurate water content estimates by matching the particle size. However, 

there is uncertainty in the true grain size due to the impact nature of sample collection and the 

particle size for most asteroids difficult to directly measure. That said, band parameter-water 

content relationships calibrated for particle size can now provide a range of possible abundances 

of water assuming different grain size distributions on planetary surfaces. 
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6. Conclusions  

We found that as particle size decreases, a variety of reflectance spectral parameters related 

to OH/H2O absorption strength increase in value. Thermogravimetric analysis was used to 

independently quantify the abundance of OH/H2O by measuring volatile mass loss upon heating 

and found negligible difference between chip and powdered samples of the same (except for EET 

83389 with known heterogeneity as observed by large mineral clasts). Previous studies of CC 

powders showed that certain spectral parameters are highly correlated with water content (Beck et 

al., 2018; Garenne et al., 2016; King et al., 2015). However, particle size effects (chip versus 

powder) can produce similar correlations even when the bulk water content is largely unchanged. 

Incorrect assumptions of a regolith dominated surface on asteroids may result in a significant 

underestimate of water content (up to 6 wt.%) through interpretations of Vis-NIR reflectance 

spectra. Band parameter – water content relationships that have been validated and calibrated for 

different particle sizes such as those included in this contribution are crucial tools to properly 

quantity absolute water content of planetary surfaces with different grain size distributions and can 

decrease uncertainties to <1 wt.%. These will aid not only in improving our understanding of 

detection limits of water on hydrous asteroids like Ryugu and Bennu, but also other airless rocky 

bodies throughout the solar system like the Moon.  

This research sets the stage for breakthrough science in understanding how to quantify the 

water content and mineralogy of asteroid surfaces. There is a shifting paradigm that many, and 

perhaps most, near-Earth asteroids are rubble-piles with surfaces dominated by boulders rather 

than regolith after previous and current asteroid sample-return missions Hayabusa, Hayabusa2, 

and OSIRIS-REx encountered boulder-rich and regolith-poor surfaces. This underscores the need 

for additional laboratory studies to understand fundamental effects of particle size, porosity, 
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surface roughness, and dust covering on quantitative water and modal mineralogy estimates during 

this golden age of small body exploration (upcoming NASA missions Psyche, Lucy, and DART). 

Improving tools to remotely quantify water content is important given that the conditions of 

aqueous alteration in the early solar system are still not well-known and one significant uncertainty 

is the water-rock ratio. Constraining water content of near-Earth asteroids and the Moon is also 

important for assessing their potential as in-situ resources for space exploration and 

industrialization.  
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Tables 

Table 1. Total mass loss divided by different temperature ranges associates with water loss from specific phases of six CM meteorites. 

 0-200° 

(wt.%) 

200-400° 

(wt.%) 

400-750° 

(wt.%) 

Total (wt.%) 200-750° 

(wt.%) 

S in sulfides 

calculated 

from XRD 

(wt.%)* 

σ OH in 

phyllosilicates 

calculated from 

XRD (wt.%)** 

σ 

MET 00630 2.3 1.9 9.8 14.0 11.7 1.19 0.09 9.65 0.65 

ALH 84048 3.3 3.2 12.1 18.6 15.3 0.70 0.07 10.90 0.67 

ALH 84031 3.6 3.3 12.3 19.2 15.6 0.14 0.02 10.63 0.53 

EET 83389 7.4 5.4 7.8 20.6 13.2 0.50 0.12 6.90 0.46 

QUE 97077 3.6 3.9 7.9 15.3 11.8 1.32 0.12 7.93 0.46 

EET 83226 9.1 3.0 7.9 20.0 10.9 0.68 0.09 3.48 0.23 

*S calculated as stochiometric fraction of sulfide abundance from XRD (Schultz et al., in preparation).  
**OH calculated as minimum stoichiometric fraction of OH-bearing phyllosilicates (does not account for possible H2O in swelling 
clays) (Schultz et al., in preparation). 
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Table 2. Particle-size calibrated equations for CM water content using ESPAT at 2.8 µm 

Particle Size Equation r2 

<25 µm [water wt.%] = 4.78 [ESPAT 2.8 µm] + 11.58 0.99 

25-45 µm [water wt.%] = 5.37 [ESPAT 2.8 µm] + 11.67 0.94 

45-75 µm [water wt.%] = 5.73 [ESPAT 2.8 µm] + 11.84 0.94 

75-125 µm [water wt.%] = 6.33 [ESPAT 2.8 µm] + 11.99 0.95 

125-250 µm [water wt.%] = 6.98 [ESPAT 2.8 µm] + 12.21 0.99 

chip [water wt.%] = 8.83 [ESPAT 2.8 µm] + 12.74 0.93 
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Figures 

 

Figure 1. Recently explored asteroids show a boulder-rich surface indicative of a rubble-pile 
structure on a) C-type asteroid Ryugu (JAXA/University of Tokyo) and b) B-type asteroid Bennu 
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(NASA/Goddard/University of Arizona). Surface views of c) Ryugu (MASCOT/DLR/JAXA) 
(Jaumann et al., 2019)) and d) Bennu (NASA/Goddard/University of Arizona) show a surprising 
lack of regolith. The e) cumulative global boulder size distribution of the surface of Ryugu ranges 
predominantly from 5-40m, while f) closeup data suggest particles less than 0.1 m are rare 
(Michikami et al., 2019). Thus, studies of C chondrite chips and grain size separates are necessary 
to convert OH/H2O absorptions seen in spectral reflectance data to estimates of absolute water 
content for objects that lack fine-grained regolith. 
 

 

Figure 2. Spectral contrast of an absorption in reflectance measured as band depth is maximized 
at an ‘optimal’ particle size. Changes in particle size will determine whether volume or surface 
scattering dominate the total observed reflectance, resulting in variations in absorption strength as 
particle size deviates from the ‘optimal’ pathlength. An added effect is that surface reflection 
increases when particle size decreases (and pathlength >> grain size), resulting in higher overall 
reflectance at smaller particle sizes. When compared to an absorption of known water content, the 
water content of an unknown spectra may be overestimated (when the unknown band depth is 
larger) or underestimated (when the unknown band depth is smaller) if the true particle size is not 
known. 
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Figure 3. Continuum removed reflectance spectra of the meteorites selected for this study overlain 
on top of all CM2 chondrite chip spectra measured by (Hiroi et al., 2021). Samples were chosen 
to span a range in 3 μm band strength and shape based on ‘bulk’ chip reflectance spectra. Samples 
were also chosen that lack significant 3.4 and 3.9 µm organic and carbonate absorptions so that 
volatile loss can be confidently attributed to water rather than C species. 
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Figure 4. Reflectance spectra of CM chondrites from 0.3-25 µm measured under dry air 
conditions. 
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Figure 5. Continuum removed single scattering albedo spectra of CM chondrites in the 3 μm 
region measured under dry air conditions. For all CM chondrites, the 3 μm absorption deepens and 
narrows with decreasing particle size especially comparing chip to powder spectra. Insets show 
absorption strength measured as band depth increases from chip to powder (ALH 84048: 0.39-
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0.67, ALH 84031: 0.50-0.73, EET 83389: 0.64-0.78, EET 83226: 0.34-0.45, QUE 97077 0.20-
0.45, MET 00639: 0.10-0.25). 

 

 

Figure 6. a) Degree of asymmetry and b) band aspect ratio plotted against 3 μm band center. 
Degree of asymmetry can vary significantly within a given meteorite at different particle sizes, 
which is consistent with apparent differences in the amount of absorbed H2O as well. Band aspect 
ratio shows that the 3 μm absorption tends to narrow with decreasing particle size with a narrow 
range in 3 μm band position. 
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Figure 7. Continuum removed single scattering albedo spectra of CM chondrite EET 83389 in the 
3 μm region measured under ambient and dry air conditions for the a) smallest particle size <25 
µm powder and b) largest particle size 125-250 µm powder. Most spectra collected under ambient 
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conditions are similar to those under dry air conditions but may have up to 10% relative change in 
2.7 and 2.8 μm band depth sum. 
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Figure 8. Reflectance spectra of CM chondrites from 5-25 μm measured under dry air conditions. 
In general, reflectance in this region increases with increasing particle size. 
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Figure 9. Particle size of the meteorite sample plotted against a) 3 μm absorption band center that 
stays relatively constant, as well as b) Christiansen feature, and c) primary Reststrahlen band 
locations that do systematically decrease in wavelength with increasing particle size, especially 
comparing the smallest powder to the chip.  

 

 

Figure 10. Primary Reststrahlen band position vs. total abundance of phyllosilicates. (McAdam et 
al., 2015) observed a strong spectral correlation between degree of aqueous alteration and the 
primary Reststrahlen band position that is a convolution of the olivine (12.9 µm) and phyllosilicate 
(11.4 µm for Mg-rich phyllosilicates) bands. A shift of 1 μm indicates a 5-15% difference in vol.% 
phyllosilicate according to (McAdam et al., 2015) that studied a suite of carbonaceous chondrites. 
However, within a given meteorite with roughly the same mineralogical abundances evidenced by 
similar volatile contents from TGA between the smallest powder and chip samples as well as XRD 
of the 25-45 µm powder (Schultz et al., in preparation), particle size may change the 10 μm peak 
position by 1-2 μm misleadingly indicating a 10-30% difference in vol.% phyllosilicate.    
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Figure 11. Single scattering albedo spectra of CM chondrites from 0.5-1.3 μm measured under 
dry air conditions. In general, single scattering albedo decreases in this region with increasing 
particle size. CM chondrites that exhibit a 0.7 μm absorption do so regardless of particle size. 
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Figure 12. Spectral slopes for reflectance (a,b) and single scattering albedo (c,d) plotted against 
2.7 μm band depth. Higher slope has been interpretated on Ryugu to indicate more alteration (via 
thermal metamorphism, space weathering and/or devolatilization) (Kitazato et al., 2021; Riu et al., 
2021). However, decreasing grain size also increases spectral slope, sometimes by an order of 2. 
The 1.9-2.5 μm spectral slope also changes from positive to negative with increasing particle size 
consistent with overall reddening. 
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Figure 13. Thermogravimetric analysis (TGA) and the first derivative (DTG) curves for CM2 
meteorites ALH 84048, ALH 84031, EET 83389, QUE 97077, and MET 00639 showing total 
volatile mass loss up to 750 °C. Overall, meteorite chips and <25 µm powder have the same amount 
of volatiles (<0.3 wt.% and <2.1 relative percent difference) although the powder loses volatiles 
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at lower temperatures as seen in the DTG curves.  EET 83389 is the only meteorite with significant 
difference between the chip, which may be due to large heterogeneity and the chip including 
terrestrially altered sulfate clasts (chip has 3.1 wt.% more volatile loss up to 750°C for a 15 relative 
percent difference). 

 

 

 

Figure 14. Horizontal stacked histogram showing the total mass loss divided by different 
temperature ranges associated with water loss from specific phases of six CM meteorites (below 
the red line) compared with eight CM meteorites from (Garenne et al., 2014). Loosely held H2O 
in phyllosilicates or adsorbed onto the surface is lost up to 200 °C. OH in (oxy)hydroxides such as 
goethite is lost between 200-400 °C. OH in phyllosilicates including serpentine and smectite is lost 
between 400-750 °C. 
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Figure 15. Band depth sum (2.7 + 2.8 μm) plotted against water content for C chondrites. The red 
line is a linear regression of the CM powder data from (Beck et al., 2018) along which band depth 
sum values for this study are plotted and water content estimated. CM powder, heated CM powder, 
and CR powder water contents determined by TGA (Garenne et al., 2014) with spectral data from 
a previous study with grain sizes between 50 and 100 μm (Beck et al., 2018). If particle size is not 
properly accounted for, water content estimates may differ by as much as 6 wt.%, highlighting the 
need for improved methods to extract quantitative information from reflectance spectra of regolith-
poor (rubble-pile) asteroids. 
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Figure 16. Plot of total water content versus reflectance band depths at a) the 3 μm absorption 
band center, c) 2.7 μm, and e) 2.8 μm as well as single scattering albedo band depths at b) the 3 
μm absorption band center, d) 2.7 μm, and f) 2.8 μm as measures of absorption strength. Band 
depth at the 3 μm absorption band center and 2.8 μm show systematic shifts with particle size and 
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have slightly higher correlations in single scattering albedo compared to reflectance. 2.7 μm band 
depth regressions are highly correlated but are at the lower slope end of the 3 μm absorption and 
do not show a wide range with particle size. 
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Figure 17. Plot of total water content versus reflectance band depth sums for a) 2.7 and 2.8 μm, 
c) 2.75 + 2.8 μm, and e) integrated band depth over the entire 3 μm absorption as well as single 
scattering albedo band depth sums for b) 2.7 and 2.8 μm, d) 2.75 + 2.8 μm, and f) integrated band 
depth over the entire 3 μm absorption. Both band depth sums show systematic shifts with particle 
size, but the 2.75 + 2.8 μm has larger differences between particle size and avoids issues close to 
the lower edge of the 3 μm absorption as seen in Figure 6. Integrated band depth regressions are 
highly correlated, but do not show a systematic shift with particle size.  
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Figure 18. a) Plot of total water content versus ESPAT (2.8 µm) and b) low temperature (<200 
°C) H2O content versus ESPAT (2.9 µm) for the 3 µm water absorption. H2O in minerals has an 
overtone of the H2O bend near 2.95 µm (Clark, 1990; Dyar et al., 2010), while OH has asymmetric 
and symmetric fundamental O-H stretches at 2.67 to 2.94 µm depending on composition (Clark, 
1990). Linear best fit lines for each particle size do not include EET 83326 and EET 83389 because 
they contain trace hydrated sulfate that have a more complicated particle size effect (Milliken, 
2006). 
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Supplementary Figures 

 

Figure S1. Time versus thermogravimetric analysis (TGA) and the first derivative (DTG) curves 
for CM2 meteorites ALH 84048, ALH 84031, EET 83389, QUE 97077, and MET 00639 showing 
total volatile mass loss up to 750 °C. 
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Figure S2. TGA and DTG curves for replicate measurements of CM2 meteorite EET 83389. Chip 
and powder 1 measurements were completed with a faster temperature ramp rate of 10 °C/minute 
and 30 minute holds at 125 °C and 750 °C. Chip and powder 2 measurements used a slower 
temperature ramp rate of 5 °C/minute, a 15 minute hold at 125 °C, and a 45 minute hold at 750 
°C. The slower ramp rate and longer hold at 750 °C allowed the mass loss to level out as seen in 
the DTG curves that more closely approach zero. Importantly, little variability was observed in 
both chip (21.14-22.77 wt.%) and powder (19.03-19.51 wt.%) mass loss up to 750 °C. 
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Abstract 

 The early solar system experienced a wide range of oxygen fugacity (fO2) as recorded in 

different meteorites. Enstatite chondrites (EC) and aubrites represent the most reduced 

endmembers based on Si in kamacite, high sulfur, and low water. Mercury and perhaps the early 

Earth may have formed at such low fO2, suggesting reduced conditions were widespread in the 

inner solar nebula. However, enstatite and other components in these meteorites are not 

uniformly reduced, and exhibit evidence of variable reduction of silicates. Quantifying spatial 

and temporal variations in fO2 requires multiple oxybarometers. In this contribution, we apply a 

new sulfur-in-enstatite oxybarometer. Oxygen fugacity estimates from this oxybarometer do not 

correlate with Si-in-kamacite but do correlate with metamorphic degree. We suggest the two 

oxybarometers record evolving fO2 conditions in the solar nebula. 

 To calibrate the S-in-enstatite, we analyzed 4 high pressure (1 GPa) highly reduced 

experiments that contained melt and enstatite. The results were compared to 13 enstatite 

chondrite and achondrite meteorites (including 3 EL’s, 4 EH’s, 1 E-impact melt, and 5 aubrites). 

Silicate phases in the experiments and meteorites were analyzed for volatile elements (S, C, F, 

and Cl) using the IMS 1280 SIMS instrument at WHOI. S-in-enstatite fO2’s for each meteorite 

group were similar to but skewed toward more oxidized conditions than fO2 from kamacite and 

also varied up to 2.5 log units in a given meteorite. 

 The S-in-enstatite fO2 estimates do not correlate with the estimate from kamacite Si 

content but do correlate well with degree of metamorphism. This suggests low fO2 conditions 

after meteorite parent body accretion that were reset to more oxidized fO2 by later metamorphism 

as well as incomplete reduction of silicates in contrast with metal during sulfidization. A 

correlation between S and Cl in the enstatites and metal/sulfide microinclusions in ECs indicate 



 

245 
 

high Cl fugacity during the sulfidization event. F is very abundant with concentrations up to 

~180 ppm. High scatter of F suggest it was undersaturated and mobile. With increasing 

metamorphism feldspar grains coarsen from <2 µm to up to 200 µm, which may diffuse F into 

enstatite. 
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1. Introduction 

 The early solar system experienced a wide range of oxygen fugacity (fO2) and volatile 

conditions as recorded in different meteorites. EH (high total iron) and EL (low total iron) 

enstatite chondrites and aubrites are the most reduced meteorites indicated by their Fe-poor 

olivine and pyroxene, Si content of metal, and presence of minerals unique to reducing 

environments (e.g. (Mg,Ca)S). Based on Si in kamacite metal, enstatite chondrites and aubrites 

record fO2 between IW-3 to IW-8 (Casanova et al., 1993; Fogel et al., 1989). Mercury 

(McCubbin et al., 2012; Zolotov et al., 2013), and perhaps the Earth (Corgne et al., 2008; Javoy 

et al., 2010), may also have formed at such low fO2 as shown in Figure 1.  

 Enstatite chondrites and aubrites provide insights into the volatile conditions of the inner 

solar systems where they likely formed (J. T. Wasson & Kallemeyn, 1988) as indicated by 

distinct stable isotopic compositions from carbonaceous chondrites that formed in the outer solar 

system outside the snow line (Budde et al., 2016; Dauphas & Schauble, 2016; Kruijer et al., 

2017; Warren, 2011). The enstatite chondrites and aubrites are the most reduced samples in our 

collection and must have formed in nebular regions where the gas had high C/O (Larimer & 

Bartholomay, 1979; Lattimer et al., 1978) and pH2/H2O (J. T. Wasson & Kallemeyn, 1988). 

Abundant sulfides are also indicative of formation in a high pH2S/H2 environment (Lauretta et 

al., 1997; J. T. Wasson & Kallemeyn, 1988). The mineralogical, chemical, and isotopic 

characteristics of unequilibrated type 3 enstatite chondrite were inherited presumably directly 

from the solar nebula at the time of their formation, while characteristics from enstatite chondrite 

types 4-6 were modified by metamorphic processes. Aubrites appear to have formed through 

igneous processes and provide insights into the physical and chemical conditions in the nebula 

during metamorphism and melting.  
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 Aubrites, unequilibrated enstatite chondrites, and thermally metamorphosed enstatite 

chondrites also provide insights into different timing of formation, accretion, and metamorphism. 

Differentiated asteroids larger than 50 km in diameter such as aubrite parent bodies must have 

accreted less than 2.5 Myr after formation of CAI’s if 26Al was the primary heating source and 

was homogenously distributed in the solar nebula (McSween Jr. et al., 2002; Woolum & Cassen, 

1999). The parent bodies of enstatite chondrites must have accreted ~4 Myr after formation of 

CAI’s through whole-rock Rb-Sr dating of enstatite and ordinary chondrites (Keil, 2000; Minster 

et al., 1982; Nyquist et al., 1986; Shukolyukov & Lugmair, 2002). Thermal metamorphism due 

to latent heat, collisions, and/or slow cooling in the interior of the parent bodies that affected the 

type 4-6 enstatite chondrites may have persisted from 6-100 Myr through I, Pb-Pb, Ar-Ar dating 

as well (McSween Jr. et al., 2002; Shukolyukov & Lugmair, 2002; Swindle & Podosek, 1988; 

Turner, 1988). 

 Aside from water, enstatite chondrites (particularly EH chondrites) contain higher CI-

normalized abundances of some volatile and moderately volatile elements than other chondrite 

groups (Anders, 1964; Baedecker & Wasson, 1975; Davis, 2006; Palme et al., 1988). The 

elements include siderophile (e.g. Ga, As, Sb, and Au) and chalcophile (e.g. S, Se) present in 

abundant metals and sulfides, and P, which alloys with metal to form phosphide and silicide 

(Keil, 1968; Reed, 1968). Halogens such as chlorine, fluorine, and nitrogen are also elevated in 

enstatite chondrites, which may also be due to the reducing conditions (Rubin & Choi, 2009; 

Zolotov, 2011). The primary carriers of these elements may be the sulfide djerfisherite 

(K6Na9(Fe, Cu)24S26Cl) (~1.5 wt.% Cl) (El Goresy et al., 1988; Lin & Goresy, 2002), amphibole 

fluor-richterite (Na2Ca(Mg, Fe)5Si8O22F2) (~4.0-4.5 wt.% F) (Lin & Kimura, 1998; Olsen et al., 

1973), chondrule glass (4.4 wt.% Cl in Qingzhen) (El Goresy et al., 1988; J. N. Grossman et al., 
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1985), as well as rare phyllosilicate fluorphlogopite (KMg3(Si3Al)O10F2) (~5.1 wt.% F) (Lin & 

Kimura, 1998) and halide lawrencite (FeCl2) (~49 wt.% Cl) (Keil, 1968). Plagioclase may also 

contain trace fluorine as measured in terrestrial natural and experimental samples (Célia Dalou et 

al., 2012; Guggino, 2012). Additionally, EH chondrites appear to be richer in halogens and 

nitrogen than EL chondrites (Patzer et al., 2004; Rubin & Choi, 2009), albeit with limited data 

especially for type-3 chondrites. Aubrites have similar mineralogy consistent with very reducing 

conditions (Keil, 1968, 2010; Watters & Prinz, 1979) and oxygen-isotopic compositions to 

enstatite chondrites (Barrat et al., 2016; Clayton & Mayeda, 1984). However, aubrites are 

dominated by pyroxenite clasts of enstatite commonly mm-sized and up to 10 cm in length (Keil, 

2010) and have much rarer metal and sulfide (T. J. McCoy, 1998; Watters & Prinz, 1979).  

 However, enstatite and other components in enstatite chondrites are not uniformly 

reduced and exhibit evidence of variable reduction of silicates from an ordinary chondrite-like 

precursor (Brigham et al., 1986; Ikeda, 1989; Lusby et al., 1987; Rambaldi et al., 1984). Most 

olivine and enstatite have <3 wt.% FeO (Brearley & Jones, 1998), however Fe-rich olivines and 

pyroxene are common. Fe-rich olivines with up to 20 wt.% FeO are commonly zoned showing 

variable degrees of reduction (Ikeda, 1989; Lusby et al., 1987; Rambaldi et al., 1984) and have 

distinctive “decomposed olivine” texture with stripes of metal, Mg-rich olivine and pyroxene 

(Ikeda, 1989). Most pyroxenes have <4% ferrosilite (Fs4), however composition up to Fs25 are 

common (Ikeda, 1989; Ikeda & Yukio, 1988; Lusby et al., 1987; Rambaldi et al., 1984). Ikeda 

(1989) divided the two types of enstatite into primary enstatite 0.5-17 wt.% FeO, and secondary 

enstatite with <0.5 wt.% FeO that formed from reduction of ferroan olivine. Thus, formation of 

enstatite chondrites may follow a four-stage process of 1) early loss of refractory elements (e.g. 

Mg and Ca), 2) less-energetic chondrule formation, 3) physical fractionation during settling in 
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the solar nebula into at least two separate EL and EH parent body reservoirs, and 4) thermal 

processing in the midplane, prior to accretion where sulfidization, reduction, and graphitization 

occurred (review in Wood, 2005). Aubrites, on the other hand, consistent mostly of FeO-free 

enstatite (Keil, 2010). Therefore, it is important to determine fO2 in reduced meteoritic silicates, 

which has previously been done on only one EL3 olivine using Cr X-ray absorption spectroscopy 

(Mckeown et al., 2014). 

 Experiments performed under similarly reducing conditions have shown that volatile 

solubility and speciation in silicate melts (B.A. Anzures et al., 2018; Armstrong et al., 2015; 

Celia Dalou et al., 2019; Zolotov, 2011) and crystals (B.A. Anzures et al., 2019) change 

dramatically at fO2 in the range of reduced meteorites (IW-3 to IW-8). The amount of volatiles 

(H, C, S, N, F, Cl) that can dissolve in common silicate minerals (olivine, pyroxene, feldspar) is 

an important aspect of mineral chemistry. While these minerals are nominally volatile free 

(NVFM = nominally volatile-free minerals), numerous studies on terrestrial NVM show that 

volatiles have an outsized effect on physical properties such as stiffness and melting temperature 

(Bell & Rossman, 1992; Célia Dalou et al., 2012; Hirschmann et al., 2005; Hirschmann & 

Dasgupta, 2009; Hirth & Kohlstedt, 1996; Saal et al., 2002). Numerous experiments have shown 

sulfur solubility increases in silicate melt with more reducing conditions ((Brendan A. Anzures et 

al., 2020; Berthet et al., 2009; C Cartier et al., 2015; Camille Cartier et al., 2014; Chabot et al., 

2014; Charlier et al., 2013; Holzheid & Grove, 2002; Vander Kaaden et al., 2020; Vander 

Kaaden & McCubbin, 2015a, 2015b; Malavergne et al., 2007, 2014; Mavrogenes & O’Neill, 

1999; Timothy J. McCoy et al., 1999; Namur, Collinet, et al., 2016; Namur & Charlier, 2017; 

Siebert et al., 2004) Figure 2), which should also be mirrored in the silicate crystals such as 

enstatite. Thus, volatile measurements of meteoritic enstatite allow estimates of the fO2 as well as 
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the volatile gas and melt conditions during silicate equilibration. Here, we report on volatile (S, 

C, F, and Cl) content measurements of enstatite in reduced meteorites (EL and EH enstatite 

chondrites as well as aubrites) to explore these conditions and apply a S oxybarometer to these 

data to calculate fO2 on the grain scale and discuss the implications on formation models and 

conditions in the early solar nebula. 

2. Meteorite Sample Selection 

 We studied 13 enstatite chondrite and achondrite meteorites including 3 EL’s (EL3: 

MacAlpine Hills (MAC) 88136, Allan Hills (ALH) 85119; EL6: Hvittis), 4 EH’s (EH3: Larkman 

Nunatak (LAR) 12252, LAR 12156, Sahara 97096; EH4: Indarch), 1 E-impact melt (EL-imp: 

Northwest Africa (NWA) 4301), and 5 aubrites (main group: LAR 04316, Cumberland Falls, 

Norton County; ungrouped aubrite: ALH 84011; anom. aubrite: Mount Egerton). Based upon 

published estimates, EH’s (IW-7 to IW-8) are more reduced than EL’s (IW-3 to IW-6), whereas 

aubrites record an intermediate fO2 (IW-5 to IW-7) (Casanova et al., 1993; Fogel et al., 1989; 

Mckeown et al., 2014; Righter et al., 2016; Wadhwa, 2008). Samples were chosen to span a 

range in fO2 and the enstatite chondrites were primarily unequilibrated petrologic type 3 to probe 

conditions of meteorite formation rather than metamorphism.  

 Meteorite chips 0.5 to 3 mm diameter were broken off larger meteorite chips using a chip 

splitter before mounting in indium. Samples were dry-polished down to 1.0 μm Al2O3 grit using 

hexagonal boron nitride as a lubricant to avoid loss of any sulfides (Murthy et al., 2003) cleaning 

samples in between steps with a Kimwipe and compressed air. A subset of meteorites that were 

difficult to polish (MAC 88136, ALH 85119, LAR 12252, LAR 12156, Indarch, Sahara 97096, 

LAR 04316, Cumberland Falls, and ALH 84011) were prepared using the standard SIMS sample 

preparation method of Mosenfelder et al. (2011); samples were first mounted in dental resin 
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(“Orthodontic Resin” from Denstply International Inc.) and water-polished using 1.0 μm 

diamond grit before being extracted from dental resin by a 3 hour bath of acetone and rinse in 

ethanol. Meteorite chips were then pressed into indium and dry-polished using 1.0 μm Al2O3 

grit. SIMS analyses of Cumberland Falls and Indarch prepared both ways did not show a 

systematic difference in enstatite volatile concentrations, while high C analyses were disregarded 

due to contamination. Hvittis was kept as a thin section.  

3. Experimental Methods 

 CH3 chondrite Allan Hills 85085 (Weisberg et al., 1988) was chosen as the starting 

composition of our experiments due to its similarities in major element ratios (Mg/Si, Al/Si, 

Fe/Si, and Ni/Si) to an estimated bulk composition derived from Mercurian surface 

measurements, high metal content consistent with Mercury’s large core, and relatively reducing 

conditions (estimated IW-5.5 (Petaev et al., 2003)) after (Brendan A. Anzures et al., 2020). This 

composition is modified from ALH 85085 by removing most of the iron (4.0 to 0.54 wt.% FeO) 

and modifying sodium (0.4 to 0.08 wt.% Na2O) to reflect a primitive mantle after core formation 

and be consistent with the high sodium abundances (2.75 wt.% to 7.00 wt.% Na2O) detected on 

the Mercurian surface (Nittler et al., 2011, 2018; Peplowski et al., 2011, 2014). We recognize 

that this meteorite is not an enstatite chondrite and likely formed in the outer solar system. 

Nevertheless, its composition appears to be a good model for an enstatite chondrite parent body 

and Mercury’s primitive mantle.  

 Following previous experimental studies (Berthet et al., 2009; Namur, Charlier, et al., 

2016), ƒO2 was controlled (but not buffered) by changing the ratio of Si0 metal to SiO2 in the 

starting composition. All of the Si0 is oxidized during the experiment, lowering the ƒO2, though 
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not buffering it. Based on previous experiments, 95 mol% SiO2 and 5 mol% Si metal produces 

an ƒO2 of about IW-3. 

 Silicate starting compositions were produced from high-purity reagent grade powder 

oxides and carbonates. Two separate powder mixes were made, one in which all Si is added as 

SiO2 and one in which all Si is added as Si0. Mixing these two allows variation of Sio/SiO2 in the 

mix while maintaining the same molar concentrations of all cations. The Si0 is added after 

decarbonation and conditioning. The oxide/carbonate powders were ground mixed under ethanol 

in an agate mortar and pestle. This mix was decarbonated and conditioned in a horizontal gas 

flow furnace (900 °C for 4 hours) with a CO/H2 gas ratio representing an ƒO2 near IW-1. Si0 

powder was then added to the SiO2-free mix to match the molar concentration of SiO2 in the 

starting composition in order to not change the bulk composition.  Finally, sulfur powder was 

added to ensure sulfide saturation (depending on ƒO2, P, and T). 

 Experiments were run in a ¾” piston-cylinder (PC) apparatus using inner pieces of 

crushable MgO, straight-walled graphite furnaces, and outer sleeves of Pyrex and sodium 

chloride as the pressure cell. Runs were completed using graphite capsules inside molybdenum 

capsules for a sample size of 2mm height and 2mm diameter. Experiments were run for 24 hours 

to attain equilibrium at 1475 °C. Pressure was applied using the cold piston-in technique to 1 

GPa. Run temperature was monitored and controlled to within 1 °C using a W3Re/W25Re 

thermocouple, and no pressure correction was applied to thermocouple EMF. Oxygen fugacity 

was controlled by the Si/SiO2 ratio in the starting material. 

 After quenching, each capsule was sliced in half with a diamond wafer blade and one half 

was mounted in indium. Samples were mounted in indium and dry-polished down to 1.0 μm 
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Al2O3 grit using hexagonal boron nitride as a lubricant to avoid loss of any sulfides (Murthy et 

al., 2003) cleaning samples in between steps with a Kimwipe and compressed air.  

4. Analytical Methods 

4.1 Secondary Ion Mass Spectrometry (SIMS) 

 Volatile elements (S, C, F, Cl) were analyzed using the IMS 1280 SIMS instrument at the 

Northeast National Ion Microprobe Facility (NENIMF) at Woods Hole Oceanographic Institute. 

Samples were rinsed with deionized water to remove surface contamination then placed in a 

vacuum oven to dry. Samples were gold-coated to ~160 nm thickness and placed into a vacuum 

chamber for storage until analysis. Samples were loaded into the SIMS sample chamber for at 

least 8 hours prior to analysis to allow enough time to achieve chamber pressures of less than 

5x10-9 torr. Spots were chosen to avoid surface cracks and prominent metal/sulfide 

microinclusions. Beam settings were the same as Urann et al. (2017, 2020). A 133Cs+ ion beam of 

10 nA was utilized for trace volatile analyses. A 30 μm2 raster and 400 μm field aperture was 

used, designed to allow transmission of ions from only the innermost 5 μm diameter. Secondary 

magnet mass calibration was completed such that mass resolving was >6000 (m/Δm at 10% peak 

height). Volatile elements are measured as a ratio with Si (12C/30Si, 16O1H/30Si, 19F/30Si, 32S/30Si, 

35Cl/30Si) from which absolute concentrations are calculated. This provides ppm level 

quantitative data for volatile elements.  

 Measured volatile ratios of standards 519-4-1, 46D, D52-5, D51-3, 1649-3, D20-3, 

JD17H, 6001, 1654-3, D20-3, NS-1, and D30-1 were used to produce calibration slopes for each 

one-week analytical session. Calibration slopes were obtained by plotting measured volatile 

ratios against known reference material concentrations. Sample volatile element concentrations 

were calculated by multiplying measured volatile ratios by the calibration slope and normalized 
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by SiO2 content (60, 100, and 56 wt.% for enstatite, tridymite, and silicate glass respectively). 

After calibration, 519-4-1 basaltic glass was used to monitor for instrumental drift and a 

nominally volatile-free glasses suprasil and herasil were used to monitor for background. There 

are no published values for the volatile contents of suprasil and herasil, but they are believed to 

be less than 0.1 ppm (Urann et al., 2020). 

 The error on the analyses were calculated as the combination of calibration slope 

uncertainty and analytical uncertainties over five counting cycles the same as Urann et al. (2017, 

2020). Calibration slope uncertainties were assessed by utilizing a bootstrapping technique (5000 

iterations) to derive confidence intervals. Typical standard error were <10% total uncertainty 

(2σ, 95% confidence interval). Crystal-specific matrix effects were ignored because they’re 

considered minimal for volatiles like water and carbon (Hauri et al., 2002) and are not well 

constrained or available for halogens. One calibration of F in pyroxene and glass revealed 

indistinguishable slopes within uncertainty (Kumamoto et al., 2017). 

 Due to abundant metal ± sulfide microinclusions in some enstatite chondrites, some 

volatile concentrations were corrected using the 0-intercept method with S and Cl as seen in 

Figure 3. S and Cl were regressed back to their minimum Cl value in the “cleanest” spot analysis 

for that meteorite (2.40 ppm Cl for MAC 88136 and 0.75 ppm Cl for LAR 12156). These 

regressions resulted in an r2 of 1 and 0.77 for MAC 88136 and LAR 12156 respectively. Spot 

analyses that had anomalously high sulfur compared with the trend (indicative of a spot analysis 

hitting mostly sulfide) or had high carbon (indicative of surface contamination) were 

disregarded. 
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4.2 Electron Probe Microanalysis 

 Phase identification and quantitative chemical analyses were completed using the 

CAMECA SX100 electron microprobe at Brown University. The gold-coat on the samples were 

removed by dry-polished using 1.0 μm Al2O3 grit and cleaned using compressed air. Samples 

were carbon-coated to ~30 nm thickness and placed into a nitrogen-filled chamber for storage 

until analysis. Pyroxene grains were analyzed using a 15 keV accelerating voltage, a 20 nA beam 

current, and a 1 μm spot size. The standards used were natural minerals and synthetic oxides for 

pyroxene. Metal and sulfides were analyzed using a 20 keV accelerating voltage, a 15 nA beam 

current, and a 1 μm spot size. Metal and sulfide analyses used mostly metal alloys as standards 

except for trace Mg (forsterite 100), Mn (rhodonite), Na (Amelia albite), Ca (anorthite), and K 

(orthoclase). 

4.3 Oxygen Fugacity of Experiments 

 The intrinsic ƒO2 of the experiments were calculated using Namur et al. (2016)’s 

empirically derived sulfur solubility-oxygen fugacity model because although samples were 

sulfide-saturated, most were not Fe metal-bearing. Namur’s method to calculate ƒO2 from S 

content at sulfide saturation (SCSS) was recently developed for Mercurian volcanic 

compositions and was calibrated using Fe-FeO and Si-SiO2 equilibrium (Namur, Charlier, et al., 

2016). However, the low Fe concentrations in silicate melt in some experiments made it so that 

only ƒO2 values calculated with Si-SiO2 were used to regress the S solubility equation.  The 

expression for S solubility is 

𝐥𝐧ሾ𝑺 𝒘𝒕. %ሿ𝑺𝑪𝑺𝑺  ൌ  𝒂 ൅
𝒃
𝑻
൅
𝒄𝑷
𝑻
൅ 𝒅 𝐥𝐨𝐠 ƒ𝐎𝟐 ൅෍𝒆𝒊

𝑿𝒊
𝑿𝑺𝒊𝑶𝟐

 

where S is the sulfur content at sulfide saturation (SCSS), T is the temperature (K), P is the 

pressure (bar), ƒO2 is the oxygen fugacity (bar), Xi are the mole fractions of oxides in the melt 
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recalculated to a total of 100% on a sulfur-free basis, and a, b, c, d, and e are derived coefficient 

constants (a=7.25, b=-2.54x104, c=0.04, d=-0.551, eTiO2=-62, eMgO=0.426, and eNa2O=1.56) 

(Namur, Charlier, et al., 2016). The estimated uncertainty on ƒO2 using this technique is 0.5 log 

units (Namur, Charlier, et al., 2016). 

5. Results 

5.1 Petrological Observations and Major Elements 

 Experiments have a multi-component phase assemblage with greater than 20% silicate 

glass, minor amounts of sulfide ± metal, and silicate crystals (orthopyroxene ±olivine). The 

dominant sulfide, when present, is FeCr2S4 (daubréelite), with minor amounts of Mg and Ca. The 

dominant metal phase, when present, is an FeSi alloy, with minor amounts of Ni and S. Both 

orthopyroxene and olivine are nearly pure (>99%) Mg-endmembers of enstatite and forsterite (0 

wt.% FeO, 0.5 wt.% CaO, and 0.9 wt.% Al2O3). Samples displayed equilibrium textures with 

large euhedral silicate crystals and homogenous silicate glass as shown in BSE images (Figure 

4). The sulfide and metal phases are also compositionally homogenous further attesting to the 

equilibrium conditions of our experiments. 

 Meteorites had a nominal texture consisting mostly of fractured enstatite, sulfide, metal, 

as well as minor olivine, quartz, albitic plagioclase, glass and other rare accessory minerals that 

formed under very reducing conditions. Aubrite chips were mostly extensively brecciated with 

major element compositions of the fractured enstatites listed in Table 1. Enstatite chondrite chips 

were multi-assemblage mineral breccias with enstatite that was sometimes fractured and may 

have contained metal/sulfide microinclusions as shown in Figure 5. These Fe-metal and FeS-

dominated sulfide microinclusions were <1um in size and were identified using EDS. 

Microinclusions sometimes appear in relation to silica, and have been observed and attributed to 
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reduction of Fe-rich silicates at high temperatures (Ikeda, 1989; S. W. Lehner et al., 2013; Piani 

et al., 2016). Reaction of silicates in a reducing environment can result in progressive extraction 

of Fe-metal and silica from olivine or enstatite, consistent with the metal microinclusions having 

slightly different compositions from free metal in the matrix; Qingzhen and Y-691 metal in 

olivine and enstatite is Cr-rich and Ni-poor unlike metal in matrix that is Cr-poor and Ni-rich 

(Kitamura et al., 1988; Rambaldi et al., 1984). Reaction of silicates in a reducing, S-rich gas can 

also result in progressive extraction of Fe, Ca, and Mg into sulfides leaving olivine and, enstatite 

or silica (S. W. Lehner et al., 2013; Piani et al., 2016). This late sulfidization may also explain 

the origin of niningerite (MgS) and oldhamite (CaS) at a later time (S. W. Lehner et al., 2013; 

Petaev et al., 2003; Piani et al., 2016) than as condensates from C-rich nebular gas (Gannoun et 

al., 2011; El Goresy et al., 1988; Larimer & Bartholomay, 1979; Lin & Goresy, 2002) as early 

condensation predicts mineralogy inconsistent with petrographic observations (Ikeda, 1989; S. 

W. Lehner et al., 2013; Stephen W Lehner et al., 2010; Lusby et al., 1987; Rambaldi et al., 

1984). Care was taken to avoid surface fractures and cracks (indicated by elevated C e.g. 

>100ppm C) and metal/sulfide microinclusions (anomalously high S e.g. 100-5000 ppm S). One 

to four enstatite volatile measurements were obtained using SIMS on clean spots for each 

meteorite. 

5.2 S-in-Enstatite Oxybarometer  

 There is a maximum amount of sulfur that can dissolve in a silicate melt and crystal at a 

given set of temperature, pressure, and oxygen fugacity conditions. These sulfur content at 

sulfide saturation (SCSS) curves have mainly been constructed for silicate melts (Figure 2) 

rather than silicate crystals. An experimental SCSS curve for enstatite was constructed using 
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intrinsic ƒO2 of the experiment and is designated as ƒO2
S (Figure 6). The expression for S-in-

enstatite oxybarometer is:   

𝑓𝑂ଶ
ௌ ൌ 0.0054ሾ𝑆ሿଶ െ 0.3263ሾ𝑆ሿ െ 2.624 

where [S] is the ppm S content at sulfide saturation in enstatite. Since the melts are sulfide 

saturated in both our experiments and meteorites as indicated by abundant sulfides, the SCSS 

curve can be used to determine a unique ƒO2 if the S content of enstatite is known. 

5.3 Redox Conditions of Reduced Meteorites 

 The ƒO2 of individual enstatite grains in the meteorites were calculated using our S 

oxybarometer through experimental volatile saturation curves and is designated as ƒO2
S. S and C 

concentrations in meteoritic enstatite are consistent with relative fO2 based on kamacite (Figure 

7). Because both the experiments and meteorites were sulfide saturated, the S in the enstatite can 

be directly compared and used to estimate fO2. These range from IW-2 to IW-7, slightly lower 

than the previous estimate of IW-3 to IW-8 (Casanova et al., 1993; Fogel et al., 1989; Mckeown 

et al., 2014; Watters & Prinz, 1979).  

 EL’s: EL’s contain 30-200 μm size enstatite that have abundant metal microinclusions. 

Estimates of fO2 range from IW-2.69 to -7.08 (Figure 7), which is a larger range than fO2 from 

kamacite (IW-3 to IW-6) (Fogel et al., 1989). The largest fO2 range within a single meteorite is 

observed in ALH 85119 (IW-4.84 to IW-6.40). Excitingly, the fO2 of MAC 88136 (IW-6.93 and 

IW-7.08) is consistent with the upper limit of IW-6 in one forsterite grain (Mckeown et al., 

2014). With increasing metamorphism S, Cl, and C are lost implying these elements are loosely 

bonded in meteoritic enstatite (EL3 → EL6 Figure 8).  

 EH’s: EH’s contain 30-200 μm size enstatite that have abundant metal/sulfide 

microinclusions. Similar to EL’s, estimates of fO2 range from IW-4.71 to -7.27, (Figure 7), 
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which is a larger range than fO2 from kamacite (IW-7 to IW-8) (Fogel et al., 1989). Considerable 

fO2 variation is observed in LAR 12156 (IW-4.71 to IW-7.16). 

 Aubrites: Aubrites contain mm-cm size fractured enstatite. Estimates of fO2 range from 

IW-2.64 to -6.64 (Figure 7), which is a larger range than fO2 from kamacite (IW-5 to IW-7) 

(Casanova et al., 1993). There is little fO2 variation within meteorites (σ<0.67). Aubrites also 

contain higher S enstatite associated with lower Si in kamacite (less reducing conditions). This is 

opposite the expected trend, but the Si content may be reflective of metamorphism and/or S may 

have been lost through fractionation of metal/sulfide and enstatite in the aubrite parent body. 

 The intrinsic ƒO2 of the meteorites from metal composition were determined by using the 

measured Si content of kamacite metal and estimates of temperature of formation and is 

designated as ƒO2
FeSi with results in Table 2. Thermodynamic estimates from Grossman et al. 

(2008) calculated the variation of Si content in the metal as a function of temperature for several 

C/O ratios at Ptot = 10-4 atm. These calculations use the activity coefficients of Si measured 

experimentally by (Sakao & Elliott, 1975) between 1373 and 1643 K in α-Fe alloys containing 

between 1.4 and 4.2 wt.% Si and no Ni. However, other experiments found a significant 

dependence of the activity coefficient of Si with Ni content for Fe-Ni-Si containing <1 wt.% Si 

at T≥ 1573 K (Vogel & Palme, 2004). Grossman et al. (2008)’s calculations set the Ni contents 

between 4 and 6 wt.% and are assumed to have no effect on the Si activity coefficient. Meteoritic 

metal compositions ranged from 0.004-3.5 wt.% Si and 3.51-6.74 wt.% Ni. Metal equilibration 

minimum and maximum temperatures were chosen as the two temperatures at a given Si content 

of the metal following Grossman et al. (2008). 

 Oxygen fugacity for each meteorite was calculated using Fogel et al. (1989). This 

oxybarometer builds off the enstatite-oldhamite geothermometer first developed by Larimer and 
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Buseck (1974), which uses the coexisting assemblage of kamacite, quartz, enstatite, oldhamite, 

troilite (KQEOT) and the equilibria: 

𝑆𝑖ሺ௞௔௠௔௖௜௧௘ሻ ൅ 𝑂ଶ ↔ 𝑆𝑖𝑂ଶሺ௤௨௔௥௧௭ሻ 

2𝐶𝑎𝑆𝑖𝑂ଷሺ௘௡௦௧௔௧௜௧௘ሻ ൅ 𝑆ଶ ↔ 2𝐶𝑎𝑆ሺ௢௟ௗ௛௔௠௜௧௘ሻ 𝑆𝑖𝑂ଶሺ௤௨௔௥௧௭ሻ ൅ 𝑂ଶ 

2𝐹𝑒ሺ௞௔௠௔௖௜௧௘ሻ ൅ 𝑆ଶ ↔ 2𝐹𝑒𝑆ሺ௧௥௢௜௟௜௧௘ሻ 

For each equilibria and corresponding equilibrium constants, the following reaction can be 

written 

𝑙𝑜𝑔𝐾 ൌ
𝑎
𝑇
െ 𝑏 െ

𝑐ሺ𝑃 െ 1ሻ
𝑇

 

where a=ΔHr/2.303R, b=ΔSr/2.303R, c=ΔVr, solids/2.303R, T=temperature in Kelvin, and P = total 

pressure in bar. For these equilibria, the term C(P-1) may be neglected since it is small with 

respect to T. Assuming heterogeneous equilibrium of the above phases was achieved, oxygen 

fugacity can be calculated incorporating the Si activity coefficient data of Sakao and Elliott 

(1975) using equation 20 from Fogel et al. (1989). 

log 𝑓𝑂ଶ ൌ െ
𝐴1
𝑇
൅ 𝐵1 െ log𝑋ௌ௜ െ 1.19 ൅

7070
𝑇

൅ ൬6.30 െ
18300
𝑇

൰𝑋ௌ௜ 

 Buffer values at a given temperature holding pressure constant is given by 

𝑙𝑜𝑔𝑓𝑂ଶ ൌ
𝑎
𝑇
൅ 𝑏 ൅

𝑐ሺ𝑃 െ 1ሻ

𝑇
 

where T is temperature in Kelvin, P is pressure in bar, and a, b, and c are thermodynamic 

constants from Frost (1991). The temperature ranges for nickel-nickel oxide (NNO) are 600-

1200 °C (Huebner & Sato, 1970), quartz-fayalite-magnetite (QFM) are 573-1200 °C (Frost, 

1991), and iron-wustite (IW) are 565-1200 °C (Frost, 1991; Huebner, 1971). Within these 

conditions, equations assume that the molar volume change of the reaction is independent of P 
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and T; effects of compressibility and thermal expansion tend to cancel (Eugster & Wones, 1962; 

Thompson, 1955). However, buffers may be strongly curved at low pressures/temperatures. 

5.4 Volatile Abundances in Meteoritic Enstatite 

 Volatile abundances in enstatite are plotted against kamacite Si content as a proxy for 

reducing conditions as seen in Figure 8. The EL3 and EH3 samples exhibit high S irrespective 

of kamacite Si content. Aubrites are split between ALH 84011 and main group aubrites 

excluding Norton County (low Si kamacite and high S enstatite) versus Norton County and 

anomalous aubrite Mount Egerton (high Si kamacite and low S enstatite), roughly consistent 

with two previously identified REE groups (Barrat et al., 2016). C is quite low in most 

meteorites except for EL’s and a few aubrites even though they contain graphite; C could have 

reached saturation after silicate crystallization from metal exsolution during lower temperature 

metamorphism (El Goresy et al., 2017). F is very abundant with concentrations up to ~180 ppm. 

The high scatter of F suggests it was undersaturated and mobile. With increasing metamorphism 

feldspar grains (the main host of F in reduced meteorites) coarsen from <2μm to up to 200 μm 

(Brearley & Jones, 1998), which may diffuse F into enstatite. In fact, EL-impact melt NWA 

4301 has rare feldspar microinclusions within enstatite (Boesenberg et al., 2014). Cl is scarce 

with abundances below 6 and most below the 0.001 ppm SIMS detection limit for all meteorites 

implying low Cl stability in enstatite formed under very reducing conditions. 

 MAC 88136 (EL3): MAC 88136 contains enstatite with 19.51-20.83 ppm S, 18.73-29.51 

ppm C, 2.34-2.46 ppm Cl, and 47.58-49.49.89 ppm F. Kamacite has 0.37 wt.% Si and 5.81 wt.% 

Ni. 
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 ALH 85119 (EL3): ALH 85119 contains enstatite with 7.80-15.58 ppm S, 2.4 ppm Cl 

(minimum measured), and 27.57-66.90 ppm F. C was anomalously high indicative of surface 

contamination. Kamacite has 0.76±0.24 wt.% Si and 6.56±1.66 wt.% Ni. 

 LAR 12156 (EL3): LAR 12156 contains enstatite with 7.26-21.65 ppm S, 0-1.67 ppm C, 

0-0.91 ppm Cl, and 23.32-29.72 ppm F. Kamacite has 0.77 wt.% Si and 6.17 wt.% Ni.  

 About 30 metal grains were analyzed (128 analyses) and found the average metal 

composition to be 0.72 wt.% Si, 0.36 wt.% Cr, 6.24 wt.% Ni, and 92.89 wt.% Fe. Only 2 of the 

128 analyses contained Si above 1 wt.% (1.36 wt.% and 1.41 wt.%), but these correlated with 

higher Ni 9.98 wt.% 11.89 wt.%). Alabandite was also observed in EDS in two places as shown 

in the BSE image. These observations seem to indicate the meteorite chip and thin section we 

have are an EL3, which disagrees with MetBulletin which reports LAR 12156 as an EH3 and 

metal with 3 wt.% Si. One metal analysis (out of 11) made in the chip did contain high Si (3.62 

wt.%), but not high Ni (5.25 wt.%). However, this analysis spot in the chip hasn’t been relocated, 

so should be considered unreliable at this point. 

 Hvittas (EL6): Hvittas contains enstatite with 0.20-1.60 ppm S, 1.49-9.09 ppm C, and 

61.30-79.34 ppm F. Cl was below background of suprasil (believed to be less than 0.1 ppm 

(Urann et al., 2020)). Kamacite has 1.2 ±0.17 wt.% Si and 6.0 ± 0.3 wt.% Ni (Keil, 1968). 

 NWA 4301 (EL-impact melt): NWA 4301 is an anomalous enstatite achondrite that has 

100-400 μm diameter enstatite crystals but has bad terrestrial weathering and some sulfide 

microinclusions. NWA 4301 contains enstatite with 0.09-0.18 ppm S, 0.20-0.21 ppm C, and 

180.25-186.86 ppm F. Cl was below the detection limit of suprasil. NWA 4301 also contained 

tridymite with 1.85-1.91 ppm S, 0.18-0.22 ppm C, and 6.18-6.44 ppm F. Cl was below the 
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detection limit of suprasil (believed to be less than 0.1 ppm (Urann et al., 2020)). Kamacite has 

1.4-1.6 wt.% Si and 5.4-6.1 wt.% Ni (Boesenberg et al., 2014). 

 LAR 12252 (EH3): LAR 12252 contains enstatite with 12.52 ppm S, 0.55 ppm Cl, and 

46.22 ppm F. C was anomalously high indicative of surface contamination. Kamacite has 2.83 

wt.% Si and 3.16 wt.% Ni. 

 Sahara 97096 (EH3): Sahara 97096 has enstatite crystals with abundant sulfide 

microinclusions that resulted in only one pristine analysis. Sahara 97096 contains enstatite with 

23.63 ppm S and 4.34 ppm F. Cl was below the detection limit of suprasil (believed to be less 

than 0.1 ppm (Urann et al., 2020)). Kamacite has 2.5 ±0.4 wt.% Si and 4 ±1.4 wt.% Ni (Stephen 

W Lehner et al., 2010). 

 Indarch (EH4): Indarch is a well-studied EH4 chondrite with enstatite crystals that have 

abundant sulfide microinclusions. Indarch contains enstatite with 10.21-23.03 ppm S, 0.38-1.09 

ppm C, 0-5.25 ppm Cl, and 49.42-77.02 ppm F. Kamacite has 3.5 wt.% Si and 7.1 wt.% Ni 

(Keil, 1968). 

 Cumberland Falls (main group aubrite): Cumberland Falls has enstatite with 7.32-15.23 

ppm S, 0.15-0.47 ppm Cl, and 2.33-3.71 ppm F. C was anomalously high indicative of surface 

contamination. Kamacite has 0.004 wt.% Si and 4.4 wt.% Ni (John T. Wasson & Wai, 1970). 

 Norton County (main group aubrite): Norton County contains enstatite with 0.05-0.11 

ppm S, 1.00-1.87 ppm C, and 4.04-4.08 ppm F. Cl was below the detection limit of suprasil. 

Kamacite has 1.31 wt.% Si and 3.08-7.66 wt.% Ni (Casanova et al., 1993). 

 LAR 04316 (main group aubrite): LAR 04316 contains enstatite with 10.36-16.94 ppm S, 

25.35 ppm C, 0.51-3.49 ppm Cl, and 0.51-1.01 ppm F. Kamacite has 0.13 wt.% Si and 2.49 wt.% 

Ni (Keil et al., 2011). 
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 ALH 84011 (ungrouped aubrite): ALH84011 contains enstatite with 6.22-6.45 ppm S, 0-

0.10 ppm Cl, and 3.01-3.03 ppm F. C was anomalously high indicative of surface contamination. 

Kamacite has 0.18 wt.% Si and 3.81 wt.% Ni (Casanova et al., 1993). 

 Mount Egerton (anomalous aubrite): Mount Egerton contains enstatite with 0.05-0.06 

ppm S, 0.19-0.23 ppm C, and 1.09-1.13 ppm F. Cl was below the detection limit of suprasil 

(believed to be less than 0.1 ppm (Urann et al., 2020)). Kamacite has 2.03 wt.% Si and 6.25 wt.% 

Ni (Watters & Prinz, 1980). 

6. Discussion 

 EL’s, EH’s, and aubrites likely formed in a similar location in the solar nebula indicated 

by similarities in oxygen isotopes (Barrat et al., 2016) and reduced nature. Reduction has been 

attributed to 1) condensation in a high C/O gas (Larimer, 1975), 2) sulfidization of more 

oxidized material in a H-poor, C- and S-rich gas at IW-6 to 8 in the case of ECs (S. W. Lehner et 

al., 2013), and 3) reduction of more oxidized material during thermal metamorphism (Zhang et 

al., 1995). 

6.1 Variable Reduction of a More Oxidizing EC Precursor Material 

 The S oxybarometer was useful in calculating the fO2 of individual enstatite grains in a 

suite of reduced meteorites. Enstatite fO2’s for each meteorite group were similar to but skewed 

toward more oxidizing conditions than fO2 estimates from kamacite and also varied up to 2.5 log 

units in a given meteorite. Both of these observations are consistent with variable reduction of a 

more oxidizing precursor material. Results suggest low ƒO2 conditions after meteorite parent 

body accretion that were reset to more oxidized ƒO2 by later metamorphism as well as 

incomplete reduction of silicates in contrast with metal during sulfidization (S. W. Lehner et al., 

2013; Zhang et al., 1995). Interestingly, it appears that FeSi metal records rapid and 
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homogeneous reduction of metal whereas enstatite records variable reduction of silicates that 

lags behind equilibrium reduction of both metal and silicates (Figure 9). 

6.2 Implications for Early Solar Nebula Conditions 

 Enstatite volatile abundances offer insights into the volatile and redox conditions of the 

solar nebula during meteorite formation as summarized in Figure 10. ECs initially formed in a 

region of the solar nebula disk that underwent refractory and especially magnesium loss. While 

dust and gas are still present, phases started to condense, including Fe-rich olivine and pyroxene, 

metal, and graphite. All of these components then accreted into separate parent bodies for EL 

(low-metal) and EH (high-metal) enstatite chondrites, where F-bearing plagioclase formed. The 

strong correlation between S and Cl in both the enstatite and many metal/sulfide microinclusions 

in ECs indicate high Cl fugacity and reactivity during the sulfidization event. This is in 

agreement with high bulk Cl in ECs compared with other meteorite groups (Rubin & Choi, 

2009). Thus, sulfidization occurred in a H-poor, C- and S-rich, and Cl-bearing gas that reacted 

with Fe-rich silicates to produce Mg-rich olivine and pyroxene, metal, sulfide, and silica. During 

metamorphism, grains coarsened and components within the chondrites or aubrite parent bodies 

equilibrated. 

7. Conclusions 

A S-in-enstatite oxybarometer was developed by analyzing 4 high pressure (1 GPa), 

highly reduced experiments that contained melt and enstatite. The results were compared to 13 

enstatite chondrite and achondrite meteorites (including 3 EL’s, 4 EH’s, 1 E-impact melt, and 5 

aubrites). S-in-enstatite ƒO2’s for each meteorite group were similar to but skewed toward more 

oxidized conditions than ƒO2 from kamacite and also varied up to 2.5 log units in a given 

meteorite. Although the S-in-enstatite ƒO2 estimates do not correlate with the estimate from 
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kamacite Si content, they do correlate well with degree of metamorphism. This suggests low ƒO2 

conditions after meteorite parent body accretion that were reset to more oxidized ƒO2 by later 

metamorphism as well as incomplete reduction of silicates in contrast with metal during 

sulfidization. A correlation between S and Cl in the enstatites and metal/sulfide microinclusions 

in ECs indicate high Cl fugacity during the sulfidization event. F is very abundant with 

concentrations up to ~180 ppm. High scatter of F suggest it was undersaturated and mobile. With 

increasing metamorphism feldspar grains coarsen from <2um to up to 200 um [Brearley & Jones 

1998], which may diffuse F into enstatite. 
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Tables 

Table 1. Major element composition of enstatite  

 FeO (wt.%) CaO (wt.%) Al2O3 (wt.%) 

MAC 88136 0.22-8.25 0.18-0.42 0.17-0.36 

ALH 85119 0.14-2.46 0.16-0.32 0.15-0.24 

LAR 12156 0.83-9.93 0.07-4.19 0.04-4.42 

Hvittis 0-7.98 0.80-0.90 0.19-0.25 

NWA 4301 0.24-0.72 0.25-0.40 0.05-0.20 

LAR 12252 0.69-2.13 0.11-0.38 0.09-0.48 

Sahara 97096 0.65-1.88 0.14-0.41 0.19-0.50 

Indarch 0.86-1.60 0.14-0.20 0.21-0.28 

Cumberland Falls 0.03-0.12 0.31-0.36 0.07-0.08 

Norton County 0-0.05 0.30-0.60 0.01-0.05 

LAR 04316 0.01-0.07 0.10-0.13 0.01-0.05 

ALH 84011 0.00-0.07 0.18-0.44 0.02-0.55 

Mount Egerton 0.01-0.02 0.37-0.55 0.04-0.08 
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Table 2. Min and max oxygen fugacity of reduced meteorites  

 min T 

(K) 

max T 

(K) 

max fO2
S in 

enstatite (ΔIW) 

min fO2
S in 

enstatite (ΔIW) 

max fO2
FeSi in 

metal (ΔIW) 

min fO2
FeSi in  

metal (ΔIW) 

MAC 88136 852 1365 -6.93 -7.08 -6.01 -11.77 

ALH 85119 860 1322 -4.84 -6.40 -6.69 -12.05 

LAR 12156 860 1322 -4.71 -7.27 -6.69 -12.06 

Hvittis 869 1293 -2.69 -3.13 -7.12 -12.15 

NWA 4301 873 1279 -2.65 -2.68 -7.43 -12.32 

LAR 12252 895 1232 -5.86  -8.31 -12.57 

Sahara 97096 892 1241 -7.32  -8.13 -12.49 

Indarch 903 1212 -5.39 -7.27 -8.70 -12.70 

Cumberland Falls 826  -4.72 -6.34  -10.17 

Norton County 869 1288 -2.64 -2.66 -7.25 -12.27 

LAR 04316 838  -5.43 -6.60  -11.49 

ALH 84011 843  -4.44 -4.50  -11.56 

Mount Egerton 886 1259 -2.64 -2.64 -7.81 -12.37 
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Figures 

 

Figure 1. Terrestrial planets and meteorites cover a range of fO2 relative to IW (Fe-FeO buffer) 
(Righter et al., 2016; Wadhwa, 2008). The fO2 for typical magmas on Earth is denoted by a gray 
circle with black outline. Low fO2 is observed for enstatite chondrites, aubrites, Mercury, and early 
Earth (Javoy et al., 2010). 
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Figure 2. S content at sulfide saturation (SCSS) in silicate melts as a function of oxygen fugacity. 
The fO2is given relative to the iron-wustite (IW) oxygen buffer. As oxygen fugacity decreases, S 
solubility increases dramatically in silicate melts. The range of S concentrations for EL chondrites 
(IW-3 to IW-6), EH chondrites (IW-7 to IW-8), and aubrites (IW-5 to IW-7) are indicated by the 
green, dark purple, and light purple shaded regions respectively (Casanova et al., 1993; Fogel et 
al., 1989; Righter et al., 2016; Wadhwa, 2008). The spread in the experimental data represents 
differences in P, T, and composition among the studies. Figure adapted from (Anzures et al., 2020). 
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Figure 3. Zero intercept correction for SIMS spot analyses of two enstatite chondrites (EL3: MAC 
88136 and EH3: LAR 12156) plotting “enstatite” Cl vs. S. Cl and S are highly correlated for 3-5 
spots, implying the slope is the S:Cl ratio in the metal ± sulfide microinclusions. Since Cl was 
detected in experimental enstatite as well, the back correction was made to the minimum Cl 
concentration on a “clean” meteorite spot analysis. 
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Figure 4. 500 x 500 μm BSE images of a) SW1 (IW-2.9), b) MER17 (IW-3.1), c) MER11 (IW-
5.7), and d) MER22 (IW-6.9) showing equilibrium textures of euhedral silicate crystals, silicate 
melt, and metal/sulfide in the triple junctions. Metal/sulfide are white, silicate glass is light gray, 
and enstatite/forsterite are dark gray. The white in the right side of MER17 is indium and not part 
of the sample. 
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Figure 5. 500 x 500 μm RGB (Mg:Fe:S) images of a) MAC 88136 (EL3) and b) LAR 12156 
(EH3) showing disequilibrium textures of fractured enstatite, metal, and sulfide with metal/sulfide 
microinclusions in enstatite. MAC 88136 has sulfide microinclusions, while LAR 12156 has 
sulfide and metal microinclusions. 
 

 

Figure 6. fO2 relative to IW vs. S in enstatite. Experiments where the fO2 conditions are known 
define the black dashed curve for SCSS in orthopyroxene. Terrestrial silicate data from (Callegaro 
et al., 2014). 
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Figure 7. fO2 relative to IW vs. S in enstatite. Meteoritic S agrees with estimated fO2 from 
kamacite, although all meteorite groups skew towards more oxidizing conditions. Terrestrial 
silicate S data from (Callegaro et al., 2014) and silicate C data from (Shcheka et al., 2006). 
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Figure 8. Si in kamacite vs. S, Cl, C, and F in enstatite. The vertical dashed line shows how the 
assumption of Cl content affects LAR 12252’s S content. 
 



 

291 
 

 

Figure 9. fO2
S in enstatite versus fO2

FeSi in metal. It appears that metal records rapid and 
homogenous reduction whereas enstatite records variable reduction.  
 

 

Figure 10. Schematic of enstatite chondrite formation steps. Enstatite chondrites initially formed 
in a region of the solar nebula disk that underwent refractory and especially magnesium loss. While 
dust and gas are still present phases started to condense, including Fe-rich olivine and pyroxene, 
metal, and graphite. All these components then accreted into separate parent bodies for EL (low-
metal) and EH (high-metal) chondrites, where F-bearing plagioclase formed. Sulfidization in a H-
poor, C- and S- rich, and Cl-bearing gas reacted with Fe-rich silicates to produce Mg-rich olivine 
and pyroxene, metal, sulfide, and silica. During metamorphism, grains coarsened and components 
within the chondrites or aubrite parent bodies equilibrated. Aubrites likely formed from a similar 
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but distinct reservoir (e.g. (Barrat et al., 2016)) in the same region of the solar nebula disk 
(similarly reduced). 
 

 


