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ABSTRACT 

With the National Aeronautics and Space Administration (NASA) Psyche 

Mission, humans will soon have the first opportunity to explore a new kind of planetary 

body: one composed mostly of metal as opposed to stony minerals or ices. Identifying the 

composition of asteroids from Earth-based observations has been an ongoing challenge. 

Although optical reflectance spectra, radar, and orbital dynamics can constrain an 

asteroid’s mineralogy and bulk density, in many cases there is not a clear or precise 

match with analogous materials such as meteorites. Additionally, the surfaces of asteroids 

and other small, airless planetary bodies can be heavily modified over geologic time by 

exposure to the space environment. To accurately interpret remote sensing observations 

of metal-rich asteroids, it is therefore necessary to understand how the processes active 

on asteroid surfaces affect metallic materials. This dissertation represents a first step 

toward that understanding. In collaboration with many colleagues, I have performed 

laboratory experiments on iron meteorites to simulate solar wind ion irradiation, surface 

heating, micrometeoroid bombardment, and high-velocity impacts. Characterizing the 

meteorite surface’s physical and chemical properties before and after each experiment 

can constrain the effects of each process on a metal-rich surface in space. While 

additional work will be needed for a complete understanding, it is nevertheless possible 

to make some early predictions of what (16) Psyche’s surface regolith might look like 

when humans observe it up close. Moreover, the results of these experiments will inform 

future exploration beyond asteroid Psyche as humans attempt to understand how Earth’s 

celestial neighborhood came to be. 
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CHAPTER 1: INTRODUCTION 

Hardly mere barren, featureless rocks floating between the planets, the asteroids 

have proven endlessly complex subjects of scientific study. Human exploration of the 

solar system’s minor bodies has only commenced in earnest within my lifetime, and only 

a handful of such objects have been imaged up close out of over a million identified to 

date with ground-based telescopes. Yet each successive mission to the asteroids has 

revealed ever more exciting novelties, with the promise of additional wonders to be found 

on those myriad tiny worlds we know only as lonely pixels wandering across the paths of 

sky surveys. Astronomical evidence suggests a portion of the asteroids are composed 

mostly of metal, but humans have never seen a metal-rich asteroid up close. Meteorites 

composed of iron abound in museum and university collections, but their origin remains 

mysterious. Seeking answers by merging these two scientific enigmas only created a 

greater enigma still: a type of asteroid we’ve yet to visit is the most likely parent body of 

a type of rock we’ve yet to find the source of – a liminal prediction, testable but not yet 

tested. The imminent exploration of such a metal-rich world by the NASA Psyche 

Mission grants this multifaceted enigma renewed priority, motivating the work begun as 

part of this dissertation. 

1.1. Metallic Asteroids 

The first classification of metallic asteroids as a taxonomic group was by Zellner 

and Gradie (1976), who introduced the M-type as a specific optical reflectance pattern, 

alongside the then-established S- and C-types with different reflectance patterns (Zellner 

1973, Chapman et al. 1975). The Tholen (1984) classification system retained Zellner 

and Gradie’s (1976) definition of the M-types and their metallic interpretation while 
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placing them into the X-group along with the brighter E-type and darker P-type asteroids. 

Subsequent asteroid taxonomies, including SMASS (Burbine and Binzel 2002) and the 

current Bus-DeMeo (DeMeo et al. 2009, DeMeo et al. 2020) have redefined the scope of 

this group into the X-complex, which includes both the featureless and red-sloped X-

class spectra, as well as Xc, Xe, Xk, and Xn classes with faint absorption features at 

specific wavelengths. While the “X-class” is thus the most technically appropriate term 

for these asteroids, the “M-type” designation and its accompanying interpretation of a 

highly metal-rich composition are still commonly invoked in both public-facing 

communication and scientific writing (Burbine 2017). 

Two primary lines of evidence suggest a metallic composition for the X-class 

asteroids: optical reflectance spectra and radar albedo. Optical reflectance spectroscopy 

takes advantage of absorption of photons from the Sun at specific wavelengths due to 

crystal field transitions (Burns 1993), interatomic charge transfer (Rossman and Ehlmann 

2020), and atomic vibration (Clark 1999), all of which can be linked to specific minerals 

present on the asteroid’s surface. Radar albedo refers to the fraction of a transmitted radar 

signal that returns from an object in space with the same polarization (Ostro 1993), which 

is a function of the bulk density, conductivity, and roughness of the material composing 

the object (Campbell 2002). 

Crucially, the information depth of both radar and optical remote sensing 

techniques is related to the wavelength of the signal photon (Sabins 1997, Campbell 

2002). Thus, while visible and infrared observations provide information about the 

uppermost few microns of an asteroid’s surface (Burbine 2017), the longer wavelength of 

radar enables characterization of planetary surfaces and sub-surfaces at depths ranging 
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from tens of centimeters to hundreds of meters, depending on the instrument (Campbell 

2002). While a lack of features in optical reflectance spectra might non-uniquely indicate 

the surface of an asteroid is metal-rich, the high radar albedo of M-type or X-class 

asteroids indicates their subsurface compositions are also metal-rich (Ockert-Bell et al. 

2010). 

Given the evidence pointing to a metal-rich composition for the M-type/X-class 

asteroids, identifying an analogous metallic material is a natural next question. The 

prevailing interpretation since the initial M-type classification (Zellner and Gradie 1976) 

has been iron meteorites. However, as discussed below, linking iron meteorites to 

asteroids raises numerous complexities. 

1.2. Iron Meteorites 

The precise origin of iron meteorites has long posed an enigmatic scientific 

problem. It is easy enough to discern they fell from space, as they fall onto people’s 

property or homes by circumstance, are sometimes tracked by human eye or radar as they 

fall, are often covered by a fusion crust formed during atmospheric entry, and contain 

isotopic abundances inconsistent with terrestrial origin (Buchwald 1975, Grady et al. 

2014). The petrology of iron meteorites more specifically points to an origin by igneous 

processing in the interiors of differentiated worlds. 

Structurally, iron meteorites can be classified into hexahedrites, octahedrites, and 

ataxites, based on how they cooled from molten metal, which is controlled by the 

abundance of Ni and P (Yang and Goldstein 2005). The iron-nickel alloy that makes up 

the bulk of iron meteorites consists of two predominant minerals: kamacite (α-FeNi, <6 

wt.% Ni) and taenite (γ-FeNi, >25 wt.% Ni) (Buchwald 1975). When a FeNi alloy 
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crystallizes from melt, as during planet formation and differentiation in the early Solar 

System, taenite is the initially stable solid phase regardless of Ni abundance. However, as 

the metal cools, taenite becomes unstable and can undergo a variety of solid-solution 

phase transitions depending on the cooling rate and the precise position of the metal on 

the Fe-Ni-P phase diagram, with three possible resulting structures (Grady et al. 2014). 

Hexahedrites, labeled “H,” undergo a complete transition from single-crystal taenite to 

single-crystal kamacite. Octahedrites, labeled “O,” exsolve kamacite lamellae along the 

octahedral lattice planes of the taenite crystals, producing a distinctive Widmanstätten 

structure visible when samples are polished and acid-etched. Octahedrites can be further 

sub-classified by the thickness of these kamacite lamellae, with the coarsest lamellae 

labelled “Og” and “Ogg” being >3 mm wide, through mm-scale medium lamellae labeled 

“Om,” to the finest lamellae labeled “Of” and “Off” < 0.2 mm wide, and even finer 

plessitic kamacite spindle structures labeled “Opl” (Grady et al. 2014). Ataxites, labeled 

“D” have the finest structures of all iron meteorites, featuring a microscopic 

Widmanstätten structure. 
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Figure 1.1 A photo by the author of a cut, polished, and etched piece of the Gibeon iron 

meteorite, a Group IVA fine octahedrite (Of), on display at the Buseck Center for 

Meteorite Studies at Arizona State University. The dark brown lower surface is the fusion 

crust that formed when the meteorite entered Earth’s atmosphere. The Widmanstätten 

structure can be seen as three parallel sets of lineations across the flat, silvery, metal 

surface. Irregular round inclusions of accessory minerals such as troilite and graphite 

are also visible throughout the interior of the metal. 

 

Chemically, iron meteorites are grouped based on their abundances of Ni, Ga, Ge, 

Ir, and Au, using a system developed by Wasson and colleagues over multiple decades 

(Wasson 1967, Wasson 1998). From the outset, these crystallization behaviors could be 

traced to specific processes that occurred on a particular meteorite’s parent body as it 
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formed. The resulting groups can be broadly related in turn to the structural classification, 

since both are related to bulk Ni abundance. While these formation processes and their 

corresponding groups have been repeatedly re-interpreted over time, meteoriticists have 

recently been able to link specific iron meteorite cosmochemical groups to other stony 

and stony-iron meteorite taxonomies: the IAB and IIICD groups are linked to the 

winonaite primitive achondrites by silicate inclusions (Weisberg et al. 2006); the IIE 

group is linked to the H chondrites by silicate inclusions (Wasson and Wang 1986); the 

IIIAB group shares chemical features with pallasites (Wasson 1999), though they cooled 

at different rates (Yang and Goldstein 2006, Yang et al. 2010); and the IVA group may 

be related to L-LL chondrites (Wasson and Richardson 2001). Overall, there are 13 

presently recognized iron meteorite groups (Grady et al. 2014), plus 147 individual iron 

meteorites that do not fit within any of the groups (Meteoritical Bulletin 2023), 

suggesting there are at least 13 iron meteorite parent bodies. These chemical groups are 

summarized in Table 1.1, with their corresponding structural classification, Ni 

abundance, and number of samples. 

 

Group Name Structure Ni wt.% range Quantity 

IIG H – Ogg 4.18 – 4.64 6 

IIAB H – Ogg 5.35 – 6.04 146 

IC Og 6.1 – 7.0 13 

IIIF Om – Of 6.8 – 8.5 9 

IIE Og – Om 6.1 – 10.6 25 
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IIIE Og 7.81 – 9.6 19 

IIIAB Og – Om 7.57 – 10.2 345 

IVA Of 7.32 – 11.1 89 

IID Om – Of 9.6 – 11.1 29 

IIC Off – Opl 9.3 – 11.5 8 

IAB-IIICD Og – Off 6.68 – 17.7 365 

IIF Opl – D 10.6 – 14.3 7 

IVB D 15.9 – 18.0 18 

Ungrouped Varies Varies 147 

Table 1.1 The iron meteorite chemical groups, listed in increasing order of median Ni 

wt.% abundance. Structure data from Table 15.2 in (Grady 2014). Ni abundance data 

from (Moore et al. 1969). Quantity data from (Meteoritical Bulletin 2023). 

 

 The relationship between the chemical groups and the structural classification 

derives from the specific phase transitions that occur as the taenite cools. Many different 

mechanisms have been proposed for the formation of the FeNi Widmanstätten lattice, of 

which five occurred in iron meteorites (Yang and Goldstein 2005). In a pure FeNi alloy 

with >6 wt.% Ni, kamacite cannot nucleate directly from single-crystal taenite without 

significant under-cooling (Allen and Earley 1950), referred to as “Mechanism I” (Yang 

and Goldstein 2005). However, the presence of P within the metal enables crystallization 

of kamacite by entering the taenite + kamacite + phosphide phase field. In iron meteorites 

with high P abundance, phosphide minerals like schreibersite ([FeNi]3P) form as the 

taenite cools, which causes the remaining metal to enter the kamacite stability field 

(Goldstein and Doan 1972); this process is referred to as “Mechanism II” (Yang and 

Goldstein 2005). In iron meteorites with low P abundance, the metal can enter the 
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kamacite stability field, but kamacite crystals do not actually nucleate until the metal 

reaches P-saturation (Narayan and Goldstein 1984); this is referred to as “Mechanism III” 

(Yang and Goldstein 2005). Alternatively, in the absence of phosphorus, kamacite can 

nucleate after taenite has cooled enough to undergo martensitic transformation (Owen 

1940, Buchwald 1966). This is referred to as “Mechanism IV” if kamacite nucleates after 

taenite completely transforms to martensite (Yang and Goldstein 2005), or “Mechanism 

V” if kamacite nucleates while the taenite to martensite transition is incomplete (Yang 

and Goldstein 2003, Yang and Goldstein 2005). Since P abundance varies among 

members of each chemical group (Buchwald 1975, Goldstein et al. 2009), most groups’ 

parent bodies would have experienced multiple cooling mechanisms, but the most 

numerous groups can be linked with one or more specific mechanisms. In particular, 

Group IVA can only have been produced by Mechanism V, Group IIIAB experienced all 

but Mechanism I, and plessitic structures are most likely associated with Mechanism IV 

(Yang and Goldstein 2005). Hexahedrites, which have <6 wt.% Ni lack a Widmanstätten 

structure, can undergo complete recrystallization of taenite to kamacite via a massive 

transformation, or by Mechanism V (Yang and Goldstein 2005). 

 With detailed modeling of iron meteorites’ crystallization processes, it is possible 

to constrain the cooling rates and thus the core formation time scales of their parent 

bodies. Multiple simulation techniques have been developed over decades of work, with 

subsequent iterations replicating diagnostic iron meteorite petrologic features such as 

kamacite bandwidth, taenite Ni content, phosphide growth, and formation of cloudy zone 

structures with increasing fidelity (Goldstein et al. 2009). Cooling rate estimates vary 

among members of each iron meteorite chemical group, not just due to differences in 
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simulation method, but also due to the fact that the exteriors of planetesimal cores would 

lose heat more rapidly than their interiors. Nevertheless, consistent cooling rate estimates 

are possible for each chemical group, which combined with petrologic analysis permit 

detailed assessment of their parent bodies’ formation histories, including their diameters, 

bulk composition, internal structure, and history of disruption (Grady et al. 2014). 

1.3. Exploration of Metal-Rich Worlds: Linking Meteorites and Asteroids 

With constraints on the petrology and crystallization history of iron meteorites, a 

search for their parent bodies is a natural next step. However, conclusive evidence linking 

iron meteorites to M-type/X-class asteroids has proven elusive. Two specific 

interplanetary missions, as well as the long-running discourse on asteroid resource 

extraction, illustrate why. 

The ESA Rosetta mission flew past asteroid (21) Lutetia in 2010, en route to its 

primary rendezvous with comet 67P (Barucci et al. 2005). Lutetia was first observed in 

1852 by Hermann Goldschmidt and had been initially interpreted as an M-type asteroid 

by Tholen (1984) and a possible iron meteorite parent body (Bowell et al. 1978, Dollfus 

et al. 1979). However, as the Rosetta mission approached, ground-based observations 

began to reveal an extremely fine dust-covered surface (Feierberg et al. 1983), optical 

absorption features consistent with non-metallic surface composition (Birlan et al. 2006, 

Belskaya et al. 2010), and lower radar albedo than previously measured (Ockert-Bell et 

al. 2010). Correspondingly, in the immediate lead-up to the Rosetta flyby Lutetia was 

predicted to have a surface composition consistent with either carbonaceous chondrites 

(Birlan et al. 2006, Barucci et al. 2008, Lazzarin et al. 2009, Belskaya et al. 2010), 

enstatite chondrites (Vernazza et al. 2009), or mesosiderites (Vernazza et al. 2009). The 
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observations Rosetta made during its flyby showed that while Lutetia has a high overall 

density requiring a metal-rich interior (Pätzold et al. 2011), its surface is an extremely 

fine-grained silicate regolith (Massironi et al. 2012), consistent with a body that only 

partially differentiated (Weiss et al. 2012, Formisano et al. 2013, Neumann et al. 2013). 

The NASA Psyche Mission was proposed in 2013, selected as the fourteenth 

mission of the Discovery Program in 2017, is currently scheduled to launch in October 

2023, and plans to orbit asteroid (16) Psyche in 2029. Unlike Rosetta, the primary science 

goals of the Psyche Mission are to explore a metal-rich asteroid for the first time, 

characterize the geophysical properties of this novel type of world, determine if it is 

indeed a remnant planetesimal core, or investigate how else it might have formed if it is 

not a remnant core (Elkins-Tanton et al. 2020). First observed in 1852 by Annibale de 

Gasparis, Psyche is the largest Tholen (1984) M-type asteroid, though it is classified Xk-

type by Bus-DeMeo (2009). Unlike Lutetia, radar observations of Psyche and mass 

estimates from orbital dynamics suggest it is indeed mostly composed of metal (Shepard 

et al. 2017). Although Psyche’s optical reflectance spectrum does show evidence of 

silicate minerals on its surface (Landsman et al. 2016) and possibly even hydrated 

minerals (Takir et al. 2017), recent ALMA millimeter-wave observations suggest that this 

stony material may be intimately mixed with metal on Psyche’s surface (de Kleer et al. 

2021), a finding reinforced by laboratory experiments showing that no single meteorite 

provides a one-to-one match for Psyche’s optical spectrum (Dibb et al. 2021). In any 

case, while Psyche undoubtedly has a high metal fraction in its bulk composition, 

possibly higher than any planetary body humans have explored to date (Elkins-Tanton et 
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al. 2020), the best evidence available suggests a far more complex surface than a simple 

iron meteorite analog. 

Beyond these scientific missions, metallic asteroids have become perennial 

objects of interest among private actors as targets for notional asteroid mining. The 

earliest technical proposals for asteroid mining (Lewis and Nozette 1983) focused on 

identifying the useful materials that could potentially be extracted from meteorite 

analogs, including Fe alloys from metallic asteroids with compositions similar to iron 

meteorites, albeit with a focus on uses in space to facilitate exploration. Kargel (1994) 

proposed that platinum-group elements could be profitably mined and returned to Earth, 

either from the metal fraction of an asteroid analogous to an ordinary chondrite or from a 

metallic asteroid analogous to an iron meteorite. These ideas were subsequently 

popularized by public-facing literature produced by scientists in the field (Lewis 1996). 

The prospect of mining metallic asteroids has pushed the United States Congress to 

explicitly legalize extraction and use of materials US companies obtain from planetary 

surfaces (Space Resource Exploration and Utilization Act, 2015) and multiple firms have 

started up with asteroid mining as an explicit goal, such as Planetary Resources in 2012, 

Deep Space Industries in 2013, and AstroForge in 2021. While subsequent studies have 

explored both the technical (Gertsch et al. 2006, Lewis 2016) and economic (Heln et al. 

2020) viability of an asteroid mining business case, none of these firms has yet initiated a 

mission to rendezvous with, let alone extract or return samples from, an asteroid. Even 

for those enterprises possessing both the capital and technical expertise to support such a 

mission, any venture premised on obtaining meteorite-analog materials from an asteroid 
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must face the same challenges that publicly funded scientific missions face in attempting 

to link specific meteorites to specific asteroids. 

Lutetia and Psyche point to some of the challenges of linking meteorites to 

asteroids in general. Although iron meteorites as a group are the best match for X-class 

asteroid spectra, no specific iron meteorites, nor even metal-rich meteorites of other 

types, are perfect matches (Dibb et al. 2021). While radar and optical remote sensing 

suggest the X-class asteroids generally have metal-rich compositions, for many 

individual X-class asteroids the predicted metal contents measured by these two 

techniques are inconsistent with each other (Ockert-Bell et al. 2010). Even in past cases 

where a meteorite group has been linked to a specific asteroid, such as the Howardite-

Eucrite-Diogenite clan and (4) Vesta, the interpreted link faced enough contradictory 

evidence to be disputed (Schiller et al. 2011, Wasson 2012) until up-close exploration by 

the NASA Dawn mission established the link conclusively (McSween et al. 2013). 

Commercial ventures to extract asteroid resources are fundamentally constrained by the 

uncertainty that any given asteroid will match its proposed meteorite analogs, limiting 

their potential contributions to asteroid exploration. Finally, and most relevant for this 

thesis, airless planetary surfaces exposed to the space environment are significantly 

modified over geologic time, as discussed below. 

1.4. Airless Body Surface Processes 

When searching for a physical process to explain an observation in planetary 

science, meteoritic impacts are often the first candidate for investigation (Greeley 2013). 

Impacts occur at all sizes from microscopic to cataclysmic, however the size-frequency 

distribution of crater populations on rocky planets suggests that smaller impacts 
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uniformly occur more frequently than larger ones (Neukum et al. 1974). As a result, 

while a large impact might fracture a solid surface and form a crater that excavates and 

redeposits large blocks of material across a planetary surface, smaller impacts will 

progressively break down those boulders into finer and finer regolith particles (Gault 

1970). Subsequent large impacts can then overturn and “garden” the regolith, resulting in 

a complex, multi-layered stratigraphy (Melosh 2011). On small bodies with low enough 

gravity that significant fractions of ejecta from cratering impacts can escape to space 

rather than falling back onto the surface, impact-driven fracturing of boulders may be 

sufficient to produce a rubble-pile regolith without crater excavation (Cambioni et al. 

2021, Ballouz et al. 2023). A mature regolith composed of a thick layer of fine-grained 

particles processed many times over can display a reflectance spectrum with diminished 

absorption features as compared to fragmented breccia composed of the same minerals 

(Clark et al. 2002). 

Recently it has been recognized that regolith particles can form without impacts, 

by a process known as thermal fatigue. “Fatigue” in materials science refers to cyclic or 

periodic stress applied over time (Meyers and Chawla 2010). On an airless planetary 

surface, such stresses can be applied as the body rotates on its axis: the Sun-facing side 

heats up and thermally expands, while the opposite side cools and contracts (Molaro and 

Byrne 2012). On objects with highly elliptical orbits or highly inclined rotation axes, 

there can be multiple overlapping cycles of thermal expansion and contraction, 

corresponding to diurnal, annual, or seasonal illumination cycles (Bierson et al. 2022). As 

the surface material expands, fractures present on the surface will also expand and thus 

propagate through the material, which cannot reverse during the cooling stage. Thus, 
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slowly over many repeated cycles, large blocks can be broken down into finer particles, 

without the need for high-energy impacts which may eject the fine particles into space. 

Fatigue is particularly important on small bodies such as asteroids with negligible surface 

gravity, as observed on Bennu and Ryugu (Molaro et al. 2017, 2020). 

The other major process occurring on airless planetary surfaces is space 

weathering. For decades it has been understood that exposure to the space environment 

causes changes in the spectra and albedo of airless planetary bodies, including the Moon 

(Gold 1955, Hapke 2001) and asteroids (Chapman 1996). A variety of mechanisms have 

been interpreted to cause these spectroscopic changes, with the most prominent being 

solar wind ion irradiation (Hapke 2001) and micrometeorite impact (Sasaki et al. 2001). 

The relationship between these two mechanisms is complex. Ion irradiation can cause 

chemical reduction and sputtering from the sample surface (e.g., Dukes et al. 1999, 

Noguchi et al. 2014, Tanyeli et al. 2015), while also producing a variety of structural 

features, including amorphized rims and nanophase iron particles (npFe) in iron-bearing 

minerals (Auciello 1984, Gaffey et al. 1993, Keller and McKay 1997, Pieters et al. 2000). 

Meanwhile, recent evidence indicates that a combination of both processes may be 

necessary to achieve the observed differences in some remote-sensing data (Loeffler et al. 

2008, Thompson et al. 2019). Observations of Fe whisker growth on returned lunar and 

asteroid samples point to additional complexly interrelated contributions of ion 

irradiation and heat to space weathering (Matsumoto et al. 2020, 2021). 

Our knowledge of these surface processes is still incomplete even on planetary 

bodies we have explored for decades, yet on metal-rich asteroids the open questions are 

fundamental. How would a metallic surface change if exposed to the space environment 
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over geologic time? How would we observe and measure those changes? How might the 

cumulative modification of billions of years influence our interpretations of how these 

asteroids formed? How would we apply knowledge of surface processes on metal worlds 

to better understand other planetary surfaces throughout the Solar System? 

These questions broadly motivate this dissertation, which investigates three 

specific space weathering and regolith formation mechanisms on metallic asteroid analog 

materials. Chapter 2 summarizes work done to simulate solar wind space weathering, by 

irradiating samples of iron meteorite inclusions with hydrogen and helium ions. Chapter 

3 explores the role thermal stress would play in mechanically modifying a metallic 

asteroid, with laser irradiation experiments on iron meteorite samples. Chapter 4 

discusses the ejecta produced during an impact into an iron meteorite target, using 

electron microscopy to characterize the fragments’ fracture surfaces and corresponding 

mechanical deformation modes. Finally, Chapter 5 synthesizes the conclusions from 

these experiments, discusses their implications for the surface of asteroid Psyche, and 

explores the scope of future investigations, both planned and notional. 
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Key Points: 

• We irradiated samples of meteoritic troilite (iron sulfide) with H+ and He+ ions, 

simulating solar wind space weathering. 

• We observed nanoscale roughening of the surface and formation of a sulfur-

depleted layer as the irradiations progress. 

• Using SDTrimSP modeling in combination with XPS, we quantify the surface 

oxide layer thickness, diffusion rate, altered-layer composition, and fluence-

dependent sputtering yield.  
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Abstract 

Space weathering is a key process in the interpretation of airless planetary 

surfaces. As we engage new missions to planetary objects with potentially novel surfaces 

such as 16 Psyche, there is renewed interest in expanding our knowledge of space 

weathering effects to a wider variety of analog materials, including the physical/chemical 

effects of solar-wind ions on planetary regoliths. We have experimentally simulated the 

effects of solar ions on two polished thick sections of meteoritic troilite (FeS) via 

irradiation with 1 keV hydrogen (H+) and 4 keV helium (He+), to investigate effects 

resulting from different ion species. We detected depletion of sulfur over the course of 

each irradiation using in-situ X-ray photoelectron spectroscopy (XPS). Sulfur depletion 

rates were surprisingly similar for H+ and He+, interpreted as a function of subsurface 

ion-activated diffusion. By comparing XPS-derived elemental abundances with 

SDTrimSP computer simulations, we further quantified sulfur diffusion, sputtering yield, 

and altered-layer composition with respect to incident-ion fluence, and accounted for the 

influence of surface oxidation due to atmospheric sample storage. Using scanning 

electron microscopy (SEM), we detected an increase in nanoscale surface roughness 

resulting from the irradiation, which we quantified using atomic force microscopy 

(AFM). Based on these results, we estimate an exposure time of order 103 Earth-years is 

required for troilite on Psyche to reach equilibrium sulfur depletion within the first  

atomic-layer. 

Plain Language Summary 

The NASA Psyche Mission will visit the metallic asteroid Psyche for the first 

time in 2026. Because metallic asteroid surfaces are expected to be compositionally 
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distinct from the rocky surfaces of asteroids previously visited by spacecraft, we must 

characterize the effects of the space environment on expected constituent materials to 

correctly interpret observational data at Psyche. Solar-wind irradiation is one process in 

the space environment that significantly changes the surface composition, reflectance and 

micro-structure of silicate minerals ubiquitous in rocky asteroid soils. We simulated 

solar-wind interaction with troilite (FeS), a common mineral found in iron meteorites and 

expected on Psyche, with hydrogen and helium ions in the laboratory. These simulations 

showed us that over time solar wind preferentially removes sulfur, enriching the mineral 

surface in iron, and roughens the surface at the nanoscale. These observed changes 

replicate observations in natural troilite returned from the asteroid Itokawa. Removal of 

sulfur and surface roughening could both affect how the instruments on the NASA 

Psyche Mission take measurements of the asteroid surface and how we interpret those 

measurements. 

2.1. Introduction 

Airless planetary surfaces are constantly bombarded by energetic particles, 

photons, and meteorites from the surrounding space environment, altering their optical, 

physical, or chemical properties; these interactions are known as “space weathering.” 

Space weathering by solar-wind ions – the continuous stream of hydrogen, helium, and 

trace amounts of heavier elements radiating out from the sun with an average energy of ~1 

keV/amu – was identified as a mechanism to explain spectral variation of Lunar crater rays 

with age and distance, and optical differences between returned Apollo soils and crushed 

regolith rocks (e.g. Gold 1955, Hapke 2001, Pieters and Noble 2016, Farrell et al. 2015). 

More recently, the spectral differences between asteroids and meteorite samples (Chapman 
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1996, Dukes et al. 1999) were also attributed to solar-wind irradiation. Radiation-exposed 

surfaces of mafic minerals decrease in albedo and become redder in overall reflectance 

over time, with commensurate attenuation of absorption features (Hapke 2001; Loeffler et 

al. 2009). On lunar grains and in Fe-bearing minerals such as olivine, these spectral effects 

have been associated with the formation of nanophase iron (npFe) particles within the 

amorphous rims of weathered surfaces (Gaffey et al. 1993, Keller and McKay 1997, Pieters 

et al. 2000, Matsumoto et al. 2021). Though a number of additional mechanisms have been 

proposed to play a role in formation of space weathering textures, including 

micrometeoroid impacts (Sasaki et al. 2001, Loeffler et al. 2016) and other sources of 

heating (Thompson et al. 2017), irradiation of surfaces by solar-wind ions is considered 

the principal weathering mechanism on asteroids (Schläppi et al. 2008), directly linked to 

the formation of npFe and iron-cladding on exposed surfaces (Noguchi et al. 2014; 

Matsumoto et al. 2020). Moreover, research on metals and oxides has identified other 

damage modes associated with light-ion irradiation at energies similar to solar-wind ions, 

such as phase-change, pitting, and blistering (Auciello 1984, Tanyeli et al. 2015, Kajita et 

al. 2016, Meyer 2018). 

Much space weathering work historically focused on silicate minerals, the major 

mineral components of ordinary chondrites – the most abundant meteoritic type – which 

are linked to S-type asteroids (e.g., Clark et al. 1992, Gaffey et al. 1993, Pieters et al. 2000, 

Nakamura et al. 2011). Other minerals have received less attention. Only a small number 

of studies have investigated space-weathering effects on iron meteorites or their major 

mineral components (Loeffler et al. 2008, Harries and Langenhorst 2014, Bezaeva et al. 

2015, Wu et al. 2017, Prince et al. 2020,  Matsumoto et al. 2020, 2021). While there have 
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been extensive engineering studies on the effect of the space environment on structural 

metals for spaceflight applications, these synthetic materials are poor analogs for iron 

meteorites due to their orders-of-magnitude smaller crystal sizes and differing 

microstructures, both resulting from the inability to synthetically crystallize materials over 

geologic timescales (Petrovic 2011). Given that we have not yet visited a metallic asteroid 

with spacecraft (Elkins-Tanton et al. 2020) and the difficulties in identifying asteroids that 

have metallic surfaces (Rivkin et al. 2000, Landsman et al. 2015, Sanchez et al. 2017, Takir 

et al. 2017, Elkins-Tanton et al. 2020), any understanding of space weathering effects on 

iron meteorites as an analog for naturally-occurring metallic planetary surfaces must begin 

from laboratory experiments. 

Troilite is the predominant sulfide mineral present in chondritic meteorites, one of 

the most common inclusions in iron meteorites (Grady et al. 2014), and possibly present 

on the Psyche surface or bulk (Elkins-Tanton et al. 2020). Previous studies invoked space 

weathering by solar wind to explain sulfur depletion observed at the near-Earth asteroid 

433 Eros (Nittler et al. 2001, Killen 2003, Kracher and Sears 2005). Experimental work to 

test this hypothesis has used helium and/or argon ion irradiation to simulate solar wind and 

laser irradiation to simulate meteoritic impact space weathering. These experiments 

identified a two-step mechanism – sputtering initiated by incident solar-wind protons, and 

subsequent partial melting and vaporization by micrometeoroid impacts – depleting sulfur 

by a factor of 1.5-2.5 over a period of 104-105 years (Loeffler et al. 2008, Thompson et al. 

2019). Recent laboratory studies point to the evolution of a surficial layer of metallic iron 

and subsurface iron-rich sulfide with ion irradiation (Keller et al. 2013). Additional studies 

have characterized space weathering effects on composition and microstructure of natural 
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troilite grains returned from 25143 Itokawa, (Harries and Langenhorst 2014, Matsumoto 

et al. 2020) and Apollo lunar samples (Matsumoto et al. 2021), identifying micron- and 

sub-micron-scale iron whiskers forming on the porous, amorphized, and sulfur-depleted 

surfaces of troilite grains. 

We report the results of laboratory irradiation experiments using troilite thick-

section samples from iron-meteorite inclusions, using protons and helium ions to better 

simulate the solar wind and identify species-specific differences. Using X-ray 

photoelectron spectroscopy (XPS) measurements and SDTrimSP computer simulations, 

we identify and characterize changes to surface composition and chemistry as a function 

of ion fluence and compare differences in sputtering by 1keV/amu H+ and He+. We also 

perform scanning electron microscopy (SEM) and atomic force microscopy (AFM) 

measurements to determine roughness originating during irradiation, which may play a role 

in altering the albedo and reflectance spectra of surfaces exposed to space, beyond the 

formation of npFe and loss of sulfur. Results from these experiments will be useful for the 

interpretation of observations from the NASA Psyche mission (Elkins-Tanton et al. 2020). 

2.2. Methods 

2.2.1. Samples 

The Center for Meteorite Studies (CMS) at Arizona State University provided two 

polished thick sections of troilite-nodule inclusions taken from the Canyon Diablo and 

Toluca iron meteorites. We used polished thick sections instead of pressed powder slabs to 

optimize measurement of potential irradiation-induced surface roughness. While loose or 

pressed powder is generally considered an analog for fine-grained regoliths on airless 

planetary objects (e.g., Loeffler et al. 2008), Psyche may present us with a potentially novel 
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type of planetary surface (Elkins-Tanton et al. 2020) for which a powder sample may not 

be appropriate. Both Canyon Diablo and Toluca sections have been characterized with 

wavelength-dispersive X-ray spectroscopy (WDS) calibrated against standardized pyrite 

and olivine to confirm their bulk composition is 50 at% S, 50 at% Fe, <1% other. 

2.2.2. Irradiation and In-Situ Characterization 

Irradiation and in-situ characterization of the samples were performed at the 

University of Virginia. Samples were ultrasonically cleaned in an isopropanol bath before 

irradiation to remove any organic contaminants from sample handling. We irradiated the 

Canyon Diablo sample with only He+ using an electron-bombardment-type ion gun on a 

PHI Versaprobe III XPS. We then irradiated the Toluca sample first with 4 keV helium 

(He+) ions, followed by 1 keV hydrogen (H+) ions using a similar ion gun on a highly-

customized PHI-560 XPS system. The use of an initial He+ irradiation on both samples 

allowed the removal of surficial oxide and ensured that we could compare the results of H+ 

and He+ irradiation on similarly-prepared sulfide surfaces. Details of the experimental 

setup can be found in Supplementary Text (S1) and have been described in earlier works 

(e.g., Dukes et al. 1999, Laczniak et al. 2021). 

Both irradiations were designed to reach a comparable target fluence (~3 × 1018 

ions/cm2), enabling direct comparison between proton and helium irradiation. The target 

fluence falls in the saturation range of S-depletion observed previously for 4 keV He+ 

irradiation of FeS pressed pellets (Loeffler et al. 2008). The average solar-wind flux at 1AU 

from the Sun is 2 × 108 ions/cm2/s, consisting of ~96% H+, ~4% He+, and heavier highly-

charged ions less than 0.1% (Johnson 1990). Since solar-wind flux decreases proportional 

to the square of the distance from the Sun, the target fluence of 3 × 1018 ions/cm2 simulates 
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exposure times of ~100,000 years for He+ and ~4000 years for H+ at 16 Psyche (semi-major 

axis ~2.9 AU). To reach the target fluence in a practical laboratory time frame, we used an 

average flux of ~1 × 1013 ions cm-2 s-1. In both systems, low energy electrons (< 5 eV) 

from an electron flood gun prevent surface charging of the sample during irradiations and 

XPS analysis. The samples were at room temperature (300 K) during irradiation and 

characterization. 

2.2.3. X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a quantitative surface analytical 

technique, providing concentration and chemical state information for elements within the 

top monolayers of a material (less than 10 nm). On both PHI560 and Versaprobe III, Al-

Kα X-rays (Ex-ray = 1486.6 eV) interact with the samples, producing photoelectrons ejected 

into the vacuum with a characteristic kinetic energy (Ek) given by Ek = Ex-ray – EB – Φ, 

where Φ is the measured work function of the spectrometer, and EB is the binding energy 

of the core-level (or valence) electron with respect to the Fermi level. Photoelectrons from 

deeper in the material lose energy as they travel through the solid and contribute to the 

spectral background. The measured energy distribution of the ejected electrons is displayed 

as counts/s vs. EB. The area of an individual photoelectron peak after background 

subtraction, together with the corresponding normalization (“sensitivity”) factor, is used to 

obtain elemental abundance, while the peak position (EB) and shape give information on 

the chemical state of the element. 

In this work, the S-2p, O-1s, C-1s, and Fe-3p photoelectron peaks were selected for 

troilite compositional determination; spectral background due to inelastically scattered 

electrons was subtracted using the iterative-Shirley method (Shirley 1972). We chose the 
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Fe-3p feature with its low background for use in quantification, as the Fe-3p and S-2p 

features provide information from a similar sampling depth – critical for direct comparison 

of S:Fe abundance. However, the Fe-2p region, which is complicated by dual spin-orbital 

features, multiplet splitting and energy-loss satellites, exhibits greater sensitivity to 

chemical change and was monitored in the high-resolution XPS data sets. For more detail, 

see the Supplemental Section Figures S1 and S2, which show survey and high-resolution 

XPS spectra respectively, including Fe-3p and Fe-2p photoelectron peaks.  

We confirmed our derived elemental concentrations utilizing manufacturer-

provided instrument-specific sensitivity factors (Multipak v9.8, Wagner et al. 1981), by 

comparison with results utilizing the Fe-2p3/2 and full Fe-2p feature with both Wagner et 

al. (1981) and Loeffler et al. (2008) sensitivity factors; compositions were in agreement 

within 26% for each element/method. Versaprobe instrument sensitivity factors were 

confirmed by measurement of freshly-cleaved pyrite, analyzed in the same manner (Fe-3p 

and S-2p) immediately upon fracture and found to be appropriately stoichiometric (S:Fe = 

2.05 ± 0.05); Loeffler et al (2008) did not measure a sensitivity factor for the Fe-3p.” 

2.2.4. Sample Imaging and Surface Roughness Characterization 

We imaged the polished samples using the FEI XL30 Field-Emission 

Environmental Scanning Electron Microscope (SEM) at ASU’s Eyring Materials Center. 

We obtained images at >20,000x magnification of the sample surfaces before irradiation, 

as well as images at the center of the irradiation spot and outside the irradiation spot after 

irradiation to identify any radiation-induced changes to the surface roughness, topography, 

or texture. Because troilite is weakly conductive, we were able to obtain high-resolution 
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images operating the XL30 at low electron-beam voltage (5 kV) without carbon-coating 

the sample. 

After confirming that the irradiated surface had roughened in the SEM 

measurements, we quantified the change in surface roughness using the Bruker Dimension 

3000 Atomic Force Microscope (AFM) at ASU’s Eyring Materials Center with a NCHV-

A probe in tapping mode. AFM measures the height (Z) of successive points across the 

sample surface by measuring the slight deflection of the nano-scale probe as it interacts 

with the surface. The probe rasters across a square subdivided into 512  512 probe 

measurement points. By decreasing the size of the square, the distance between probe 

measurement points decreases, enabling roughness characterization across a range of 

length scales. We selected squares with sizes: 2  2, 5  5, and 20  20 μm, at locations 

within the irradiated area and without any visible large scratches or other features not 

obviously caused by irradiation. Once the raster image is obtained, MM-8 software 

included in the Dimension 3000 calculates the Z range, average, and standard deviation, as 

well as the projected surface area of the rastered region. To minimize the statistical 

influence of pre-irradiation roughness, we then selected smaller sub-regions within the 512 

 512 point raster images which displayed minimal height variation from sample polishing 

scratches and re-calculated the same statistics. 

2.2.5. SDTrimSP Modeling 

SDTrimSP 6.0 is a 1D Monte Carlo simulation that uses the binary-collision 

approximation to model atomic-collision processes for projectiles incident on amorphous 

targets, both gaseous and condensed (Mutzke et al. 2019). This method improves upon 

some of the known limitations with the SRIM simulations, which do not model accurately 
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the effects of non-normal projectile incidence, sputtering yield angular distributions, 

multicomponent sputtering yields, and interpolated stopping powers; comparisons of 

SDTrimSP output to experimental data are detailed in Hofsäss et al. (2014) and others (e.g. 

Arredondo et al. 2019; Wittmaack and Mutzke 2017) along with a discussion of limitations 

and error. The program can output ion ranges, sputtering yields, reflection coefficients, 

damage cascades, target compositions as functions of depth or fluence, and specific target 

atom/molecule information such as: trajectories, energies, exit angles, vacancies, and 

displacements for comparison with measured parameters (e.g., Szabo et al. 2020a; 

Stadlymayr et al. 2018; Wittmack and Mutzke 2017). Unlike its predecessor, SRIM 

(Ziegler et al. 1985), SDTrimSP provides (1) the option for a dynamic mode, which 

periodically updates the stoichiometry of the target throughout the simulation, (2) 

incorporates outgassing and diffusion of both projectiles and target atoms, (3) includes 

chemical sputtering for carbon, (4) allows additional changes in atomic interaction 

potential, (5) facilitates multiple “concurrent” projectile types and energy/velocity 

distributions, and (6) provides a new inelastic energy model for projectiles exceeding 25 

keV. The user can modify many parameters including the method to solve the scattering 

angle and time integrals, the surface binding-energy model, and the atomic/molecular 

interaction potential model. Our simulations typically used the recommended Gauß-

Legendre integration method; atom-specific surface binding-energy “model two;” and the 

KrC interaction potential. The resulting target-compositional output of the SDTrimSP 

simulations of H+ and He+ irradiation on troilite can be directly compared to experimental 

data – such as XPS spectra – and used to predict the effects of solar-wind ion impact on 

airless planetary surfaces, such as Psyche. 
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We ran SDTrimSP with variations of 4 keV He+ and 1 keV H+ normally incident 

on a planar target, using the laboratory flux of ~1 × 1013 ions/cm2/s to a fluence of ~3 × 

1018 ions/cm2 in order to identify optimal parameters for surface binding energy and 

diffusion. The upper-surface composition of the Canyon Diablo and Toluca samples were 

modeled with 150 Å and 46 Å oxide layers, respectively (see Section 3.4). Both oxides are 

atop a target composed of FeS. The outermost surfaces of the modeled targets were ~3 Å 

of adventitious carbon, typical of most atmosphere-exposed materials (Sinha and 

Mukherjee 2017; Barr and Seal 1995). The sample temperature was defined to be 300 K, 

consistent with laboratory measurements. Projectile ions and sulfur target atoms were 

allowed to diffuse via radiation-enhanced diffusion and outgassing, where levels were 

controlled via their respective diffusion coefficient inputs. Undefined inputs, such as 

diffusion coefficients, surface binding energies, and sample oxide characteristics, were 

manipulated in these simulations to produce data that most closely resembles that from our 

experiments. 

2.2.6. Conversion of SDTrimSP Output to XPS Information Depth 

SDTrimSP provides compositional atomic fractions on a monolayer scale, while 

XPS provides elemental atomic fractions of the integrated upper surface (~50 Å) as a 

function of fluence. Thus, to directly and quantitatively compare the simulation results to 

those from the lab, SDTrimSP outputs require conversion to match the XPS information 

depth. 

Photoelectrons from deeper in the target are less likely to be detected in XPS, due to their 

increased interactions within the solid. Thus, the likelihood of detecting a photoelectron 

(and thus, its parent atom) is dependent on depth and the electron inelastic mean free path 
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(IMFP) within the target (e.g., Powell 2020). The IMFP was calculated for each (element) 

photoelectron using the NIST SRD71 TPP-2M model (Powell and Jablonski 2010) with a 

density of 4.74 g/cm3 for FeS (Skala et al. 2006). The signal intensity (𝐼𝑑) from each atomic 

layer can be described as: 

𝐼𝑑 =  𝐼𝑠 × 𝑒−(𝑑∙
cos 𝜃

λ
)
       Eq (1) 

where 𝐼𝑠 is the photoelectron intensity from the surface layer, d is the depth, θ is the 

photoelectron detection angle (45°) with respect to the surface normal, and λ is the IMFP. 

To convert modeled data to XPS composition, an individual SDTrimSP simulation must 

be run where the final fluence is the respective XPS fluence. For each of those simulations, 

the final atomic fraction at each depth was weighted per Eq (1) for the individual element 

through the first 7.5 nm, then summed and normalized. Because XPS cannot detect helium 

or protons, the atomic fractions of the implanted helium or protons were not included in 

this normalization. 

2.3. Results  

2.3.1. Ion-induced surface roughness 

SEM images of both Canyon Diablo and Toluca sample post-irradiation clearly 

show the development of nanoscale ion-induced surface texturing. Fig. 2.1 shows high-

magnification images (20,000x) comparing outside and inside the irradiated region on both 

Canyon Diablo and Toluca. For both samples, the surface outside the irradiated area is 

smooth apart from striated scratches made during sample polishing. These polishing 

scratches are observed also within the irradiated area, overlain by additional pitting and 

other roughness features at a length scale smaller than 10 nm, a result of ion bombardment. 
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Figure 2.1. High-magnification (20kx) SEM images of the Toluca and Canyon Diablo 

polished surfaces outside the irradiated area and within the irradiated surfaces showing 

nanoscale texturing by both 1 keV H and 4 keV He. 

 

The AFM surface roughness measurements were similar across both samples (Fig 

2.2). On the un-irradiated surfaces, the average of the Z standard deviations across eight 

AFM measurement sites was 2.36 +/- 0.25 nm for Canyon Diablo and 2.26 +/- 0.25 nm 

for Toluca. On the irradiated surfaces, the average of the Z standard deviations was 5.94 

+/- 0.36 nm for Canyon Diablo and 5.49 nm +/- 0.41 for Toluca. 
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Figure 2.2. AFM images showing the un-irradiated (left) and irradiated (right) surfaces 

of Canyon Diablo; both images are 2-micron squares. 

 

2.3.2. Surface Compositional Change: 

Figure 2.3 shows the elemental abundances of Fe, S, O, and C with fluence as 

measured by XPS on the Canyon Diablo and Toluca samples. At low fluences on both 

samples, we observed a S:Fe ratio lower than the expected 1:1 stoichiometric ratio for 

troilite due to the presence of a surface oxide. Oxide formation occurs rapidly on iron 

sulfide exposed to O2 in the atmosphere, as well as with the polishing required for SEM 

and AFM measurements. As this oxide layer was removed by sputtering during the early 

stage of the irradiation, the S:Fe ratio reached a relative maximum, after which it decreased 

as sulfur was preferentially removed.  

On the Canyon Diablo sample, after removal of the surface oxide layer (described 

below), we measured a maximum S:Fe ratio of 0.60 at a fluence of 4.8 × 1017 He+/cm2, 

after which the S:Fe ratio decreased with continued irradiation (Fig. 2.3a) to a final S:Fe 
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ratio of 0.36 at the end of irradiation. The oxide-troilite interface is identified as the region 

where the surface oxide is reduced to 50%, after irradiation by 3.2 × 1017 He+/cm2. 

For the Toluca sample, irradiated with primarily protons, the S:Fe ratio is largest at 

0.51 with 2.6 × 1017 ions/cm2 (Fig. 2.3b). Again, after removal of the surface oxide 

(described below), we observed sulfur loss for fluences above 2.6 × 1017 ions/cm2. The 

final S:Fe ratio for the Toluca sample after a fluence of 6 × 1016 He+/cm2 and then at 2.8 

× 1017 H+/cm2 was 0.22. The oxide-troilite interface at 50 % of the maximum oxygen 

concentration is found at a total fluence of 2.4 × 1017 ions/cm2. Carbon appears within and 

above the oxide layer for Toluca, and with proton irradiation both carbon and oxygen 

appear well-beyond the fluence identified as the interface, suggesting a broader interface 

region potentially due to a reduced sputtering yield by protons in the oxide layer. Indeed, 

we found that the O was retained in the Toluca FeS at higher concentrations after the 

interface than for Canyon Diablo, even after ~3 × 1018 ions/cm2. This is consistent with 

sputtering yield measurements and models for metal oxides, which find that protons sputter 

10-1 less efficiently compared with helium (Betz and Wehner 1983; Schaible et al 2017). 
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Figure 2.3. Atomic abundances of the major elements on the Canyon Diablo (a) and Toluca 

(b) surface at varying fluences of H+ and He+ ions. The gray bar indicates the fluence 

where the interface between the surface oxide coating and bulk troilite is reached. 

 

2.3.3. Fe and S Surface Chemistry: 

Photoelectron binding energies are sensitive to the difference between the surface-

atom final-state and ground-state configurations and reflect the local chemistry. We 

examined the chemical state of the Canyon Diablo and Toluca surface layers, using high-

resolution (low pass-energy) XPS spectra. Fig. 2.4 shows the Fe2p and S2p regions 

measured at 1.5 × 1017 He+/cm2,  just before the oxide-surface interface for Canyon Diablo, 

and again at the end of the 4 keV He irradiation (3.6 × 1018 He+/cm2). Spectra for the O1s 

and C1s peaks were also collected (see Fig. S5). For Toluca, the surface chemistry was 

analyzed after 6.6 × 1016 He+/cm2 and again after additional irradiation with 2.8 × 1018 
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H+/cm2. No difference in chemical state was noted between proton and helium irradiations 

to imply the formation of new hydrogenated species, although the extent of chemical 

reduction was greater for 4 keV He+. Results are described below in detail for the Canyon 

Diablo sample; the Toluca spectra are broadly similar. 

As the precise surface potential for troilite is unknown during XPS acquisition, the 

binding-energy scale must be referenced for each spectral-acquisition dataset. Adventitious 

carbon (C-1s = 284.8 eV) was used to affix the absolute binding-energy scale, with 

subsequent spectra adjusted to the dominant sulfur (S-2p) feature, which showed no 

significant chemical change with irradiation (Fig. 2.4a). The S-2p3/2 and S-2p1/2 

photoelectron peaks were fit with an area ratio of 2:1 to three doublets corresponding to: 

𝑆2− (troilite),  𝑆2
2− and 𝑆𝑛

2− (surface defects) with a binding-energy separation constrained 

by troilite measurements of Terranova et al. (2018). With irradiation, the fractional 

abundance of the sulfur initially increases as the sulfur-poor surface oxide is removed and 

the underlying troilite is sampled by XPS.  

Once the material sampled is exclusively troilite, the S:Fe ratio is observed to 

decrease under both He+ and H+ impact. The primary (~70%) S-2p3/2 peak at 161.5 eV is 

indicative of native Fe-S bonds as expected for troilite (Fig. 2.4a) (Schaible et al. 2019; 

Loeffler et al. 2008). Features due to defects as well as bond-breaking and reformation with 

irradiation, e.g., 𝑆𝑛
2−, increased ~3.7% with 4 keV He+ (Fig. 2.4a) and 1 keV H+. We 

observed no spectral shifts in the S-2p feature that would indicate the formation of new 

species such as SOH (~163 eV) or adsorbed/trapped H2S (~162.8 eV) with proton impact. 

No indication of S-O bonding was apparent at ~168 – 169 eV that would indicate S-O 
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bonds (Terranova et al. 2018; Loeffler et al. 2008; Thomas et al. 2003); thus, any surface 

sulfates have been removed by a fluence of 1.5 × 1017 He+/cm2. 

The Fe-2p photoelectron peaks, a well-separated spin couplet, within Canyon Diablo and 

Toluca show a convolution of features from the iron-oxide surface, the bulk troilite, and 

sulfur-depleted iron after irradiation. For the Canyon Diablo sample just prior to the oxide-

troilite interface at ~1.5 × 1017 He+ cm-2, Fe-S bonds (Fe2p3/2: 707.25 eV) make up only 

~10.5% of the observed Fe; Fe(II)-O bonds (~17.5% Fe2p3/2: 708.3eV with ~19% Fe2p3/2 

shakeup: 713.6eV) and Fe(III)-O (~53% Fe2p3/2: 710.7 eV) in the surface oxide comprise 

the remainder (Bagus et al. 2021; Biesinger et al. 2011; Descostes et al. 2000; Brion 1980).  

The prevalence of Fe(III)-O is consistent with a measured O:Fe ratio of ~1.5 in the 

survey spectra (Fig 2.3a), indicating a native Fe2O3-type surface oxide. With irradiation 

Fe-molecular bonds are broken by the kinetic energy transferred to the solid, preferentially 

sputter removing oxygen (Fig. 2.4b) (Dukes et al. 1999; Loeffler et al. 2008). After 3.6× 

1018 He+/cm2, ~15% of the Fe remains as intact Fe-S, while the primary (65% of the signal) 

Fe2p3/2 photoelectron peak appears at 706.4 eV, indicative of Fe-Fe bonds (Fe0) based on 

electron binding energy (Mcintyre and Zetaruk, 1977; Dukes et al. 1999; Skinner et al. 

2004). This interpretation is also consistent with Fe-Fe at ~706 eV for a subsequent 

measurement of Fe0 in 99.95% Fe metal slug (Alfa Aesar), as well as with published values 

(e.g., Biesinger et al. 2011; Idczak et al. 2016). The remaining Fe2p3/2 photoelectron 

feature(s) (~20%) indicate a small amount of Fe-oxide remains within the near-surface, 

likely due to ion-induced shadowing (roughness) during sputtering and sputter-induced 

layer mixing. This interpretation is consistent with information from the O1s photoelectron 

feature, which decreases in intensity by > 90% (see Fig. S5). A small shift to lower electron 
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binding energy (283.8 eV) is observed with irradiation for recoil-implanted C-1s; a change 

in surface potential was considered, but contraindicated by resulting inconsistent O, S, and 

Fe chemistry. Instead, the C-1s shift suggests the formation of a minor concentration (<1 

at%) of iron carbide (Goretski et al 1989) or a transition in the carbon sp-hybridization. 

While no differences in chemical outcome were observed between H+ and He+ irradiations, 

the extent of change over the course of the irradiation was slightly lower for protons (22% 

Fe-Fe; 32% Fe-S; ~45% Fe oxides). The reduced rate of change for protons in comparison 

to helium is consistent with previous work on olivine (Dukes et al. 1999). 

 

Figure 2.4. High-resolution XPS spectra for S (a) and Fe (b) observed on Canyon Diablo 

describe changes in chemistry with fluence, where the differently shaded photoelectron 

peaks indicate distinct chemical states. (a) The S-2p3/2 and 2p1/2 photoelectron peaks 

show that the surface sulfur remains primarily troilite 𝑆2-, with a minor increase in 

concentrations of 𝑆2
2− and 𝑆𝑛

2−  ion-induced defects. (b) At low fluence significant Fe(II)-

O (cerulean) and Fe(III)-O (light olive) features are apparent from atmospheric exposure 

along with FeS, while at higher fluence the oxide and troilite (blue) are chemically 

reduced to Fe0 (dark olive). Energy loss features (lightest green) also appear when oxide 

is present. Although the magnitude of both S-2p and Fe-2p features was observed to 

increase with removal of surface oxide and adventitious carbon, the ratio of S:Fe is 

reduced (e.g., Fig. 2.3). 
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2.3.4. Oxide Layer Composition and Thickness Estimate: 

To estimate the thickness of the oxide layers on our samples, we used the XPS-

measured surface composition. This is 45.4 at% Fe, 44.9 at% O, 7.0 at% S, 1.3 at% N, 1.0 

at% F, and 0.3 at% Ca for Canyon Diablo, as detected before any ion irradiation – without 

the contribution of adventitious carbon, which resides atop the oxide layer. After defining 

the oxide composition, we varied the thickness of the oxide layer in SDTrimSP to best fit 

the ion-induced depletion rate of oxygen to that of the XPS data, while also matching the 

measured Fe and S data. Based on the minimized chi2 for all data points, oxide layers with 

thickness ~15 nm and ~4.6 nm respectively atop the Canyon Diablo and Toluca samples 

most accurately matched the SDTrimSP simulation to the XPS measurements (Fig. 2.5). 

XPS showed some remaining oxygen (2.5% and 7.5%) in the samples after irradiation to a 

fluence of ~3 × 1018 He+/cm2, while the SDTrimSP simulations indicate <0.1% remaining 

– likely resulting from the 1D simulation not accounting for surface roughness (Szabo 

2018). 
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Figure 2.5. SDTrimSP modeling was used to estimate the surface-oxide depth for each 

meteoritic troilite section by modifying the oxide-layer thickness in the simulation, then 

comparing computational results to measured composition. XPS data (black squares) are 

compared to oxide layers of varied thickness (dashed lines) as a function of ion fluence. 

Based on a chi2 analysis, oxide layers of ~15 nm and ~4.6 nm in the SDTrimSP 
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simulation most accurately match XPS-measured O-concentration with fluence on the a) 

Canyon Diablo and b) Toluca samples. As in Figure 2.3, the gray bar indicates the 

fluence where the interface between the surface oxide coating and bulk troilite is reached 

in the experimental results. 

 

2.4. Discussion: 

2.4.1. Ion-induced surface roughness and microstructure: 

In SEM images, the polished meteorite surfaces showed nanoscale surface 

roughening which evolved with irradiation (Fig. 2.1). Though these nanofeatures were 

difficult to resolve individually even at high-magnification, they appear to be uniformly 

distributed across the irradiated area with minimal variation in scale. AFM analysis 

indicated that this post-irradiation nanotopography was approximately 5 nm in height and 

confirmed minimal variation in feature size across the irradiated area. We did not observe 

a significant difference in feature size or distribution between the Canyon Diablo sample 

(irradiated only with He+) and the Toluca sample (irradiated with both He+ and H+). With 

microscopy alone we could not conclude that these features differed in composition from 

the bulk troilite. However, as noted in the discussion of the Fe and S chemistry derived 

from XPS, we do observe the formation of surficial Fe0, and nano-features are known to 

result from subsurface defects and deformation that occur with the implantation of H/He 

(Auciello 1984; Scherzer 1983). We do not directly observe any physical structures larger 

than nanoscale via SEM/AFM, and the roughness we do observe is orders of magnitude 

smaller than previously observed iron whiskers and nanoparticles in naturally space 

weathered samples (e.g., Matsumoto et al. 2020, 2021). This is not too surprising, given 

the importance of diffusion and surface conditions in controlling the mechanism of sulfur 

depletion as noted by (Matsumoto et al. 2021) and as we further discuss below. 

2.4.2. XPS Sulfur Depletion: 
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Physical sputtering is largely driven by elastic and inelastic collisions that exchange 

momentum between the projectile ions and atoms/electrons in the material, and is strongly 

affected by the elemental composition of the surface material, the existence of adsorbed 

layers, the chemical state (e.g., oxidation state of Fe), and the presence of implanted 

ions/atoms. Atoms within the solid are sputtered from a target when light keV ions are 

backscattered from heavier target atoms within the solid, transferring momentum toward 

the surface in subsequent interactions (Baragiola 2004; Betz and Wehner, 1983). The 

proportion of momentum transferred is a function of mass, energy and scattering angle. 

With the onset of irradiation, the near-surface region can become transiently enriched in 

the lower-mass component of a binary target by momentum-exchange with backscattered 

light (H, He) ions. With continued irradiation, a steady-state low-mass atom depletion at 

higher fluence (~1017 ions/cm2) typically results (Betz and Wehner, 1983; Dukes et al. 

2011). In dual-component materials such as troilite, the non-stoichiometric (preferential) 

removal of one species over another is anticipated, until a surface compositional 

equilibrium is reached. Note that this ion-induced equilibrium is not necessarily equivalent 

to the material bulk composition (e.g., Taglauer and Heiland 1976).  

We observed Fe enrichment within the surface (<10 nm) of irradiated meteoritic 

troilite (Fig. 2.3), with an average concentration of ~70 at% Fe after ~3 × 1018 ions/cm2, 

resulting in an S:Fe ratio of ~ 0.36 and 0.22, for He+ and H+ respectively, with normal ion 

incidence on a polished target. This is roughly twice the S-depletion measured by Loeffler 

et al. (2008) on 4 keV He+ irradiated-troilite pressed pellets (S:Fe ~0.60). Increased S-loss 

from our polished sample was expected, as surface roughness reduces sputtering yields due 

to topographic shadowing and enhanced sputter redeposition. Models estimate a 25 – 90% 
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reduction in sputtering yield (Carey and McDonnell 1976; Hapke and Cassidy 1978; 

Cassidy and Johnson 2005), while experimental tests using granular surfaces suggest a 15 

– 67% decrease (Loeffler et al. 2009; Boydens et al. 2013). Strong surface enhancement of 

Fe in troilite and in pyrite after 1.5 keV Ar+ and O+ irradiation has been previously observed 

by Tsang et al. (1970). Energy-Dispersive X-ray spectroscopy (EDS) analyses have also 

shown increasing S-loss in synthetic FeS and MgS, inversely-proportional to depth after 

irradiation by 4 keV He+ and 5 keV Ga+, suggesting universal S-depletion in metal sulfides 

with ions (Keller et al. 2013; Keller and Rahman 2014). 

2.4.3. Comparing Proton & Helium Induced Sulfur Depletion: 

To identify resultant compositional variation between proton and helium 

irradiation, the contribution of the surface oxide must be removed. Data normalization is 

done by shifting the total fluence of sample with the thicker oxide (Canyon Diablo) such 

that the oxide-substrate interface occurs at the same position; this position becomes the 

nominal null fluence. We used the oxygen composition of ~50%, to mark this location, 

which appears in the Canyon Diablo sample at 3.2 × 1017 He+/cm2 and at 2.4 × 1017 

(He+,H+)/cm2 for Toluca; this is well beyond the initial irradiation by He+ (6 × 1016 

He+/cm2) in the He+/H+ irradiated sample, allowing a direct comparison of proton to helium 

irradiation effects. Error bars in Fig. 2.6 describe the maximum uncertainty in S/Fe atomic 

concentration, inclusive of photoelectron transition and sensitivity factor selection. 

However, the measured relative error for S and Fe within each individual dataset is less 

than 13.5% (as detailed in the Supplementary Text S3). 



41 
 

 

Figure 2.6. Comparison of the troilite surface composition as measured by XPS after 

removal of the oxide layer, shows similar S and Fe removal rates for 1 keV protons (open 

points) and 4 keV helium ions (closed points), as described by the change in (a) 

concentration with fluence and (b) the S:Fe ratio. Data are shifted so that fluence at the 

oxide-troilite interface (50 at% O) is located at the origin. Interpolated curves between 

points are meant to guide the eye. Error bars represent the maximum compositional 

variation due to selection of Fe photoelectron feature (Fe-2p vs. Fe-3p vs. Fe-2p3/2) and 

experimental error, derived from multiple data acquisitions at adjacent locations. 

Relative error within each data set is less than <13.5% for Fe and S, confirming near-

surface sulfur depletion with respect to iron for both H+ and He+. 

 

We observe that the Fe and S curves trend similarly with fluence (1015 – 1018 

ions/cm2) for both He+/H+ irradiations (Fig. 2.6), From the XPS-derived elemental 

abundance data (Fig. 2.6), comparing the three data points for H+ to the overall trend for 

He+ suggesting rates of sulfur depletion for each ion species may not be as dissimilar as 

their measured sputtering yields would suggest (Roth et al. 1979). For a multicomponent 

material such as troilite, the equilibrium or steady-state sputtering yield generally follows 

the monoatomic species component with the lowest yield; this is most often the constituent 

with the greatest mass, as lighter elements are typically preferentially removed (Betz and 

Wehner 1983, Roth et al. 1980). Therefore, for FeS, one would expect Fe enrichment with 

extended irradiation, and the sputtering yield would follow the trend of monoatomic Fe, 
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measured as 10-1 atoms/ion for He+ and 10-2 atoms/ion for H+ (Yamamura and Tawara 

1996; Bodhandsky et al. 1977). SDTrimSP calculations for 1 keV/amu He+ and H+ on 

stoichiometric troilite using standard surface binding energies identify similar order-of-

magnitude differences, calculating YHe+/YH+ ratios of ~8 (0.08/0.01) and ~11 (0.045/0.004) 

for sulfur and iron, respectively at low fluence (Fig. S7).  

These values imply that the Fe-enrichment should occur roughly a decade faster for 

He+ irradiated troilite. However, this is not the case, as the final S:Fe ratio is 0.32 for the 

He+ irradiation (Canyon Diablo) and 0.22 for the H+ irradiation (Toluca) after ~3 x 1018 

ions cm-2. While only a minimal number of measurements with protons were acquired (due 

to the oxide overlayer), the similarity between He+/H+ curves over a wide range of fluences 

is intriguing and merits further investigation. 

We found no evidence of new chemical species formation in the high-resolution 

XPS data (e.g. Fig. 2.4) to a level ~100 ppm, suggesting that chemical sputtering 

enhancement of yield is unlikely, nor indication of beam contamination with heavier ions. 

Identification of a thermal dependence could provide more definitive information, as 

reactivity is a strong function of temperature (Roth 1983). Irradiation by diatomic 

molecular ions such as H2
+ have been shown to increase the sputtering from surfaces at 

high energies (> 10 keV) due to overlapping of collision cascades; similarly, at energies < 

1 keV the sputtering yield deviates from twice the monatomic yield due to variation in 

the molecule effective mass (Yao et al 1998; Dobes et al. 2011). However, low-energy 

ion scattering measurements for 2 keV H2
+ and microbalance analysis for 2, 4 keV O2

+ 

have shown that for singly-ionized diatomic molecules, the kinetic energy is divided 

quite equally between atoms (Dukes et al. 1999; Szabo et al. 2020b). Since irradiations in 
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the current project fall in the low keV range, between 0.5 and 10 keV, we do not expect 

molecular ions to enhance the sputtering rate. Lastly, radiation-enhanced diffusion, the 

increase in target-atom self-diffusion precipitated by the growth of irradiation-induced 

defects in the solid, can increase the mobility of S-atoms to the surface to be sputter-

removed. This mechanism will investigate H+ and He+ irradiation in detail in Section 

2.4.4.2. 

2.4.4.  Investigating Sulfur Depletion with SDTrimSP: 

The preferential removal of S over Fe with irradiation results from either (1) 

surface composition changes due to differences in constituent masses or surface binding 

energy (Us), or (2) compositional changes in the altered layer through the ion penetration 

depth, or (3) both. Elemental concentrations through the ion range derive from thermal 

diffusion, radiation-enhanced diffusion, recoil implantation and mixing, species surface 

segregation and radiation-enhanced segregation (Betz and Wehner, 1983). Diffusion 

mechanisms assist in depletion by transporting the more volatile species (e.g. S) in 

vacancies and interstitials through a concentration gradient toward the surface, where it is 

subsequently sputter removed. Segregation traps the S at the solid-vacuum interface 

where free energy is minimized. Both diffusion and segregation mechanisms are a 

function of temperature, and thus may perform differently on the surface of Psyche and 

other objects within the Asteroid Belt, where temperatures can reach from ~240 K (e.g. 

Tosi et al. 2018) to significantly below. To identify the most-influential parameters 

driving ion-induced sulfur depletion in troilite, we simulated the process using 

SDTrimSP.  

2.4.4.1. Effect of Surface Binding Energy: 
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We evaluated the effect of surface binding energy (Us) on the FeS composition with 

ion irradiation by modifying the atom-specific parameters in SDTrimSP. For the knock-on 

collision regime of keV protons and helium interactions, the sputtering yields for troilite 

are highly-dependent on internal kinetics governed by the target mass distribution, and to 

a lesser extent, by the atom surface binding energy. We confirmed this by independently 

varying Us for sulfur, while monitoring the effect on the target composition with irradiation 

and holding all other variables constant. We found that even large changes in Us (0 vs. 10 

eV) for sulfur relative to iron did not affect the depletion profile significantly using either 

independent values for Us (model 1) or composition weighted values (model 2) (see Fig. 

S6). Thus, we conclude that Us had a minor effect on the preferential sputtering of S, 

insufficient to explain the magnitude of the observed S:Fe depletion. Therefore, sulfur 

segregation or diffusion effects within the ion-altered region must account for 

discrepancies between the simulation and XPS data. In subsequent SDTrimSP simulations, 

we retained Us default values, equivalent to the heat of sublimation. 

2.4.4.2. Effect of Ion-induced Diffusion of Sulfur: 

SDTrimSP has recently been updated to include diffusion within the target, 

including: (1) solid-state thermal diffusion, where given sufficient thermal energy, target 

atoms move through the solid-state lattice filling vacancies or occupying interstitial 

regions; and (2) radiation-enhanced diffusion, in which the mobility of target atoms is 

enhanced by the greater ion-induced defect density. In addition, simulations may also 

include (3) diffusion of the implanted projectile via pressure-driven transport and by (4) 

outgassing of the projectile due to sputter-induced compositional gradients. At 300K target 

atoms are mobilized exclusively by concentration gradients within the damage-region, 
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diffusing toward the surface at rates dependent on concentration and on the temperature-

dependent diffusion coefficient with a probability dependent on location within the ion 

range (nearby atomic displacement). SDTrimSP employs variations of Fick’s laws to 

describe the diffusion of target atoms toward the surface, as detailed in the Supplementary 

Data section and in von Toussaint et al. (2016). 

We evaluated the effect of S-diffusion by comparing the simulated target 

composition with fluence to XPS laboratory data, enabling and disabling diffusion in 

SDTrimSP. The compositional fit to data was vastly improved when damage-driven 

diffusion was included in the model (Fig. 2.7), suggesting that radiation-induced diffusion 

plays a critical to establishing S:Fe equilibrium values. We were able to estimate the sulfur 

diffusion coefficient ηT by running multiple SDTrimSP simulations with different settings 

and obtaining a best fit against our experimental data. SDTrimSP does not provide default 

diffusion coefficients except for H, Ar, and Xe. Since the ratio of diffusivity between 

helium and hydrogen was found to be 0.897 through gypsum (Yang et al. 2013) and 1.012 

through air (Cussler et al. 1985), both close to unity, we equated the He and H diffusion 

coefficients. For target atoms, no published values appear in the literature for sulfur 

diffusion through troilite, thus, we extracted these values from SDTrimSP-XPS data best 

fits. Radioactive tracer measurements of diffusion through metals show that the diffusivity 

for S can be orders of magnitude larger than that of Fe (Haynes et al. 2016), thus Fe 

remained static in our models.  

Using order of magnitude estimations, the values for the damage-driven sulfur 

diffusion coefficients that have the lowest chi2 when compared to the Canyon Diablo and 

Toluca XPS data were respectively: ~1 × 103 and ~5 × 102 Å4 per atom, roughly 10-3 of 
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the helium/hydrogen coefficients thus, we determined 𝜂𝑇(𝑆) = 7.5 × 102 Å4 per atom 

(Fig. 2.7).  
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Figure 2.7. Inclusion of damage-driven diffusion for sulfur in the SDTrimSP simulation 

has a strong effect on modeled surface compositional changes in meteoritic troilite with 

ion irradiation. With no sulfur diffusion (ηS = 0) in the model (a & b: dotted curves), the 

simulations do not replicate the measured surface composition (squares) for fluences 

beyond 5 x 10-17 ions cm-2. (a) Adjustment of the sulfur diffusion coefficient (dashed & 

solid curves) improves the model, where a chi2 best fit to S, Fe, O, and C compositions 

was identified for ηS = 1 × 103 Å4 per He+(solid curve). (b) Similarly, inclusion of 

damage-driven diffusion and variation of the coefficient for sulfur (dashed & solid 

curves) in the Toluca troilite identified a best fit with ηS = 5 × 102 Å4 per H+(dash-dot 

curve). Implanted H and He were also allowed to diffuse in the simulations. As in Figures 

2.3 and 2.5, the gray bar indicates the fluence where the interface between the surface 

oxide coating and bulk troilite is reached in the experimental results. 

 

To quantify the sulfur diffusion in standard units (cm2/s), we compared the 

concentration of sulfur at a depth of 150Å in the Canyon Diablo target after two different 

He+ fluences: (1.2 × 1018 He+/cm2 and 3.6 × 1018 He+/cm2), resulting in an estimated sulfur 

flux through the sample of 7.6 × 107 atoms/cm2/s (see Supplementary Text S5). Thus, we 

find the sulfur-diffusion coefficient 𝐷𝑇(𝑆) through the damage region of irradiated 

amorphous FeS is approximately 5.6 × 10-22 cm2/s at 300K. This is significantly larger than 

diffusion measurements for isotopically-labelled 34S through natural crystalline pyrite as 

measured by Rutherford backscattering for temperatures 500 – 725°C; extrapolating the 

coefficient to 300 K yields DS = 1.75 x 10-37 cm2/s (Watson et al. 2009), although such an 

extrapolation below the explicitly defined temperature range introduces substantial 

uncertainty. There is not a large body of literature comparing diffusion rates for amorphous 

vs. crystal structures (Lazarus 1985). Coffa et al. (1992) found the diffusivity for transition-

metal species through silicon was larger for amorphous phases and suggested that 

transitory trapping at defects may inhibit interstitial diffusion in amorphous structures. 

While troilite demonstrates continued crystalline phases with irradiation (Christoffersen 

and Keller 2011), defects and damage may similarly inhibit diffusion, resulting in a larger 

sulfur-diffusion coefficient. 
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2.4.5. Effect of Elemental Composition within the Altered Layer: 

With the inclusion of diffusion processes for sulfur and helium (or hydrogen), the 

altered layer directly below the surface through the ion range was inspected in the 

SDTrimSP simulations (Fig. 2.8). The simulation results were compared with our XPS 

measurements, as well as Keller et al. (2013) interpretations for 4 keV He+ (45° incidence; 

2.3 × 1018 He+/cm2) irradiated FeS and Matsumoto et al. (2020) observations of naturally 

space weathered Itokawa FeS grains. In transmission electron microscopy (TEM) cross-

sections, Keller et al. (2013) identified a Fe-enriched surface region of 2-3 nm with S-

depletion throughout the outermost ~10 nm of the irradiated troilite, which was interpreted 

as the formation of a metallic skin atop a strongly S-depleted region roughly equivalent to 

the ion range. Similar results were found in natural Itokawa FeS grains exposed to the solar-

wind, along with vesicles throughout the damaged region to a depth of 40-50 nm 

(Matsumoto et al. 2020, Chaves et al. 2021). The vesicles, which in some cases are open 

to the surface, are expected to result from the aggregation of implanted solar gases, since 

they appear through the ion penetration region. Partially amorphized sulfur-depleted rims 

were also found on lunar FeS grains (Matsumoto et al. 2021), although these were 

significantly thicker (~80-100), suggesting a contribution from other space weathering 

mechanisms such as meteorite-impact vapor deposition or more-energetic ions. 
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Figure 2.8.  SDTrimSP model for the final composition of troilite after 3.6 × 1018 (H, 

He)/cm2 as a function of depth, including implanted projectile species, with flux of 1 × 1013 

(H, He)/s/cm2. The ratio of S:Fe illustrates the significant S-depletion in the near-surface 

with helium irradiation (~5 nm; dashed blue) and with proton irradiation (~20 nm), with 

minor depletion (5 - 10%) extending even beyond the projectile penetration range due to 

diffusion resulting from the compositional gradient within the solid. The projectile 

implantation depth extends to ~60 nm for 1keV H+ (solid green) and ~130 nm for 4 keV 

He+ (dashed green). 

 

Both Matsumoto et al. (2020) and Keller et al. (2013) results are consistent with 

our XPS measurements of S:Fe concentration, where 95% of the S-2p and Fe-3p peak 

intensity derive from the surface-most ~8 nm, based on the calculated IMFP (Powell and 

Jablonski 2010). These results are also consistent with SDTrimSP results for 4 keV He+ 

irradiation to the fluence used in our experiments on meteoritic troilite (3.6 × 1018 He/cm2), 

where a strong Fe-enrichment (S:Fe ~0.1) is seen at the surface, decreasing swiftly with 

depth such that S:Fe ~0.7 at 5 nm and 95% bulk stoichiometry is reached at ~10 nm (Fig. 

2.8). The implanted He appears to be mainly distributed through depths of 10 – 110 nm – 

directly below the significant S-depletion region and diffusing well beyond the classical 
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penetration depth of 48 nm (range + straggle) calculated via TRIM (Ziegler et al. 1985). 

The ability for projectile ions to appear well beyond the ion range has been noted by many 

researchers and has been ascribed to ion-enhanced diffusion, lattice swelling, discrete 

breathers and other mechanisms (deBroglie et al. 2015; von Toussaint et al. 2016; Zhang 

et al. 2010). The helium concentration decrease with proximity to the surface is due to the 

low Us, which results in preferential sputtering at the outermost monolayer; this creates a 

concentration gradient for helium – from bulk to surface through the damage region – 

driving diffusion outward. Pressure-driven outgassing of the unbound projectiles 

additionally increases their transport from the implantation position.  

For 1 keV protons the damage layer thickness differs due to the decreased 

penetration depth, although the absolute near-surface Fe-enrichment is enhanced, similar 

to our experimental data. We suggest that, for identical fluence, the decreased S:Fe for 

protons is due to an increase in the density of recoil displacements localized in the near-

surface region (< 10 nm) facilitating S-diffusion with subsequent sputter removal.  

Similar to helium, SDTrimSP describes the presence of hydrogen, enhanced in the 

10 – 30 nm range after irradiation by 3.6 × 1018 H+/cm2. This correlates with the embedded 

deep-vesicle region (40 -50 nm) identified in the Itokawa troilite particles (Matsumoto et 

al. 2020). This trapped hydrogen is then available for the formation of new molecular 

species, e.g. H2O and H2S, in the irradiated grain rim region (Schaible et al. 2014, Zhu et 

al. 2019). 

2.4.6 Solar-ion weathering of 16 Psyche: 

Having benchmarked our model parameters with XPS laboratory data, we are able 

to predict the effect of solar wind irradiation on pure troilite at Psyche. A simultaneous 
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mixture of 4 keV He+ (4%) and 1 keV H+ (96%) at a total ion flux (2.9 A.U.) of 2.4 × 107 

ions cm-2 s-1 were used in the simulation. Since S-diffusion plays the major role in the 

depletion process, the contribution of heavy ions (Ar+; O+, etc.) was not included in this 

simulation. However, appropriate flux is critical, as concentration gradients are driven by 

the counterpoint between sputtering rate and subsurface radiation-induced diffusion (von 

Toussant et al. 2016), changing significantly over the course of the irradiation as a function 

of surface atomic concentration (Fig. S7). Initially, S sputters more rapidly (0.08 S/He; 

0.01 S/H) from troilite than Fe (0.05 Fe/He; 0.005 Fe/H), preferentially removing sulfur 

from the near surface, such that by the time steady-state conditions – beyond 3 × 1018 ions 

cm2 – are reached, SDTrimSP sputtering yields are dominated by Fe (protons: S: 0.004; Fe: 

0.009; H: 0.004 atoms/H+ and helium: S: 0.03; Fe: 0.08; He: 0.02 atoms/He+) at Psyche 

solar-wind fluxes.  

Our results suggest a rapid depletion of surficial sulfur on Psyche’s surface over 

the first 100 years (Fig. 2.9), consistent with sulfur depletion observed on other airless 

asteroid surfaces, such as Eros (Nittler et al. 2001) and Itokawa (Arai et al. 2008), where 

S-depletion appears to correlate with space-weathered regions. From the simulation, we 

expect that the S:Fe ratio in surficial fresh-regolith troilite on Psyche should decay from 

unity to a level of ~7% as a function of time. The depletion curve is best fit with a logistic 

model: y = A2 + [(A1 - A2) / (1 +( t / t0 )
ρ)], where A1 is the initial S:Fe ratio (1), A2 is the 

equilibrium ratio after extended irradiation (0.067), t0 is the midpoint of change (1.21 

years), and ρ is the fitting power (0.70). This type of fit is frequently used as an empirical 

model for sputter depth profiling to describe concentration changes at the interface between 

two dissimilar layers, such as FeS and the resultant S-depleted Fe (e.g. Kirchhoff 2012). 
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Figure 2.9. Sulfur depletion was quantified via SDTrimSP in the outermost monolayer (1 

ML) for exposed troilite deposits within Psyche’s surface regolith over time (Earth-

years), given a solar wind flux of 2.4 × 107 ions cm-2 s-1 for a combination of 1 keV/amu 

protons (96%) plus helium (4%) is calculated via SDTrimSP. The S:Fe ratio decays at a 

geophysically-rapid rate from unity to a level of ~7% within 10 kyr, fit with a logistic 

curve. The ability to observe this depletion with the Psyche Mission’s GRNS 

Spectrometer will depend on multiple parameters, including the asteroid surface 

composition, troilite abundance, average grain size, and the regolith gardening rate. 

 

Psyche’s uppermost monolayer is expected to record the greatest extent of sulfur-

depletion from solar-wind ion irradiation – of high-significance for exospheric production; 

thus, we focus our SDTrimSP studies on depletion in this region. Secondary-ion mass 

spectrometers directed toward the surface of an airless body are able to identify species 

sputtered from the surface monolayer of an airless body such as the Moon (e.g. Johnson 

1991; Elphic 1992; Yokota et al. 2009) or Mercury (e.g. Zurbuchen et al. 2008; Raines et 

al. 2013). However, while Schläppi et al. (2008) identify solar-wind ion sputtering as the 

dominant mechanism for exospheric production at asteroids 2867 Steins and 21 Lutetia 

and transient OH and H2O has been noted at Ceres, no exosphere has been definitively 

detected yet around an asteroid (Grava et al. 2021). Thus, the potential to identify a thin 
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sulfur-exosphere sputtered from the surface of Psyche is intriguing, with further study 

merited. 

In addition, while ion irradiation directly depletes surficial (10 nm) sulfur in 

laboratory samples, regolith gardening processes at Psyche should cycle irradiated surface 

particles, thus propagating the sulfur-depleted region to greater depth. Though gardening 

rates and depths have yet to be quantified on a metallic surface, studies of S-complex 

asteroid surfaces suggest time scales ranging from 104 years (Loeffler et al. 2008) to 105 

years (Willman et al. 2010) and depths from 1 cm (Loeffler et al. 2008) to 1 km (Housen 

et al. 1979). 

Two instruments aboard the Psyche spacecraft will measure surface properties 

potentially relevant to space weathering. The Gamma Ray & Neutron Spectrometer 

(GRNS) will measure bulk elemental abundances in the upper 10-100 cm across large-

footprint (~10s of km diameter) regions of Psyche’s surface beginning in Orbit D, with the 

ability to detect sulfur with 15% measurement precision if it is present at >3 wt.% 

abundance (Peplowski et al. 2018). The Multispectral Imager will infer surface mineralogy 

using eight filter bands in the visible to near-infrared (~400 to ~1100 nm) built into twin 

CCD cameras (Dibb and Bell 2018). Changes in surface micro-roughness and chemistry 

may both play a role in altering the optical reflectance, slope, and albedo of troilite and 

other minerals present on the surface of Psyche (Yon and Pieters 1987). The size and 

relative abundance of troilite grains in the regolith, as well as gardening rates and other 

concurrent sulfur-depleting processes (e.g. Prince et al. 2020), will influence the 

detectability of weathering-induced sulfur depletion by both instruments, while not being 

directly measured. 
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Once the GRNS measures the sulfur content of a region and mineralogy is derived 

from multispectral images, a suite of compositions with different mixtures of rock, metal, 

and sulfide will non-uniquely match these measurements. In a compositional mixing 

model, the troilite fraction may be assumed to have reached full depletion of its sulfur 

content, or the degree of weathering may be included as a free parameter. Compositional 

models must also account for sputtered sulfur, which if it does not escape into space 

(Schläppi et al. 2008), redeposits across a wide area of the asteroid surface. Finally, the 

presence, strength, and structure of a magnetic field at Psyche would affect the flux of solar 

wind at the asteroid surface (Elkins-Tanton et al. 2020, Oran et al. 2018). 

2.5. Conclusion:  

We experimentally simulated space weathering by solar-wind ions on meteoritic 

troilite samples, irradiating with both 1 keV H+ and 4 keV He+. Irradiation resulted in an 

ion-induced increase in sample surface roughness to ~5 nm uniformly distributed across 

the irradiated area, with H+ and He+ ions appearing equally effective at roughening polished 

surfaces. We observed loss of sulfur due to ion-induced sputtering, with H+ irradiation 

surprisingly similarly effective at removing sulfur relative to iron as He+. Sputtering yields 

for troilite are fluence-dependent, with near-surface sulfur preferentially sputter-removed 

at low fluences leaving a Fe-enriched surface.  

Minimal chemical variation is observed in S, while Fe is reduced from air-formed 

oxide and native troilite at high fluences to Fe0. We modelled these irradiations with 

SDTrimSP, concluding that surface binding energy has only a minor effect on the 

distribution of S within the solid; rather, sulfur diffusion effects in the ion-altered region 

account for the magnitude of the observed S:Fe depletion. Without invoking gardening or 



55 
 

other processes, detecting S-depleted troilite with the Psyche spacecraft’s instruments may 

be challenging. These findings should be generally applicable to any troilite-containing 

airless planetary body. 
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CHAPTER 3: LASER IRRADIATION OF IRON METEORITES: REGOLITH 

PARTICLE FORMATION BY THERMALLY DRIVEN MECHANICAL 

BREAKDOWN 

Authors: J. M. Christoph, M. J. Loeffler, T. Sharp 

Abstract:  

While laser ablation is typically used to simulate space weathering by 

micrometeorite impact in stony materials, metallic asteroids may be subject to additional, 

potentially novel mechanisms of thermally driven surface modification. Thus, we have 

performed a suite of laser irradiation experiments on four constituent minerals of iron 

meteorites. We observe textures and fracture patterns in the laser-irradiated regions 

consistent with thermally driven mechanical failure both above and below the melting 

temperature of the respective minerals. Morphological and topographic changes are 

consistent with thermal expansion, plastic deformation, localized melting, decomposition, 

and outgassing. The resulting highly fractured surface may promote further breakdown 

by subsequent sources of mechanical stress. We hypothesize that on a metallic planetary 

surface, thermal stress at temperatures below the melting temperature of the surface 

material may play an important role in space weathering, regolith formation, gardening, 

and other surface evolution processes. 

3.1. Background: 

Laser ablation experiments have been used in recent years to simulate 

micrometeoroid impacts (Sasaki et al. 2001, Loeffler et al. 2008, Loeffler et al. 2016, 

Gillis-Davis et al. 2017), a primary mechanism for both regolith formation and space 

weathering. While larger impacts can effectively break down a solid planetary surface 
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into smaller blocks, smaller impacts are generally more frequent (Neukum et al. 1974) 

and pulverize those surface blocks into progressively finer powder in-situ (Gault 1970, 

Melosh 2011). Over geologic time, many subsequent impacts “garden” this pulverized 

surface, cycling additional large blocks to the surface where they are broken down, 

deepening the equilibrium thickness of the resulting regolith (Gault 1970, Housen et al. 

1979, Durda 1999, Moretti et al. 2007, Durda et al. 2011). Micrometeorite impacts 

produce characteristic petrologic features within their resulting craters and surrounding 

rock – e.g. glassy material within the crater, spallation deposits, and halos of highly 

shocked material – which are distinct from the signatures left by other planetary surface 

processes (Hörz et al 2020). Micrometeorite impacts have also been associated with the 

formation of nanophase iron particles (npFe) (Sasaki et al. 2001, Moretti et al. 2007, 

Loeffler et al. 2016, Thompson et al. 2019) and have been invoked as a source of thermal 

energy to drive diffusion within the near surface of mineral grains (Chapman 2004, 

Loeffler et al. 2008). Both processes are key mechanisms in space weathering, observed 

as changes in the spectra and albedo of airless planetary surfaces (Gold 1955, Hapke 

2001), and the ability of laser irradiation to reproduce these space weathering features has 

motivated its extensive use as a laboratory analog method for the process (Sasaki et al. 

2001, Loeffler et al. 2008, Prince et al. 2020). 

As compared to a microscopic impact, nanosecond-duration laser pulses can 

deliver similar energy over a similar interaction volume, with the advantage that the 

incident energy is uniform across the laser-irradiated surface (Sasaki et al. 2001, Prince et 

al. 2020). However, the laser does not directly replicate the process of an impact. Heating 

by absorption of incident photons is the primary mode by which energy from the laser is 
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transferred to the sample (Sasaki et al. 2001), with excavation and shock resulting from 

explosive superheating (Gregossian et al. 2009, Ehsani et al. 2021), rather than 

mechanical compression (Melosh 2011). This thermal energy component is nevertheless 

important in both space weathering and regolith formation, independent of whether a 

laser or a micro-impact is the heat source. In space weathering, heat from micrometeoroid 

impacts drives diffusion of atoms from below the penetration depth of incident ion 

irradiation, which can help propagate the space-weathered surface from nanometer-scales 

to thicknesses comparable to the information depth of optical remote sensing (Chapman 

2004, Loeffler et al. 2008, Christoph et al. 2022).  At the same time, other thermally-

driven process can also mechanically modify airless planetary surfaces – examples 

include fatigue breakdown from diurnal and annual temperature cycling (Molaro and 

Byrne 2012, Delbo et al. 2014, Molaro et al. 2017), re-solidification of melt from larger 

impacts (Hörz et al. 2020), and contact metamorphism associated with igneous processes 

(Melosh 2011). 

On a metallic asteroid surface, such as we plan to explore with the NASA Psyche 

Mission, the material properties of metals suggest potentially novel modes of thermally 

driven surface modification. The high thermal conductivity of metals might imply heat 

from remote sources could modify material at greater depth or distance than would occur 

under the same conditions on a stony object (Porneala and Willis 2006). Likewise, the 

ductile behavior of metals may enable modes of thermally driven mechanical 

deformation absent on surfaces composed of more brittle stony minerals (Marchi et al. 

2020). Finally, high-temperature processes common on rocky planetary surfaces may 
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have metallic equivalents, albeit with dramatically different geomorphology, such as 

ferrovolcanism (Abrahams and Nimmo 2019). 

Given the variety of thermally-driven processes hypothesized on metallic asteroid 

surfaces, it is useful to establish experimentally how rapid heating can alter analog 

metallic materials. In this study, we use laser irradiation to simulate rapid heating driven 

by micrometeoroid impacts or other natural processes on an asteroid surface. Using 

scanning electron microscopy (SEM) imaging, we compare the morphological and 

compositional changes resulting from laser irradiation on metallic and nonmetallic 

constituent minerals of iron meteorites. We use the results to estimate what 

characteristics may be observed on a thoroughly space-weathered metallic asteroid 

surface, such as we may find at Psyche. 

3.2. Methods: 

3.2.1. Samples 

We chose to study two thick section slabs from the Canyon Diablo meteorite. The first 

thick section is 1.5 cm x 1.0 cm, consisting mostly of kamacite with an irregular ~5 mm 

schreibersite inclusion near the center. We obtained element maps of the thick section 

containing the schreibersite inclusion using a combination of Energy-Dispersive and 

Wavelength-Dispersive X-ray Spectroscopy (EDS / WDS) on the JEOL 8530 EPMA at 

the ASU Eyring Materials Center (Figure 3.1). Using vibratory polishing, we polished 

one side of each of our thick samples to a surface roughness < 1 µm to maximize 

visibility of any surface modification occurring during laser irradiation. 
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Figure 3.1. Three views of the polished thick section of Canyon Diablo used in this 

experiment. A) photograph of the sample in its storage box. B) a backscatter electron 

microscope image of the thick section surface. C) an elemental abundance map made 

with Energy-Dispersive X-ray spectroscopy. Three mineral phases predominate: the bulk 

is single-crystal kamacite (FeNi), with an irregular schreibersite ([FeNi]3P) inclusion in 

the center surrounded by cohenite (Fe3C). Additional cohenite inclusions are present 

elsewhere on the sample surface, and smaller graphite and rhabdite inclusions are 

visible as single pixels scattered within the bulk metal. 

 

The schreibersite inclusion ([FeNi]3P) is surrounded by a cohenite (Fe3C) rim. 

Despite the difficulty of measuring carbide phases using EPMA, Canyon Diablo is 

carbon-saturated and cohenite rims are typically present around its schreibersite 

inclusions (Buchwald 1975). All troilite (FeS) inclusions in this sample are smaller than 

the laser spot diameter, thus we separately irradiated a second thick section with 

comparable dimensions cut from a large Canyon Diablo troilite nodule. 

3.3.2. Laser Irradiation 

We irradiated our sample using a Continuum Minilite Nd-YAG (1064 nm) laser, 

which emits 6-8 ns pulses at 1 Hz. The laser beam entered the chamber through a glass 

window and was imaged onto the sample at normal incidence.  The resulting spot size on 

the sample was measured to be ~0.7 mm (~0.4 mm2); each pulse had an energy fluence of 

~10 J/cm2.  Unlike previous studies attempting to irradiate a large sample area to obtain 
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optical reflectance spectra of a simulated “fully weathered” surface (Prince et al. 2020; 

Thompson et al. 2020), here we performed a suite of individual pulses on each phase on 

the sample surface, with >1 mm lateral spacing between each ablated area, so the 

modification resulting from a single pulse could be analyzed with electron microscopy. 

3.3.3. Electron Microscopy  

 We imaged the laser-irradiated regions using two Field-Emission Scanning 

Electron Microscopes (SEM) at the ASU Eyring Materials Center: the FEI XL 30 and the 

Thermo-Scientific Helios 5 UX. Except where indicated on the images, we maintained 

the electron beam voltage at 10 kV for the XL30 and 20 kV for the Helios instruments. 

We initially used both backscatter (BSE) and secondary (SE) imaging for low-

magnification survey images, while subsequently relying on secondary imaging with the 

Everhard-Thornley Detector on both instruments for higher-magnification investigations 

of detailed features. 

3.3. Results: 
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Figure 3.2. Secondary electron image centered on the edge of a laser spot on bulk 

kamacite, with the laser-irradiated material inside the dashed circle. The SE detector and 

resulting apparent illumination is at the top of the image. An irregularly curved ripple or 

ridge (A) forms ~100 microns inside the irradiated area. The diagonal lineations 

crossing the image near the center (B) are polishing scratches with exaggerated 

topography, as compared to equivalent un-irradiated scratches in the bottom-right 

corner. A cluster of 10-micron-diameter circular depressions appears at the top center 

(C). 

 

The edge of the 1-mm-diameter laser spot in Kamacite is visible as a faint dark 

ring (Figure 3.2), with a set of curved ripples or ridges approximately 10 m wide and 

100 m inward from the edge. Polishing scratches visible as fine lineations on the 

unirradiated side are exaggerated within the laser-irradiated region, as the scratches 

appear wider and have higher contrast with the surrounding material. Rounded 
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depressions approximately 1-10 microns in diameter appear in clusters throughout the 

laser-irradiated region. 

 

Figure 3.3. An SEM image of the top-left corner of a laser spot irradiating the 

schreibersite inclusion (center) and the cohenite rim (lower right), with irradiated 

material inside the dashed circle. The lower portion of this image and the same laser spot 

partially overlap Figure 3.4, so we focus on the schreibersite here. An irregular curved 

ripple or ridge forms ~100 microns inside the edge of the irradiated area (A). Pre-

irradiation fractures and scratches are highly exaggerated, with ~10m-wide rounded 

ridges running parallel on either side (B). Numerous circular depressions are present in 

the irradiated area, ranging in diameter from 20 microns down to sub-micron (C). 

Deformation is particularly extensive within a few microns of the schreibersite grain 

boundary (D). 

 

The edge of the laser spot in Schreibersite (Figure 3.3) is again visible as a faint 

bright ring and a curved ripple ~100 m inward from the edge of the irradiated area. The 

edges of pre-irradiation fractures and scratches within the Schreibersite are highly 
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topographically exaggerated into smooth, well-rounded ridges as wide as 10 m. Many 

circular depressions are visible in the laser-irradiated schreibersite, ranging in diameter 

from 20 m to sub-micron pits. Both the circular depressions and the exaggerated edges 

resemble those observed in the kamacite but their topography is greater and their 

morphology is more distinctly visible. The extent of deformation is greatest near the 

schreibersite grain boundary, with a greater frequency of smaller fractures and circular 

depressions within ~10 microns of adjacent grains, while features within the schreibersite 

interior are larger and less frequent. 

 

Figure 3.4. The same laser spot as shown in Figure 3.3 but focusing on the cohenite rim. 

The edge of the laser spot is again visible as a faint darkening of the material, with the 

irradiated region inside the dashed circle. Numerous linear fractures are visible in three 

parallel orientations within the irradiated region (A). Two types of surfaces are visible 
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between the fractures: dark, smooth, concave, parallelogram-shaped flakes or plates (B); 

and bright, rough, flat, striated regions (C). 

 

Fractures crisscross the laser-irradiated cohenite (Figure 3.4). Some fractures 

correspond to pre-irradiation cracks and scratches visible in backscatter imaging (Figure 

1). The remaining fractures are strongly linear and in parallel sets with at least three 

orientations. On the left side of the image, some fractures appear to propagate from the 

cohenite into adjacent mineral grains, though notably not into the kamacite bulk. 

Between these fractures are two types of surfaces: smooth, thin, polygonal plates; 

and brighter regions indicating fine-scale roughness (Figure 3.5). The smooth plates are 

slightly curved and concave upward with their edges raised above sample surface. Bright 

contrast on the flake edges reveals a thickness of up to a few m. The brighter, rougher 

surface regions consist of sub-parallel terraces separated by angular ridges ~1 m apart. 

The more prominent ridge crests stand out as high contrast features in secondary electron 

imaging. 

 

Figure 3.5. Higher-magnification SEM images of the smooth plates near the center of 

Figure 3.4 (left) and the rough surface immediately above them (right). The ETD detector 

and corresponding apparent illumination is at the top. On the left, concave flakes are 

dark on the upper surface where they are relatively shadowed, with bright edges in direct 

illumination. On the right, parallel and sub-parallel bright linear features indicate edges 

of a stepped or striated fracture surface. 
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Figure 3.6. SEM image of a laser irradiated troilite surface. A faint, bright ring marks 

the edge of the laser spot, with the irradiated material inside the dashed circle. Parallel 

to sub-parallel bright linear features in the irradiated region correspond to fractures 

with topographically exaggerated edges that take the form of rounded ripples or ridges 

(A). 10 micron and smaller circular depressions are concentrated close to these ridges, 

although some are visible solitary or in clusters, e.g.(B). 

 

Multiple sets of parallel fractures are visible in the irradiated troilite (Figure 3.6). 

The widest fractures continue into the unirradiated region while the smaller, more closely 

spaced fractures terminate near the edge of the laser spot. The sides of each fracture are 

accentuated by raised ridges similar to those observed in schreibersite but appearing less 

rounded and with sharper exposed edges. Near the fractures themselves, the ridges are 

pockmarked with micron-scale circular pits along the exposed edge. In some places, 
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linear chains of these pits extend outward from the fractures and may in turn open into 

new fractures. Among the fractures contained within the laser-irradiated region, those 

closer to the edge of the laser spot appear shorter, more closely spaced, and with more-

exaggerated ridges than those toward the center of the laser spot. 

To summarize, we observe a consistent range of deformation features across the 

four minerals. All four phases feature a faint change in SEM image contrast at the edge of 

the laser-irradiated area, with an annular ripple or ridge approximately 100 microns 

inward. Within the schreibersite, troilite, and cohenite, we observe formation of new 

fractures and expansion of existing ones, features absent in the kamacite. In the irradiated 

kamacite, schreibersite, and troilite we observe contrast-exaggerated scratches, while the 

cohenite surface is modified extensively enough to erase any evidence of this process. 

We also observe circular depressions in all four phases, consistent with either plastic 

deformation (kamacite), vesiculation (troilite, cohenite), or both (schreibersite). Where 

the laser irradiated area overlaps a grain boundary, as in the schreibersite and cohenite, 

we observe an increase in extent of deformation, as compared to the bulk interior of the 

same phases, and especially as compared to the kamacite. Only cohenite exhibits 

formation and removal of thin plates between newly-formed fractures, and as we discuss 

below the most likely mechanism is unique to this mineral. While these features may be 

grouped and discussed together, they each occur under different thermal conditions and 

may thus require subtly different explanations. 

3.4. Discussion: 

3.4.1. Surface heating by laser absorption. 
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Multiple potential mechanisms are consistent with the deformation and fracture 

observed in each mineral phase, all relying on the laser irradiation heating the surface. 

However, the extent of modification on each phase depends both on the mineral and on 

the surface geometry. Absorption and ablation efficiency of laser energy increases with 

surface roughness (Ihlemann et al. 1992), such that highly polished reflective or 

transparent surfaces may be minimally modified at low laser fluences until sufficient 

defects can form to increase absorption. In similar laser irradiation experiments, Loeffler 

et al. (2016) found that multiple laser pulses were required to melt samples of silica, 

olivine, and synthetic forsterite, with smoother surfaces exhibiting minimal mechanical 

deformation or chemical alteration. It is thus striking that we observe any surface 

modification at all on our vibrationally polished surfaces irradiated with single laser 

pulses. A more thorough quantification of how much laser energy is absorbed by each 

phase will be forthcoming. Based on the smooth surface texture, we estimate the laser-

heated kamacite reflected the majority of the incident laser energy, but was still 

significantly heated. The circular ripples and depressions may represent small areas 

within the laser spot where the kamacite locally melted, perhaps due to microscopic 

structural heterogeneities or inclusions. The high surface temperature required to melt 

kamacite would also cross the kamacite-taenite phase transition temperature (Yang et al. 

1996), however we lack a means to measure this transition in our sample if it indeed 

occurred during laser irradiation. The lack of an obvious ablation crater indicates the 

kamacite did not approach the thermodynamic critical temperature necessary for laser-

induced phase explosion (Porneala and Wills 2006, Gregossian et al. 2009). We thus 
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attribute the modification observed in kamacite either to melting and solidification, or to 

plastic deformation below the melting temperature. 

The thermodynamics of cohenite are significantly more complex than for 

kamacite. Cohenite initially crystallizes when an iron-carbon alloy containing >6 wt.% C 

crystallizes from a melt below 2110 K (Biele et al. 2022). However, at atmospheric 

pressure cohenite becomes unstable below ~1300 K and decomposes to ferrite + graphite 

(Ringwood 1960). Cohenite inclusions in meteorites are preserved below ~1000 K 

because diffusion is too slow for the decomposition reaction to proceed (Ringwood 

1960), and they are preserved only in those iron meteorites in which alloying elements 

like Ni extend the cohenite stability field into the 1000-1300 K temperature range (Robin 

1966). However, when cohenite samples are heated above 1000 K in laboratory 

experiments, they can decompose over time scales ranging from minutes to years, 

depending on the rate of graphite nucleation (Lipschutz and Anders 1964). While such 

time scales are orders of magnitude longer than the nanosecond duration of the laser 

pulse, the well-established heat-sensitivity of cohenite in the 1000-1300 K range is 

relevant to interpreting the observed fractures. 

The troilite surface exhibits the greatest extent of textural modification consistent 

with melting, such as vesicles and melt cracks. Troilite can also undergo a decomposition 

reaction to ferrite + sulfur gas at elevated temperature, but unlike cohenite, troilite 

remains stable up to the pyrrhotite eutectic at 1260 K (Ferro et al. 1989). It is therefore 

likely that the laser-irradiated surface of the troilite did indeed melt rather than 

decompose, but it may have also partially vaporized with loss of sulfur, contributing to 

vesicle formation. 
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3.4.2. Deformation in Kamacite and Schreibersite 

The kamacite and schreibersite are the most morphologically similar phases, 

albeit the degree of surface modification is significantly greater in schreibersite than in 

kamacite. No significant fractures are present in the kamacite before or after irradiation, 

only widened and deepened polishing scratches. It is tempting to attribute the presence of 

fractures in schreibersite to the proximity of the grain boundary with the cohenite rim, 

which would geometrically constrain thermal expansion occurring at different rates in 

each phase. Similar mechanics have been invoked in other petrologic examples of 

thermally-driven plastic deformation, including weathering of Rapakivi Granite 

(Backlund 1938), Zener pinning (Smith 1948), and two-phase grain flow (Bercovici 

2012). However, although we observe more frequent fractures, ridges, and vesicles near 

the schreibersite grain boundary, there is not enough evidence to attribute these features 

to any specific mechanism of grain-boundary-constrained deformation. The simplest and 

most plausible explanation for the features observed in both kamacite and schreibersite is 

plastic deformation by thermal expansion as the surface approaches the melting 

temperature of each mineral. The greater extent of modification in schreibersite as 

compared to kamacite may be due to the kamacite surface being smoother, and thus 

containing both fewer and smaller surface defects before irradiation, consistent with 

previous laser irradiation experiments (Loeffler et al 2016). 

3.4.3. Fracture in Cohenite 

 The parallel fractures and thin plates that form in the cohenite warrant a more 

specific mechanism than simple plastic deformation. Although flat, planar fragments are 

typical among impact ejecta (Michikami et al. 2016), these are mechanistically dissimilar 
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due to absence of shock in our experiment. The flat edges of the plates appear to be 

defined by linear fractures that form in multiple parallel sets during the laser pulse. The 

concave upper faces with upturned edges and corners indicate the plates are lifting off the 

surface in a manner resembling delamination. We interpret the rough surfaces of parallel 

ridges between the linear fractures as regions where plates have been removed 

completely, exposing the material underneath. We will discuss each step in more detail. 

Delamination is most common along interfaces beneath and parallel to the 

surface, as in exfoliation and sheeting of a thin surface layer or coating (Holzhausen 

1989, Martel 2017). The only possible thin surface layer on the cohenite would be a 

surficial oxide coating formed during sample storage or preparation. However, the 

approximately 1-m thickness of the plates as shown in Figure 3.5 is comparable to the 

information depth of the EDS detector used to measure the surface elemental composition 

prior to laser irradiation. If the plates represent a delaminating surface oxide ~1 m thick, 

that layer would have been detected during initial EPMA analysis, however we did not 

measure significant oxygen abundance in the cohenite or any other mineral phase on the 

sample. 

In a cohesive single-layer material, delamination can also occur by fracture 

propagation parallel to the surface with similar mechanics to other non-interfacial 

fracture growth modes, provided a source of stress with the correct orientation (Liechti 

2008). The thickness of the plates is comparable to the thermal skin depth calculated in 

3.4.1 above, suggesting that the plates may form by horizontal fracture propagation at the 

lower extent of the region heated by the laser pulse. The rough surface of parallel ridges 

left behind underneath the plates suggests these fractures may not be perfectly horizontal 
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relative to the sample surface, but instead follow the internal microstructure of the 

cohenite or defects therein. 

Finally, we must discuss the role the cohenite decomposition reaction at 1000-

1300 K may play in the formation of the fractures. The three apparent preferred 

orientations of the parallel linear fractures are consistent with the crystallographic planes 

of cohenite’s crystal structure. As the decomposition reaction initiates, graphite crystals 

would preferentially nucleate and grow along these planes. It is thus possible that the 

fractures form as the heated cohenite surface cools, with nucleated graphite crystals 

providing weak points along which the fractures propagate both across the surface and 

horizontally beneath it. However, we do not directly observe any graphite crystals on the 

irradiated cohenite surface, and so cannot confirm this interpretation. 

3.4.4. Troilite fracture and melting 

The fractures, pits, and ridges observed in the troilite surface are all consistent 

with melting and accompanying thermal expansion. The presence of multiple sets of 

parallel fractures in the troilite surface initially appears similar to the cohenite but without 

the distinct plates, suggesting that these fractures may be crystallographically controlled. 

However, the fractures in troilite are more sinuous than those in the cohenite and may 

instead be forming along some other internal fabric of the mineral. Notably, the circular 

pits and depressions in troilite are significantly more abundant, deeper, and more closely 

associated with the fractures than those in the other three minerals. It is likely that these 

pits are a product of sulfur gas released from vesicles as the troilite decomposes. 

We can directly compare these results with previous laser irradiation experiments 

on troilite surfaces. Prince et al. (2020) irradiated pressed pellets of troilite powder with 
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the same laser apparatus as used in our experiment, finding evidence of surface melt and 

deformed boundaries on grains irradiated with 8 laser pulses, similar to the melting and 

modified fractures observed in our experiment.  Continued irradiation through hundreds 

of laser pulses produced an Fe-enriched surface bearing little resemblance to the troilite 

grains’ original morphology and structure, but with optical reflectance spectra consistent 

with thermally driven decomposition. We therefore interpret the fracture growth, melting, 

and vesiculation observed in our laser-irradiated troilite thick section as very early stages 

of the processes Prince et al. (2020) observed in laser-irradiated troilite powder. 

3.4.5. Relationship of fracture initiation with regolith formation. 

Fracture nucleation is an important step for regolith formation by thermal fatigue. 

Fatigue refers to the breakdown and failure of a material under cyclic stress loading, such 

as thermal expansion and contraction. Long studied as a problem in engineered materials, 

fatigue driven by the expansion and contraction of rocks during diurnal and seasonal 

temperature changes has been proposed as a regolith formation mechanism on airless 

planetary surfaces (Molaro and Byrne 2012, Molaro et al. 2017, Molaro et al. 2020), 

especially on small objects with insufficient gravity to retain ejecta from impacts or other 

high-energy disruption events (Graves et al. 2019). In both engineering and planetary 

science contexts, real-world fatigue stress conditions are neither uniform in magnitude 

nor precisely regular in frequency, thus failure by cyclic loading is often conceptualized 

as cumulative damage (Sandor 1972). Growth of fractures by thermal fatigue occurs in 

three stages: initiation, stable growth, and unstable growth. The duration of the stable 

growth phase is described by the Paris Law (Paris and Erdogan 1963, Delbo et al. 2014, 

Molaro et al. 2017), while unstable growth occurs rapidly just before failure. Crack 
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initiation by fatigue alone requires microscopic fractures to form at the material surface 

and coalesce into a single crack 0.1 to 1.0 mm in length (Meyers and Chawla 2010). The 

initiation phase dominates the total time to failure if no existing cracks or fracture 

nucleation sites are present (Janssen et al, 2002), while high-amplitude fatigue stress can 

accelerate initiation causing stable growth to dominate (Meyers and Chawla 2010). 

In our experiment we observe the formation and expansion of sub-mm fractures 

within mineral inclusions, facilitated by thermally driven decomposition reactions and 

plastic deformation. While the presence of an inclusion is often sufficient to initiate a 

fatigue crack in the surrounding bulk material (Grosskreutz 1970), we find it notable that 

the heat delivered by the laser pulse can initiate fractures within inclusions in mere 

nanoseconds. Furthermore, we directly observe fractures widening and elongating during 

a single episode of heating by the laser, suggesting repeated heating pulses would 

propagate these fractures even further. In some locations (e.g. Figure 3.4) we observe 

these fractures propagating across grain boundaries from one inclusion to another, 

although we do not observe fractures propagating into the bulk kamacite. Notably, 

ferrous alloys can exhibit a fatigue stress amplitude threshold, referred to as the 

endurance limit, which must be exceeded for a fracture to initiate (Meyers & Chawla 

2010), though it is unclear whether meteoritic iron is subject to such an endurance limit. 

Nevertheless, thermally driven breakdown of inclusions within an iron meteorite will be 

relevant for future studies on iron meteorite fracture mechanics, either by fatigue or shock 

stress.  
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3.5. Conclusion: 

We performed exploratory laser irradiation experiments simulating rapid heating 

characteristic of micrometeoroid impacts on four constituent minerals in an iron 

meteorite sample. All four minerals exhibit thermally driven deformation: bulk plastic 

deformation in kamacite, fracture extension and plastic deformation constrained by grain 

boundaries in schreibersite, fracture initiation and delamination due to decomposition in 

cohenite, and melting and volatilization in troilite. These deformation modes indicate that 

abrupt, non-cyclic thermal stress from micrometeoroid impacts, or other thermal energy 

sources can initiate mechanical breakdown within iron meteorite inclusions. Taken as an 

analog for a metallic asteroid surface, this mechanical breakdown may produce micron-

scale fragments contributing to regolith and may also provide nucleating sites for 

subsequent thermal fatigue or other mechanical stresses to break down the bulk material 

further. Taken together, these results illustrate some of the novel mechanisms of regolith 

formation and weathering on metallic asteroid surfaces. 

  



87 
 

CHAPTER 4: CHARACTERIZING EJECTA FRAGMENTS FROM CRATERING 

EXPERIMENTS INTO IRON METEORITES 

Authors: J. M. Christoph, T. Sharp, S. Marchi, & L. T. Elkins-Tanton. 

Abstract: 

 Impacts are a main regolith-forming process on airless planetary objects explored 

thus far, and likely also on objects yet to be explored.  The bulk material properties of the 

impacted planetary surface influence the properties of both the resulting crater and 

impact-driven regolith formation.  Metallic planetary surfaces, as hypothesized for 

asteroid (16) Psyche, present a relatively new domain of impact processes due to their 

higher strength and differing deformation and fracture modes as compared to stony 

surfaces. While a metallic regolith is still hypothetical, it is necessary to characterize a 

laboratory analog in advance of exploring a metal-rich world for the first time. Using 

Scanning Electron Microscopy (SEM), we imaged ejecta fragments from a previously 

reported impact gun experiment into an iron meteorite target.  By characterizing the 

ejecta fragments’ fracture surfaces, we attempt to constrain the deformation and failure 

modes occurring during the impact. We find that these ejecta fragments exhibit a wide 

range of surface morphologies, including rounded, angular, flattened, curved, and 

cupped, consistent with multiple modes of both brittle and ductile mechanical 

deformation. We predict that a regolith composed of such metallic ejecta particles may 

have a higher slope angle of repose compared to silicate regolith due to the hypothetical 

increased cohesiveness of such irregular particles in a low-gravity environment. 

4.1. Background: 

4.1.1. Impact-driven regolith formation 
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Impacts at all sizes are efficient at breaking down the rocks that make up a 

planetary surface into smaller pieces through shock, compression, and excavation 

(Shoemaker et al. 1967, Gault 1970, French 1999). The relatively higher rate of smaller 

impacts over larger ones (Melosh 2011) means that smaller impactors disproportionately 

contribute to surface breakdown, resulting in regolith formation (Melosh 2011, Hörz and 

Cintala 1997). At the smallest length scales, microscopic dust impacts contribute specific 

observable textures including glass and shocked material (Hörz et al. 2020), while also 

playing a significant role in space weathering (Adams and McCord 1971, Keller and 

McKay 1997, Sasaki et al. 2001, Loeffler et al. 2008). However, due to the equilibrium 

resulting from impacts into already-shattered material (Gault 1970, Melosh 2011) 

macroscopic impacts are still necessary for both the breakdown of larger rocks (Hörz et 

al. 2020, Cambioni et al. 2021) and “gardening” overturn of broken-down fragments 

(Hörz 1977). Acting together over geologic time, these processes develop the meters-to-

kilometers-thick regolith we observe on the Moon (Shoemaker et al. 1967, Oberbeck and 

Quaide 1968, Gault et al. 1974, Papike et al. 1982, Wilcox et al. 2005) and the diversity 

of regoliths found on asteroids (Veverka et al. 2001, Keihm et al. 2011, Tsuchiyama et al. 

2011, Walsh et al. 2019, Yokota et al. 2021, Stickle et al. 2023). 

 The final physical characteristics of mature regolith grains may not resemble the 

initial ejecta fragments due to space weathering, fatigue, and other processes (Papike et 

al. 1982, McKay & Ming 1992, Hörz and Cintala 1997). However, the initial breakdown 

of surface blocks into finer particles is important to consider, as this initial ejecta surface 

is the starting material that subsequent regolith-maturing processes act on. 

4.1.2. Metallic failure modes 
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Figure 4.1. Cartoon depictions of fracture modes in metals, modified from Fig. 8.1 in 

Meyers and Chawla (2014) after Ashby (1999). Each of these failure modes has a 
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characteristic fracture surface, which can be identified in SEM to determine the 

mechanical conditions experienced during failure. 

 While impact mechanics are well-characterized in rocks typical of terrestrial 

planetary crusts and stony asteroids, metals can exhibit different mechanical behavior. 

Most rock-forming minerals behave as brittle materials under impact conditions (Petrovic 

2001), meaning they tend to undergo only a small amount of elastic deformation before 

suddenly snapping along grain boundaries or cleavage planes upon reaching their 

ultimate yield stress (Meyers and Chawla 2014). In contrast, metals more typically 

behave as ductile materials, experiencing a clear transition from elastic to plastic 

deformation significantly below their ultimate yield stress, and undergoing a significant 

amount of deformation before failure (Figure 4.1) (Petrovic 2001, Meyers and Chawla 

2014). It is also important to consider that both brittle and ductile failure can be 

influenced by the presence of inclusions or “impurities,” which may be weaker than the 

bulk material or may nucleate voids by concentrating stress at structural weak points 

(Meyers and Chawla 2014). 

Many metals, including Fe-bearing alloys, can switch to ductile failure when 

cooled below a certain transition temperature (Petch 1958, Armstrong 1964). However, 

body-centered cubic (BCC) crystal structures undergo brittle-ductile transition much 

more readily than face-centered cubic (FCC) crystals, which can remain ductile well 

below the BCC transition temperature (Cottrell 1958, Remo & Johnson 1974, Lawn & 

Wilshaw 1975). Meteoritic nickel-iron can contain both BCC and FCC phases, with low-

Ni kamacite (α-FeNi, analogous to ferrite) and high-Ni taenite (γ-FeNi, analogous to 

austenite) forming a multi-component microstructure as the Fe-Ni metal cools, with the 
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precise mechanism depending on the abundance of both Ni and P due to the uptake of Ni 

by iron-nickel phosphide inclusions (Buchwald 1975, Yang and Goldstein 2005, 

Goldstein et al. 2009). It is therefore not necessarily obvious how a given iron meteorite 

will fracture under impact conditions on an asteroid surface. 

4.1.3. Iron meteorite fracture mechanics 

 Previous studies of the bulk mechanical properties of iron meteorites have been 

relatively few, but nevertheless instructive. Petrovic (2001) provided the most recent 

literature review, summarizing previous quantitative bulk strength and ductility 

measurements of iron meteorites. Iron meteorites are significantly stronger than their 

stony counterparts in all reported experiments, and ductile-brittle transition behavior has 

been observed in iron meteorites in several previous experiments (Petrovic 2001). Invar 

and stainless steel, close chemical analogs for iron meteorites, are less useful mechanical 

analogs since iron meteorites have orders-of-magnitude larger grain sizes and 

microstructures than human-made alloys, having cooled over geologic time (Petrovic 

2001). 

 A specific focus on iron meteorite fragmentation mechanics began in the 1970s. 

Gordon (1970) performed tensile failure experiments on samples of the Gibeon iron 

meteorite, a fine octahedrite with 7.9 wt.% Ni (Buchwald 1975), finding that neither 

nonmetallic inclusions nor cooling to 150 K significantly embrittled the Gibeon metal. 

Auten (1973) subsequently performed similar tensile failure experiments on Gibeon 

metal and observed a brittle-ductile transition below 150 K. Remo and Johnson (1974) re-

assessed the results of both Gordon (1970) and Auten (1973), noting that while tensile 

tests simulate uniaxial loading, an impact would produce triaxial loading, raising the 
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brittle-ductile transition temperature from 50 K under Gordon’s (1970) experimental 

conditions to 200 K. Subsequently, Remo and Johnson (1975) performed Charpy Impact 

experiments – an ASTM standard fracture test in which a sample with a notch on one side 

is impacted on the opposite side by a falling pendulum (Meyers and Chawla 2014) – on 

samples of the Henbury iron meteorite, a medium octahedrite with 7.1 wt.% Ni 

(Buchwald 1975), confirming a brittle-ductile transition at 195 K. 

Additionally, Remo and Johnson (1974) noted the lack of a brittle-ductile 

transition in FCC alloys (Cottrell 1958), hypothesizing that the degree of ductile 

deformation in an iron meteorite would decrease in samples with more abundant taenite, 

the Ni-rich FCC phase, and thus with increasing bulk Ni content of the parent body. 

Subsequently, Johnson et al. (1979) performed Charpy impact experiments on samples of 

the Hoba iron meteorite, an ataxite with 16.4 wt.% Ni (Buchwald 1975), and imaged the 

resulting fracture surfaces with backscatter SEM. Specimens impacted at 195 K were 

ductile in the Charpy test, with fracture surfaces dominated by void-initiated ductile 

fracture. Specimens impacted at 77 K were brittle in the Charpy test, with fracture 

surfaces displaying a combination of void-induced failure and cleavage. Johnson et al. 

(1979) thus concluded that increased Ni content lowers the brittle-ductile transition 

temperature of iron meteorites and hypothesized that it would be lower than the present 

surface temperatures of Ni-rich iron meteorite parent asteroids. 

One challenge when interpreting these experimental results is the choice of 

samples: the Widmanstätten microstructures of Gibeon and Henbury are less than 1 mm 

thick, and that of Hoba is microscopic (Buchwald 1975). The kamacite and taenite grains 

Gibeon, Henbury, and Hoba are therefore significantly smaller than the length scale of 
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the fractures produced by either a tensile failure test or a Charpy impact test, making it 

difficult to distinguish the brittle-ductile behavior of individual mineral phases from that 

of the iron meteorite bulk. Subsequent advances in metallurgical characterization enabled 

Ueki et al. (2021) to perform tensile failure tests on microscopic samples milled by ion 

beam etching from individual kamacite and taenite grains in Gibeon. Ueki et al. (2021) 

found the taenite grains to have 3 times higher yield strength and 3.5 times higher 

elongation-to-failure (a proxy of ductility) than the kamacite grains, suggesting that this 

increase in strength may result from either the higher Ni abundance of the taenite or 

solid-solution-strengthening by minor or trace elements present in the metal. 

To summarize, meteoritic iron is significantly mechanically stronger than the 

stony minerals that make up previously explored planetary surfaces, as well as the 

nonmetallic inclusions contained within iron meteorites. Meteoritic iron undergoes a 

brittle-ductile transition below 200 K, with the exact transition temperature depending on 

the Ni content of the metal and corresponding abundance of taenite grains. We expect 

these properties to strongly control the size, quantity, and morphology of ejecta fragments 

produced by impacts into metallic asteroid surfaces, and in turn the properties of an 

impact-generated metallic regolith. However, it is difficult to predict a priori how the 

mechanical properties of an iron meteorite influence its behavior during impact and the 

physical properties of the resulting ejecta, thus necessitating experimental testing. 

4.1.4. This study 

The goal of this work was to learn more specifically what mechanics occur in an 

iron meteorite when it is impacted, and to characterize the ejecta produced. We 

investigated this by imaging ejecta fragments produced by aluminum pellets from a 
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hypervelocity impact gun into an iron meteorite target using scanning electron 

microscopy (SEM), subsequently assessing whether their fracture surface morphology is 

consistent with brittle or ductile failure mechanisms. Under brittle failure, we would 

expect planar or jagged surfaces consistent with cleavage or transgranular fracture. Under 

ductile failure, plastic deformation would result in curved surfaces that diverge from or 

obscure the pre-impact microstructure.  

4.2. Methods: 

4.2.1. Samples 

 Details of the impact experiment that produced the fragments we characterized 

can be found in (Marchi et al. 2020), and we summarize them here. Marchi et al. (2020) 

performed a battery of impact experiments into multiple iron meteorite and FeNi ingot 

targets in vacuum using the NASA Ames Vertical Gun Range. Here we examine ejecta 

from shot #3.09, the target material for which is a block of Santiago Papasquiero 

(ASU#721), an ungrouped iron meteorite with an interlocking equiaxial structure 

consisting of ~0.1 mm polygonal grains of kamacite with interstitial ~0.01 mm grains of 

taenite and tetrataenite. This is an unusual structure among iron meteorites and has been 

interpreted to suggest recrystallization of the meteorite after initial formation of its parent 

body (Buchwald 1975), but it presents a grain geometry that can be easily distinguished 

in electron microscope imaging if and where the structure is preserved after impact. A 4 

cm cube of Santiago Papasquiero cooled to 129 K was impacted with a 6.350 mm 

diameter spherical aluminum projectile at 5.31 km/s and normal incidence, a velocity 

comparable to the 5.81 +/- 1.11 km/s impact velocities in the Main Belt (Farinella and 

Davis 1992). The resulting impact crater (Figure 4.2) is 21.5 mm in diameter by 7.6 mm 
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in depth. The interior of the crater is covered in structures resembling thin, concave 

petals, rising to an overhanging flap projecting several mm above and radially out from 

the crater rim (Marchi et al 2020). Numerous fractures are visible radiating out from the 

crater across the bulk surface of the impact target and extending internally as revealed by 

x-ray tomography, described by Alexander et al. (2022). Ejecta fragments were recovered 

by sweeping the impact chamber with a brush, followed by magnetic separation from any 

nonmetallic particles left within the chamber from previous experiments. 

 

Figure 4.2. The crater in the center of the target block after impact. Petal-like structures 

cover the crater floor and extend into the raised, cantilevered rim flap. A set of fractures 

radiates out from the crater, in some places (e.g. the rear edge of the block) producing 

spallation fragments. 

 

4.2.2. Microscopy 

All the fragments are mounted on a one-inch SEM slide with a carbon tape round, 

except the largest (>5 mm) piece which is mounted separately to avoid beam shadowing 

effects while imaging the smaller fragments (Figure 4.3). Even though the metal 

fragments are conductive, we applied a carbon coating to minimize localized charging at 



96 
 

rough points on the fragment surfaces and maximize electrical contact with the flat tape 

surface. We imaged the fragments with two Field-Emission Scanning Electron 

Microscopes (FE-SEM) at the Eyring Materials Center at Arizona State University: 

initially an FEI XL30 and subsequently a Thermo Scientific Helios 5 UX which replaced 

it. We obtained mosaics of overlapping secondary and backscatter electron images at 

200x magnification covering the entire slide, as well as higher resolution images up to 

15,000x magnification of representative fragments and features. We used secondary 

electron imaging to characterize fragment surface morphology, as well as backscatter 

electron imaging to clearly identify fracture surfaces. Subsequently, we used energy-

dispersive X-ray spectroscopy (EDS) to assess the elemental composition of certain 

contrast features within the backscatter electron images. Our goal was to capture features 

within the visible fracture surfaces on each fragment that could potentially indicate the 

mode of strain, deformation, and failure that occurred during impact. While we cannot 

necessarily quantify the relative contribution of each mode to the whole population of 

ejecta, we can gain an overall sense of the various ways the impact broke down the target 

material. 



97 
 

 

Figure 4.3. Backscatter electron image mosaic of 291 ejecta fragments mounted on a 1-

inch slide (all but the largest piece). The individual images are backscatter electron at 

200x magnification and 30 kV beam potential. 

 

4.3. Results: 

4.3.1 Survey of the ejecta fragments 

We recovered 292 fragments, with a total mass of 0.75 g. The largest single 

fragment is 10 mm long, >5 mm in all dimensions, and has a mass of 0.45 g. The 

remaining fragments include 75 between 5.0 and 1.0 mm, 210 between 1.0 and 0.25 mm, 
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and the remainder <0.25 mm (Figure 4.4). Intriguingly, these fragments are 

approximately an order of magnitude larger than those produced by impacts into stony 

targets at similar velocities (Durda and Flynn 1999). However, this size distribution may 

not be a representative sample of all ejecta produced by an impact onto a meteoric iron 

target, since the collection method may not have captured all of the smallest metal 

particles produced. We can at least observe that an impact into Santiago Papasquiero is 

effective at producing ejecta fragments in the mm-to-sub-mm size range, which is 

consistent with inferences of regolith grain size from observations of (16) Psyche’s 

thermal inertia (Landsman et al. 2018, de Kleer et al. 2021). 

 

Figure 4.4. Size-frequency distribution of the ejecta fragments, plotted as a histogram 

(gray bars), Gaussian Kernel Density Estimate (blue curve) and Cumulative Distribution 

(red scatter plot).  
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The 291 fragments mounted on the same SEM slide are shown in Figure 4.3. 

Before taking this mosaic image, we first surveyed a few of the larger fragments to 

identify any challenges for high-resolution imaging of the entire slide. On a few 

fragments at relatively low electron beam potential (<10 kV), backscatter images show 

alternating dark and light regions (Figure 4.5a), which indicate compositional variation 

due to either different densities or atomic numbers. EDS point spectra show that the 

brighter backscatter region is composed of Fe and Ni in typical ratios for meteoritic iron 

(Figure 4.5b), while the darker backscatter region includes a significant amount of Al 

(Figure 4.5c). Fe and Al do not typically mix in iron meteorites (or elsewhere), as 

alloying because the two elements do not readily metallically bond with one another. 

Instead, the Al is residue from the impactor, deposited in a thin layer on top of FeNi bulk. 

Since the volume of the impactor is only a tiny fraction of the crater volume, we did not 

expect this layer to be more than a few microns thick. Imaging the sample at increasing 

electron beam potential (up to the Helios’s maximum of 30 kV) extended the backscatter 

information volume fully into the Fe bulk beneath the micron-thickness Al layer, at 

which point the backscatter contrast feature to is no longer visible. We are thus confident 

that backscatter electron imaging at 30 kV captures the topography of this buried Fe 

surface rather than the Al coating on the few large particles where this backscatter 

contrast feature is visible. 

 



100 
 

 

Figure 4.5.  Backscatter contrast on the exposed faces of some fragments imaged at 2-5 

kV indicates compositional heterogeneity (A). EDX spectra show that the higher-contrast 

(brighter) material (B) is the iron-nickel alloy of the target meteorite, while the lower-

contrast (darker) material (C) contains aluminum from the impactor. The presence of Fe 

and Ni x-rays in the darker region indicates the Al is a surficial layer, and at high 

electron beam potential we are able to image the underlying FeNi fracture surface. 
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4.3.2 Fragment morphology types 

Among the fragments in the Figure 4.4 mosaic image, we were able to identify six 

broad types of distinctive identifying features listed in Table 4.1. Many fragments 

exhibited multiple feature types, so the sum of values in the last column exceeds the total 

number of fragments. We describe each fragment type in more detail below. 

Table 4.1. 

TYPE IMAGE MORPHOLOGICAL 

INTERPRETATION 

COUNT 

Petals Figure 4.6 Possibly related to crater rim/floor flaps 85 

Radial Lineation Figure 4.7 Shock wave interaction with internal 

interfaces 

13 

Preserved 

Grains 

Figure 4.8 Intergranular brittle fracture 31 

Plastic (micro) Figure 4.8 Ductile deformation due to stress 

concentration 

86 

Plastic (macro) Figure 4.9 Ductile deformation across whole 

fragment 

121 

Ungrouped/error N/A Non-metallic or non-conductive 

fragments 

12 

 

The first type of feature we observe is distinctive enough that it was identified by 

Marchi et al. (2020) with preliminary low-magnification optical microscopy. These 

fragments exhibit a petal-like morphology, visually similar to the overhanging flap 

projecting out from the crater rim or the smaller flaps within the crater bowl. The largest 

example of this type is shown in Figure 4.6, however the exact shapes and sizes of these 

fragments vary from mm-scale pieces containing multiple attached curved petals to open 

hemispherical or cup-shaped pieces tens of microns in diameter. 85 fragments are of this 

type, approximately 34% of the total number. 
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Figure 4.6.  A petal-like fragment, defined by a thin, irregular, concave surface, visually 

similar to the petal structures in the impact crater floor and rim.  

 

Other feature types were not specifically described in Marchi et al. (2020) and are 

difficult to resolve with the optical microscopy technique used by Marchi’s team. The 

first such type is defined by lineations radiating in a conical or branching pattern from a 

single point on one side of the fragment (Figure 4.7). Only 13 such fragments exist, the 

smallest grouping among fragments that can definitively be shown to originate from the 

Santiago Papasquiero target. 

 

Figure 4.7. A branching fragment, defined by lineations radiating in a conical or 

branching pattern from a single point at the fragment edge. 
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Some of the fragments appear to preserve the pre-impact microstructure of 

Santiago Papasquiero: interlocking polygonal grains of kamacite with interstitial taenite 

(Figure 4.8). The exposed fracture surfaces on these fragments run directly along grain 

boundaries, and in some cases further intergranular fractures run deeper into the fragment 

but not all the way through. The largest fragment is one such piece, along with 30 other 

smaller pieces (31 total). However, imaging these fragments at higher magnification 

reveals that not all the individual grains are preserved intact. The smallest features of 

Santiago Papasquiero’s microstructure are the 10-μm interstitial taenite grains, all of 

which exhibit significant plastic deformation, and some of which straddle fractures 

between adjacent larger grains. Additionally, some of the larger grains protruding from 

the fracture surface exhibit similar plastic deformation, with non-planar faces and 

elongated tips, while directly adjacent and contacting grains appear unmodified. A total 

of 86 fragments include this feature: all of the 31 fragments with preserved grains include 

some of these plastically-deformed grains, plus 55 more which either do not exhibit any 

preserved grains or which are smaller than a single 100-μm grain of the pre-impact 

meteorite. 
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Figure 4.8. (A) A portion of the largest (>5 mm diameter) fragment, showing interlocking 

20-μm grains closely resembling the pre-impact microstructure of the Santiago 

Papasquiero meteorite, with intergranular fractures. (B) The exposed face of a kamacite 

grain displaying a planar surface with rough edges, bordered at the top by a heavily 

plastically deformed region. (C) Plastically deformed tip of a protruding kamacite grain, 

adjacent to unmodified grains with planar faces. (D-G) Heavily deformed 5-μm 

interstitial taenite grains at boundaries between larger kamacite grains which are 

significantly less deformed. 
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The largest group of fragments exhibits plastic deformation larger than the 20-

micron grain size of the pre-impact meteorite. A variety of textures is included in this 

type. Most of these fragments are smooth, rounded, and appear compositionally 

homogeneous (Figure 4.9A, D). Some exhibit curved “lips” or “rims” folded back over 

the fragment edge (Figure 4.9C), superficially similar to the “petal” type described above 

but smaller and not comprising the entire fragment. On other fragments we observe 

surfaces covered in “peaks” spaced a few ~10s of μm apart from one another across a 

wide area of the fragment surface (Figure 4.9B). These peaks superficially resemble the 

plastically elongated tips of the grains in Figure 4.8C above but with no visible grain 

boundary surfaces or other evidence of the pre-impact microstructure. We group all these 

various features into a single type with 121 members, defined by plastic deformation 

greater than 20 microns in length scale. 
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Figure 4.9. Two fragments (A, C) exhibiting plastic deformation larger than the Santiago 

Papasquiero grain size. Higher-magnification detail images of each fragment show a 

series of sharp peaks on the face of one fragment (B), and a raised lip curving around the 

edge of the other fragment (D). 

 

 The final fragment type includes those which are not definitively metallic, either 

due to lower backscatter coefficient or persistent charging even after carbon coating, 

implying low electrical conductivity; only twelve exist, and they are discounted from our 

analysis. 

4.4. Discussion: 

4.4.1. Interpretation of each fragment type. 

The petal fragments are the most difficult to interpret. Their superficial 

morphological similarity to the overhanging rim flap and crater floor petals suggests a 

common origin, as suggested by Marchi et al. (2020). We have no way of assessing 
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whether this similarity indicates a shared formation mechanism, and the formation of the 

overhanging rim flap and crater floor petals is itself mysterious. It is unlikely that the 

petal fragments may have been molten when ejected and subsequently solidified, since 

(Alexander et al. 2022) found that the target block likely was not heated sufficiently for 

any portion of its mass to melt. Alternately, the petal fragments and rim flaps might both 

be related to the conical curtain of material ejected early in the impact process, which 

also forms during impacts into stony targets but almost immediately separates from the 

surface instead of remaining attached (Melosh 2011). In any case, the petal fragments are 

a product of extreme plastic deformation of the target metal. 

The radial linear morphology superficially resembles shatter cones, a shock 

product found in stony terrestrial impact sites. The precise mechanism of shatter cone 

formation has been uncertain for some time; proposed mechanisms have included: the 

main compressive shock wave scattering off inclusion interfaces (Johnson and Talbot 

1964), superposition of internally reflected tensile stresses on top of the compressive 

shock wave (Gash 1971), constructive interference between tensional hoop stresses at the 

shock tail and internally scattered tensional stresses (Baratoux and Melosh 2003), and 

interactions between the fracture front wave and heterogeneities in the rock substrate 

(Sagy et al. 2004). Beyond the apparent visual similarity and the presence of shock waves 

during the impact test, we lack direct evidence that the structure of the radial linear 

fragments is related to any proposed shatter cone formation mechanism. However, 

interactions between the impact shock wave and internal interfaces of the meteorite’s 

microstructure are likely to have occurred, whether these radial linear fragments are the 

product of such interactions or not. 
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Some of these fragments exhibit preserved pre-impact microstructure, including 

the largest piece, which includes portions of the flat outside face of the target block. The 

fracture surfaces of these fragments match the internal texture of the fractures on the 

post-impact block (Figure 4.2). We therefore interpret these fragments as pieces spalled 

out from these radial fractures, rather than from the interior of the crater. If this 

interpretation is correct, it would be important for understanding metallic regolith 

formation, as it would support the hypotheses that material from outside the crater can 

contribute to ejecta, and that metallic block the size of the impact target can be broken 

down into smaller pieces by crater-induced fracture, as observed on non-metallic 

asteroids (Cambioni et al. 2021, Ballouz et al. 2023). 

The preservation of the pre-impact grain structure indicates intergranular fracture, 

which in metals is typically a brittle deformation mode (Figure 4.1). Intergranular 

fracture in metals predominates when the boundaries between metal grains are weaker 

than the crystal lattice of the grains themselves (Meyers and Chawla 2014). Industrial 

metals typically experience transgranular fracture below the brittle-ductile transition 

temperature, propagating along internal cleavage planes from grain to grain (Broek 

1982). Moreover, Johnson et al. (1979) observed cleavage surfaces in samples of Hoba 

fractured at 77 K. However, one would expect the 20-micron-long grain boundaries in 

Santiago Papasquiero to be weaker than the much smaller grain boundaries in either an 

industrial metal or an ataxite, since strength tends to increase with decreased grain size in 

metals according to the Hall-Petch relationship (Hall 1951, Petch 1953, Meyers and 

Chawla 2014). Therefore, transgranular fracture or cleavage is less likely than 

intergranular fracture, and in any case we do not observe surfaces on our fragment grains 
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that can be easily distinguished as cleavage planes rather than the planar grain boundaries 

present in unmodified Santiago Papasquiero. 

The brittle intergranular fracture hypothesis is complicated by the ubiquitous 

individual plastically deformed grains present even in fragments with little visible 

deformation larger than the 20-μm pre-impact grain size of Santiago Papasquiero. Some 

amount of ductile deformation occurred on these fragments during failure, but the precise 

mechanism requires interpretation. We can rule out the most typical mode of ductile 

failure in metals, cup-and-cone fracture (Meyers and Chawla 2014), which only occurs 

under uniaxial tensile stress which is not characteristic of impacts (Remo and Johnson 

1974). We can also rule out w-type cavitation, which occurs as slip along grain 

boundaries concentrates stress at intergranular triple points to form cavities (Meyers and 

Chawla 2014), because it requires higher temperatures over a longer duration than would 

be consistent with this impact experiment (Alexander et al. 2022). A more precise 

mechanism of ductile deformation must be invoked. 

The presence of plastically deformed grains adjacent to apparently unmodified 

grains is most consistent with strain concentration by compositional or orientational 

differences between adjacent grains, a process observed in shocked meteorites (Moreau et 

al. 2018). While the kamacite and taenite grains are similar compositionally, grain 

orientation differences alone can be enough to form intergranular voids, both under low-

strain-rate conditions such as r-type cavitation (Meyers and Chawla 2014), and under 

high-strain-rate conditions such as shock (Moreau et al. 2018). The presence of highly 

deformed taenite grains straddling intergranular fractures (Figure 4.8E) is also consistent 

with inclusion-centered void nucleation (Figure 4.1) (Lawn and Wilshaw 1975): 
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intergranular fractures may nucleate by ductile deformation of the interstitial taenite 

grains, becoming more brittle as they propagate between kamacite grains. 

Additionally, we must consider that while BCC grains undergo brittle-ductile 

transition, FCC grains do not (Cottrell 1958, Remo and Johnson 1974). Even at the 129 K 

temperature of the target before the impact test, the entire block would not have 

transitioned to the brittle regime, and the target would have been heated above that initial 

temperature during the impact (Alexander et al. 2022). We would expect the BCC 

kamacite grains to undergo brittle deformation, while the FCC taenite and tetrataenite 

grains would remain in the ductile regime. This difference in behavior would be 

pronounced in our sample of Santiago Papasquiero as compared to previous experiments 

(Johnson et al. 1979, Petrovic 2001) because brittle-ductile transition temperatures can be 

elevated with larger grain sizes (Armstrong 1964, Qiu et al. 2014). Thus, while brittle 

intergranular failure and plastic deformation are ordinarily competing mechanisms in 

metals (Armstrong 1964), the presence of adjacent grains with different preferred 

deformation modes raises the possibility of fractures propagating by brittle and ductile 

deformation simultaneously in different regions of a meteorite’s highly heterogeneous 

microstructure. 

The fragments which lack any evidence of pre-impact microstructure are 

enigmatic, however they are all inconsistent with brittle failure and so, in one way or 

another, they all point to ductile deformation with a contribution from impact-generated 

heat. Post-impact simulations indicate the target block experiences little to no melting 

during impact (Alexander et al. 2022), and so we assume most of these fragments merely 

experienced a high degree of ductile deformation. The peaks observed on Figure 4.9B 
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clearly point to ductile failure across a large surface area comprising multiple grains, 

requiring the entire fragment be above the brittle-ductile transition temperature, though 

the exact temperature these fragments would have to reach is unclear. The “lips” and 

“rims” around the edges of some fragments (Figure 4.9C) suggest there may be some 

commonality of deformation mode and stress conditions with the petal-type fragments, 

but this is speculative. 

The range of deformation modes observed – complete melting through varying 

degrees of ductile deformation to brittle deformation and shock – indicates that strain, 

strain rate, and temperature were likely all heterogeneous throughout the target during 

impact. The most common morphology by number of fragments is bulk plastic 

deformation, followed by approximately equal numbers of petals and grain-scale plastic 

deformation. The likely mechanisms associated with each of these fragment types require 

different pressure and temperature conditions, providing further evidence that different 

fragment types originate from multiple locations within and around the impact structure. 

4.4.2. Properties of resulting regolith 

Metallic regolith is possible, thanks to the diverse array of ejecta particle sizes and 

morphologies formed by impacts into metal. The mm-to-sub-mm fragments resulting 

from this experiment are at the high end of the metallic clast size range predicted by de 

Kleer et al. (2021), and subsequent breakdown into smaller fragments by gardening is 

possible. All these particles are significantly smaller than the meter-scale spatial 

resolution of the Psyche Multispectral Imager, so direct observations of a metallic 

regolith will require measuring and modeling the photometric properties of such metallic 

particles.  
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A regolith resulting from impacts analogous to this experiment could include a 

mix of angular clasts formed by spallation from fractures around the crater, rounded 

clasts formed by plastic deformation of material excavated from within the crater, and 

petal-like fragments possibly related to the crater bowl and rim. Impact experiments into 

silicate targets can also produce plate-like and needle-like ejecta fragments (Michikami et 

al. 2016), in contrast to the metal fragments which include curved and cup-like textures. 

We hypothesize that the presence of both the angular clasts and the petal-like pieces 

might result in a more cohesive regolith as compared with silicate regolith, resulting in 

higher angle-of-repose slopes and less susceptibility to mass wasting at lower slopes 

(Jaumann et al. 2022). To quantify the sedimentary behavior and resulting 

geomorphology of a regolith with these particle morphologies, we recommend 

researchers with appropriate apparatus perform lab experiments on metallic sedimentary 

analogs with similar morphologies, simulating slope formation, vibrational settling, mass 

wasting, impacts, cyclic heating and cooling, and other airless body surface processes. 

4.5. Conclusion: 

 Using SEM, we have characterized the ejecta fragments produced by an impact 

gun experiment into an iron meteorite target. The size distribution of these ejecta 

fragments is consistent with that inferred for metallic particles in the regolith of asteroid 

(16) Psyche based on millimeter-wave observations. The surface morphologies of these 

ejecta fragments are diverse, indicating a variety of fracture modes in both brittle and 

ductile mechanical regimes. Consistent with previous work on the mechanics of 

meteoritic metal (Johnson et al. 1975, Petrovic 2001, Moreau et al. 2018, Ueki et al. 

2021), we find that nickel content, taenite grain abundance, crystallographic orientation, 
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grain boundary geometry, presence of inclusions, and position relative to the crater all 

influence the localized stress conditions experienced by any given piece of material 

ejected during impact. We therefore predict that an impact-generated metallic regolith 

would comprise a heterogenous mixture of ejecta fragment sizes and morphologies: 

angular, rounded, and flat pieces from mm-scale to microscopic. The optical and 

geomorphological properties of such a metallic regolith warrant further investigation, 

however we can predict such a heterogeneous regolith would be relatively cohesive and 

maintain steep slopes as compared to silicate regolith. 
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CHAPTER 5: SYNTHESIS AND FUTURE WORK 

5.1. Connections between the processes studied in each experiment. 

We have focused on three surface processes which independently yet 

simultaneously modify asteroids’ physical properties. The thermal energy from 

micrometeoroid impacts both promotes diffusion of atoms in the bulk material toward the 

surface (Loeffler 2008) and controls the depth profile of ions implanted into the irradiated 

surface as shown in Chapter 2 (Christoph et al 2022). Thermal energy also drives 

mechanical expansion and contraction that can initiate fractures as shown in Chapter 3, as 

well as propagating those fractures through subsequent episodes of thermal stress, as in 

thermal fatigue (Molaro et al. 2012, 2017, 2020). Finally, the thermal state of the surface 

plays a role in determining the mode of failure of a metallic block during impact, whether 

it is driven by brittle or ductile deformation, as discussed in Chapter 4. 

Beyond the multiple mechanisms and scales by which thermal energy modifies an 

airless body surface that we have observed in our experiments, we hypothesize that other 

sources of energy may also drive airless body surface modification via multiple 

mechanisms. Ion irradiation in particular can both modify the surface chemistry as 

observed in Chapter 2 and may also alter the mechanical properties of a metallic surface 

through such mechanisms as hydrogen embrittlement (Martin et al 2018) that do not 

occur in stony minerals and would be unique to metals. Evaluating the effects and extent 

of such processes will require additional future experimentation, as we discuss later. 

5.2. Predictions for (16) Psyche. 

Metallic regolith is possible and has multiple plausible formation mechanisms. 

The impact gun experiments described in Marchi et al. (2020) indicate that relatively 



115 
 

small impactors are effective at breaking down 10-cm-scale metallic blocks (i.e. boulders 

or cobbles) into smaller fragments at millimeter and submillimeter scales. Laser 

irradiation experiments show that micrometeoroid impacts can break down cm-scale or 

mm-scale fragments to even smaller sizes, approximately the finest scale regolith 

observed an asteroid (Massironi et al. 2012). Even if these micron-scale fragments are not 

produced as efficiently on Psyche as in our experiments, the cm-scale and mm-scale 

fragments would be similar to regoliths with larger grain sizes on other asteroids, for 

example the near-Earth asteroids Bennu and Ryugu (Molaro et al. 2020). We can 

therefore predict that Psyche’s surface will have regolith particles that are approximately 

in the size range observed on other asteroid surfaces but composed of metal (likely mixed 

with silicates or other materials). 

Based on the experimental results from our laser irradiation and impact ejecta 

characterization, we can expect metallic regolith particles to have a wide range of 

morphologies. In addition to the petal-like rim flap fragments that Marchi et al. (2020) 

observed and which we have further characterized, we can expect a variety of brecciated 

pieces including crack spallation fragments originating outside craters, melted and 

recrystallized tektites, particles that experienced a high degree of thermally driven plastic 

deformation, and the delaminated or exfoliated fragments observed in laser irradiation 

experiments described in Chapter 3. The grain size and microstructure of the impacted or 

irradiated surface will play a major role in determining how that material breaks down, 

for example whether multi-mineral or single-crystal regolith grains would be 

preferentially produced. As discussed in Chapter 4, the concave morphology of metallic 

fragments produced by multiple mechanisms may increase the cohesive properties of a 
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metal-rich sediment, resulting in higher angle of repose slopes as compared to stony 

asteroid surfaces. 

An intriguing likelihood is that metal particles like those produced in our 

experiments may be mixed with silicates and/or other minerals on Psyche’s surface. 

Recent observations of Psyche indicate a surface composed of mixed metal and silicates, 

with impactors providing one possible source for the silicate component (Takir et al. 

2017, de Kleer et al. 2021). The presence of surficial Al on some ejecta fragments in 

Chapter 4 demonstrates that material from both impactor & target can be incorporated 

into metallic regolith fragments, although Al metal is an unlikely analog material for real 

impactors in the asteroid belt. It will therefore be useful to look for evidence of impactor 

material incorporated into ejecta fragments from impact experiments using a silicate 

projectile. Any silicate or rocky component on Psyche’s surface will presumably form a 

regolith according to familiar mechanisms, as on the Moon and stony asteroids. 

A challenge that remains in linking the results described in this dissertation to 

predicted observations for the Psyche mission is that the phenomena that we can observe 

in laboratory experiments may not be easily detectable by the Psyche mission's 

instruments. As discussed in Chapter 2, the Psyche Multispectral Imager (a visible and 

near-infrared imaging system) will have a pixel scale of order meters to tens of meters in 

the closest planned orbit around asteroid Psyche’s surface. The Gamma Ray and Neutron 

Spectrometer meanwhile has a 10-50 km radius footprint and sensitivity depth of 10 cm 

or greater in the likely Psyche surface materials that might be compositionally modified 

by space weathering. It will be difficult to constrain the extent of a given unit solely 

looking at the bulk composition as measured by the GRNS, or to observe the fine scale 
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features typical of regolith with particle sizes smaller than boulders. Addressing these 

limitations will require multiple lines of future investigation: multicomponent 

compositional mixing models which include the extent of space weathering as a free 

parameter, and photometric and/or polarimetric experiments and modeling to quantify the 

optical reflective behavior of metal-rich asteroid surfaces. 

A key question unresolved by the ion irradiation experiments in Chapter 2 is, 

where does the sulfur go? The sulfur atoms preferentially sputtered away from a sulfide 

surface unit could either escape into space or settle back onto the surface. Ejection of 

sulfur atoms at greater than escape velocity would over time decrease the relative 

abundance of sulfur on the surface as compared to the bulk composition of Psyche when 

it formed. Sulfur atoms ejected at significantly less than Psyche escape velocity would 

redeposit, distributing the sulfur from an exposed sulfide unit across a wider area, 

potentially complicating identification of those sulfide surface units’ lateral extent. Based 

on previous work on ion sputtering in both lunar and asteroid space weathering (Szabo et 

al. 2022), the ejection velocity of any given sputtered surface atom is unlikely to be high 

enough for a significant fraction to escape, which raises the possibility of a thin, surficial 

layer of volatile sulfur atop surfaces surrounding FeS deposits. Nevertheless, there is a 

need to quantify the ejection velocity distribution, beyond just a characteristic root-mean-

square velocity, to assess the full velocity range, given Psyche’s small size. How much of 

the velocity distribution exceeds Psyche’s escape velocity will influence how sulfur will 

be distributed across the surface, how much sulfur remains from the asteroid’s formation, 

where we will detect sulfur on its surface with GRNS, and ultimately our interpretation of 

its redox state, per the Psyche mission’s Level 1 science requirements. 
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Although the Santiago Papasquiero meteorite is unlikely to originate from Psyche 

(Buchwald 1975), the ejecta fragment analysis in Chapter 4 may still prove a useful 

analog for certain hypothetical units on Psyche’s surface. Santiago Papasquiero’s unique 

microstructure indicates it likely cooled much faster than octahedrites (Buchwald 1975). 

Such high cooling rates would represent not the solidification of an entire parent body, 

the typical hypothesis of other iron meteorites’ origins, but a smaller volume of melt 

produced during a large impact into a metallic surface (Buchwald 1975). Several large 

impact structures have been proposed on Psyche (Landsman et al. 2018, Marchi et al. 

2022, Shepard et al. 2022), and other hypothesized mechanisms are also capable of 

generating metallic surface melt (Abrahams and Nimmo 2019). If such a melt existed on 

Psyche’s surface, it could cool into a metallic equivalent of a lunar mare unit with a 

microstructure like Santiago Papasquiero, which subsequent smaller impacts would 

disrupt in a similar manner to the Marchi et al. (2020) impact experiments. However, this 

“metallic mare” interpretation implies that the metallic equivalent of “primordial crust” 

that cools slowly over time would have a Widmanstätten microstructure more typical of 

iron meteorites and is thus less useful for interpreting Psyche’s bulk composition. 

Finally, the relative contribution of each process to forming Psyche’s current 

surface remains unknown. For example, the balance of impacts versus fatigue in driving 

mechanical breakdown is uncertain. Even though fatigue is now hypothesized to be the 

major contributor to regolith formation on the smallest asteroids (Molaro et al. 2020), 

impacts at the scale of the impact gun experiment in Chapter 4 will still be relevant 

because: (a) Psyche’s surface gravity is not negligible; (b) boulder-disrupting impacts are 

disproportionately responsible for impact-driven regolith formation (Melosh et al. 2011); 
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and (c) these impact experiments still inform the mechanical failure process as an iron 

meteorite block is mechanically stressed, even for non-impact sources of stress. Initial 

calculations suggest that Psyche’s surface experiences extreme diurnal & annual surface 

temperature variation and thus may be susceptible to fatigue (Bierson et al. 2022), and 

multiple impact basins are hypothesized from interpretation of its surface shape model 

(Shepard et al 2022). 

5.3. Future work 

Our experiments have produced regolith particles with a variety of irregular 

shapes, in particular those particles which originate from rim flaps, crack spallation, or 

delamination. As discussed in Chapter 4, although silicate regoliths can take on a wide 

variety of textures, sizes, and morphologies, the specific shapes that we observe in 

metallic ejecta samples are novel. We hypothesize that the irregular concave shapes of 

metallic regolith particles may increase their sedimentary cohesiveness and angle of 

repose, but there is still ample ambiguity in metallic sedimentary properties. For that 

reason, future experiments must study how these particles settle in microgravity 

environments, and quantify the angle of repose, mass wasting, response to secondary 

impacts, vibrational stability, and other geomorphological characteristics of a metal-rich 

regolith.  

The rate at which space weathered particles on the surface of a metallic asteroid 

are gardened by impact overturn and redeposition will have a strong controlling effect on 

how deep the weathered material is able to be distributed in the surface regolith, as 

described at the end of Chapter 2. This is important because if a space-weathered layer 

remains only as deep as the tens of nanometers penetration depth of solar wind ions and 
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equilibrium depth of atomic depletion, then the space-weathered layer may be too 

shallow to detect either with the Psyche Mission’s GRNS or Multispectral Imager. 

Whereas if the space-weathered layer is propagated to meter-scale depth by gardening, 

then the weathered material will dominate the cross section of surface that the GRNS is 

able to measure, and the optical reflectance of the surface will be dominated by 

weathered material. Both the rate and the extent of gardening on a metallic surface will 

depend on both impact rates and the efficiency with which impacts can break down the 

metallic surface into smaller particles. While the impact and laser irradiation experiments 

in Chapters 3 and 4 show that such breakdown is possible, an estimate of metallic surface 

gardening rates will require additional types of data, such as the number and size 

distribution of particles produced in a given impact, and the fraction of those that remain 

on the surface instead of escaping. 

Future work performing space weathering laboratory experiments should extend 

to other constituent mineral phases of iron meteorites and other metal-rich asteroid 

analogs. While space ion and laser irradiation experiments on oxides (Chaves et al. 2022) 

and chondrites (Laczniak et al. 2021) have begun to expand the scope of minerals and 

rock types investigated for space weathering, many of the most common phases in iron 

meteorites are still yet to be investigated. These include sulfides beyond pyrrhotite (e.g., 

daubréelite), phosphides (e.g., schreibersite), low-Fe silicates, and FeNi metal itself. 

Ejecta fragment characterization will also continue with samples of Gibeon and 

Coahuila, the other two meteorites used as impact targets by Marchi et al. (2020). The 

Widmanstätten microstructure of octahedrites and the single-crystal kamacite structure of 

hexahedrites are not only geometrically different from Santiago Papasqiuero’s 
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interlocking polygonal grains, they can also exhibit more complex grain boundaries with 

diverse crystallization textures, including plessitic rims and cloudy zones (Buchwald 

1975). Therefore, we should not assume ejecta from impacts into octahedrites will exhibit 

similar deformation to Santiago Papasquiero. 

Additional techniques would be worth exploring to better understand the 

fundamental physics of space weathering and impacts as they occur on asteroid surfaces. 

Helium Ion Microscopy (HIM) would enable simultaneous irradiation of sample surfaces 

with ions at solar wind energies and fluences, while also using that same ion beam to 

image the surface (Wirtz et al. 2019). Atom Probe Tomography (APT) can potentially 

enable laser irradiation experiments simulating micrometeoroid impacts or surface 

heating to simultaneously collect data on the material sputtered away from the sample 

surface and also directly measure the rate of thermally driven diffusion on the surface 

during impact (Bachhav et al. 2011). Finally, more energetic irradiation techniques such 

as X-ray Synchrotron irradiation and Neutron Beam Tomography may be able to directly 

measure where vacancy sites and implanted ions preferentially accumulate within the 

crystal lattice of irradiated metal (Connolly et al. 2018), which may reveal specific 

locations in the microstructure where fractures are likely to nucleate in response to 

impacts or heating, which may reveal even more about the mechanics of how they break 

down. 

Beyond just investigation of Psyche, several cross-applications of this research 

may be relevant for both future space exploration and for other areas of geology and 

materials science. Metal-bearing surfaces may be found on silicate asteroids, planets, and 

moons throughout the solar system, both as a by-product of space weathering and the 
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result of other geologic processes. While we have previously understood the metallic 

surfaces formed by space weathering to be the end product of that process, it is worth 

investigating how those metallic surfaces themselves undergo weathering over 

subsequent geologic time. Our interpretations of rocky planetary surfaces may hide 

additional complexity in these microscopic metal grains. 

The interactions of metallic materials with the space environment potentially have 

some spinoff applications for metallurgy. Because of the constraints on how long it takes 

to synthesize a metallurgical sample for engineering purposes, the grain sizes that are 

typically produced for metallurgical materials are significantly finer than even the 

microscopic Widmanstätten lattices found in ataxites (Buchwald 1975, Petrovic 2011). 

However, due to slow geologic-timescale cooling rates iron meteorites can feature grain 

sizes that range from microscopic to centimeters. A metallic material with such large 

grain sizes presents an opportunity to explore the meso-scale effects of a variety of 

processes that are relevant for metallurgical engineers and materials scientists. Hydrogen 

embrittlement has been a long-running problem for industrial metallurgy, particularly in 

corrosive environments, high-radiation applications, and in hydrogen infrastructure where 

metal is directly exposed to H2 gas or cryogenic liquid (Martin et al. 2018). Moreover, 

long-duration exposure of materials to the space environment is becoming especially 

relevant as we are planning long-term spacecraft missions, not just to more remote 

destinations in the solar system, but also with permanent or semipermanent human 

exploration of the near solar system, such as cis-lunar space and near-Earth asteroids. 

Investigating how solar wind protons affect the microstructure of meteoritic metals 

potentially provides an avenue to understand the fundamental physical processes 
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occurring in engineered materials at mesoscales and over long durations of exposure, in 

ways a synthetic metal sample would not be able to replicate. Even though meteorites are 

only a limited analog for industrial metals, investigating the meso-scale and long-duration 

properties of metals is nevertheless necessary to understanding why engineered materials 

behave in the ways they do, how they fail, and the modes of modification that they can 

experience in their use environment. 
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Introduction  

The material included here represents additional details of our methods (Text S1 to S5) 

and data (Figures S1 to S7) which are extraneous to the main text of the paper, but which 

may be of interest for other readers, particularly those desiring to compare our techniques 

and results to other similar work. 

Text S1. Irradiation Instrument Details 

We irradiated the Toluca sample at ultra-high vacuum (UHV) in the PHI 560 with a base 

pressure of ~10-10 Torr (Fig. S1-top). To simulate the solar wind, we performed an initial 

irradiation with 4 keV He+ to 6 × 1016  He+ cm-2, followed by irradiation with 2 keV H2
+ to 

2.8 × 1018  cm-2. All ions were produced (separately) in the same electron-bombardment 

ion source using either He or H2 gas of purity > 99.999%; for protons the source was held 

at a potential of 2 keV, so that upon approach to the surface the H2 molecule separates 

into two 1 keV H components (Dukes et al. 1999). The ion beam was rastered for uniformity 

over an area of 8 × 8 mm2 at normal incidence. The average ion flux was (1.1 ± 0.1) ×1013 

He+ cm-2 s-1 and (2.2 ± 0.2) ×1013 H+ cm-2 s-1, measured by a Faraday-cup mounted 
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adjacent to the sample before and after each irradiation. A dual-anode (Al/Mg) X-ray 

source and a double-pass, cylindrical-mirror electron energy analyzer (CMA) on the PHI 

560 allowed us to perform in-situ XPS measurements. We took XPS survey spectra at pass 

energy of 200 eV at binding energies of 1 – 1350 eV, as well as high-resolution (HR) XPS 

spectra at a pass energy of 30 eV for photoelectrons: Fe-2p, O-1s, S-2p, and C-1s. The X-

ray analysis covers an area with a diameter of ~6 mm, well within the irradiated region 

 

We irradiated the Canyon Diablo sample at normal incidence with 4 keV He+ using a 

floating-column low-energy ion gun on the Versaprobe III (Fig. S1-bottom) at an average 

flux of 1.3 × 1013 He+ cm-2 s-1. The beam was rastered over an area of 3 × 3 mm2. Base 

pressure in the Versaprobe III was 5 × 10-11 Torr; irradiation and analysis pressures reached 

8 × 10-9 Torr due to the increased partial pressure of helium. We measured ion-beam 

current density on a separate Faraday cup before and after the experiment, using average 

flux to determine the fluences. The Versaprobe III is a high-resolution, imaging XPS 

microprobe, equipped with a monochromated Al-Kα source and spherical capacitor 

analyzer (SCA) for improved energy resolution. Surveys for elemental analysis used a pass 

energy of 140 eV, while high-resolution spectra for chemical analysis used a pass energy 

of 55 eV. At the first two fluence steps, we took XPS data on six separate locations within 

the irradiation area using a 200 µm X-ray beam spot to locate the center of the ion beam, 

then selected two locations as close as possible to the center for subsequent fluence steps. 

Survey spectra as a function of 4 keV He+ fluence for Point 6 are shown in Fig. S1 as an 

example, where spectra are vertically shifted for clarity. Surface spectra are utilized for 

compositional analysis. 

 

Text S2. XPS Analysis Methodology and Sensitivity Factors 

Analysis of both the XPS survey and higher energy-resolution (HR) data for the Toluca sample 

acquired on the PHI 560 was done by integrating the peak area using CasaXPS after Shirley 

background subtraction. Because the X-ray source on this instrument is non-monochromatic, 

quantification was accomplished after X-ray satellite subtraction, using the Fe-3p, S-2p, O-1s, C-

1s, Ca-2p, and N-1s features. No other elements were identified in the Toluca near-surface. The 

Fe-3p photoelectron peak was used for quantification rather than the more prominent Fe-2p, 

since the Fe-3p is a better match the information depth between the Fe and S, and because the 

Fe-3p feature background is more easily modeled than the frequently used Fe-2p feature, 

improving the reliability and repeatability of the analysis (e.g. Fig. S2). Loeffler et al. (2008) did 

not report a new sensitivity factor for the Fe-3p, thus we used sensitivity factors provided by the 

manufacturer for the Model 560 double-pass cylindrical mirror analyzer [C1s: 0.25; O1s: 0.66; 

Fe3p: 0.26; and S2p: 0.54 ] (Wagner et al. 1981) for compositional analysis of Toluca. These 

sensitivity factors were used previously for the olivine concentration analysis in Dukes et al. 

(1999). 
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The Versaprobe III XPS, used for Canyon Diablo measurements, was equipped with an X-ray 

monochromator, eliminating the requirement for X-ray satellite removal during analysis. The 

spherical capacitor analyzer with input lens has a different geometry and electron transmission 

function, necessitating the use of a different set of sensitivity factors which were provided by the 

manufacturer [C1s: 0.25; O1s: 0.58; Fe3p: 0.31; and S2p: 0.65]. PHI Multipak v9.8 was used for 

peak area determination after Shirley background subtraction, in a manner similar to the Toluca 

analysis.  

 

Text S3. XPS Compositional Errors 

Error bars for XPS measurements were derived from (1) experimental/sampling variation 
and (2) data analytical methodologies, subsequently added in quadrature. Sampling error 
was determined by comparison of elemental compositional differences between two 
nearby points for multiple ion fluences, resulting in measurement variations of: 4.16% 
(O), 8.32% (S), 2.73% (Fe), and 54.51% (C) for the Versaprobe data and 4.99% (O), 13.30% 
(S), 7.05% (Fe), and 35.33% (C) for the PHI 560 data. For all elements except for C, 
sampling was not the dominant source of error and did not strongly impact the S:Fe 
measurements. Analytical error was determined by comparing compositional results 
using different background models, a variety of photoelectron peaks (Fe-2p, Fe-2p3/2, 
and Fe-3p), and different sensitivity factors for the PHI 560 (Wagner et al. 1981 vs. Loeffler 
et al. 2008); only the manufacturer sensitivity factors were available for the Versaprobe, 
where accuracy was confirmed with fractured, minimally-oxidized pyrite (Fe:S = 0.5). 
Analytical errors were combined to 14.59% (O), 15.53% (S), 14.83% (Fe), and 16.98% (C) 
for Versaprobe data, and 25.46% (O), 26.98% (Fe), 25.44% (S), and 25.31% (C) for 
measurements taken on the PHI 560. The increased error with the PHI 560 was due to the 
inclusion of the two sets of sensitivity factors. We note that these error bars are included 
in Figs. 3, 5, 6, 7, and S4. 

 

Text S4. SDTRIMSP running parameters 

These simulations were run in dynamic mode on 10 – 32 parallel processors depending on 

the fluence (32 processors at the largest fluence), which is defined in units of (1016 

atoms/cm2). The parameter NH (number of target compositional updates) was modified 

so that fluence/NH was on the order of 0.01 (1014 atoms/cm2). For the best statistics, the 

parameter NR (number of projectiles between target updates) was set between 1000 to 

10,000. Note that NR is independent of the real flux and fluence, and influences only the 

nature of the target compositional updates. For a fluence of 3.6 × 1018 ions/cm2, 

NH=10,000 and NR=1,000 in the He+ and H+ irradiation studies. Sputtering studies at low 

fluences relevant to Psyche required NR=10,000. 

 

Text S5. Description of SDTrimSP Diffusion Calculation 

The dynamic version of SDTrimSP employs Fick’s laws to describe the diffusion of unbound 

target atoms toward the surface as a function of depth (x) and fluence (φ), where φ = flux 

(k) × time (t), and the atomic concentration C(x) within a narrow volume at x is:  



152 
 

 

∁(𝑥) =
𝑁(𝑥)

𝐴×∆𝑥
      (2) 

where N(x) is the number of atoms within a thin slice ∆x over an area A. With the use of 

Fick’s first law, variation in concentration over a short time can be considered in terms of 

changing flux (J): 

 
𝐶(𝑡+𝑑𝑡)−𝐶(𝑡)

∆𝑡
= −

𝐽(𝑥+𝑑𝑥)−𝐽(𝑥)

(∆𝑥)
     (3) 

𝜕𝐽(𝑥)

𝜕𝑥
= 𝐷𝑇 ×

𝜕

𝜕𝑥
 (

𝜕𝐶(𝑥)

𝜕𝑥
) = 𝐷𝑇 ×

𝜕2𝐶(𝑥)

𝜕𝑥2     (4) 

And adapted to: 

 
𝜕∁(𝑡)

𝜕𝜑 (𝑡)
=

𝜕∁(𝑡)

𝜕𝑡
×

𝜕𝑡

𝜕𝜑 (𝑡)
=

𝜕∁(𝑡)

𝜕𝑡
÷ 𝑘 =

𝐷𝑇

𝑘
×

𝜕2𝐶(𝑥)

𝜕𝑥2 =  𝜂𝑇 ×
𝜕2𝐶(𝑥)

𝜕𝑥2   (5) 

where 𝜂𝑇 is the flux-dependent diffusion coefficient output by SDTrimSP in units of 

Å4/atom. Thus, the extrapolated sulfur diffusion coefficient was multiplied by the flux of 

sulfur through the target (in units of atoms/Å2/s), before comparison with previously 

published 𝐷𝑇 values. Outgassing of projectile ions (H+, He+) in SDTrimSP 6.0 is modeled 

on the basis of equation (5). Additional detail can be found in the SDTrimSP manual and 

recent publications (Mutzke et al. 2019; von Toussaint et al. 2016; and Schmitz et al. 2019).  
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Figure S1: XPS Survey spectra collected on the Versaprobe III were used to determine surface 

composition of the Canyon Diablo sample as a function of fluence (legend in units of He+ 

cm-2). Spectral composition in Figure 3a was derived from this data, acquired at Point 6, as 

described in S2. 

 

 



154 
 

 
 

 

Figure S2: For XPS compositional analysis of FeS, the Fe-3p photoelectron features were 

used for quantification, rather than the more prominent Fe-2p features. Analyses were done 

in this manner for two reasons: (1) the Fe-3p photoelectron kinetic energy is ~100 eV from 

the S-2p, ensuring a similar information depth which gives more meaningful concentration 

comparisons; (2) the multiplet structure of the Fe-2p spin-orbit couplet with shake satellite 

structure (left panel) is significantly more complex than for the Fe-3p feature (right panel); 

difficulty in separation of intrinsic and extrinsic features, along with significant variation in  

modeling of the inelastic background structure with end-point selection, increased error in 

quantification. Illustrations of the iterated Shirley background simulation are shown in the 

inset figures for the Fe-2p (left) and Fe-3p (right) photoelectron features, based on 

recommendations outlined in Bagus et al. (2021). Representative spectra shown are for 0, 

1.2 x 1018, and 3.6 x 1018 He+ cm-2. 
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Figure S3: Top: The PHI 560 XPS/SAM chamber with cylindrical mirror electron energy 

analyzer (adapted from Loeffler et al., 2008) was used for irradiation and characterization of 

the Toluca sample. The sample can be positioned for in-situ transfer, ion irradiation, and 

analysis using X-ray photoelectron spectroscopy (XPS). Bottom: The Versaprobe III, with 

integrated high-resolution imaging X-ray photoelectron spectrometer, ion gun, and sample 

introduction chamber was used for He+ irradiation and characterization of the Canyon 

Diablo sample. Samples were irradiated at normal incidence, then rotated toward the SCA 

for XPS analysis. The X-ray source and neutralizer are mounted above, directed down onto 

the sample. 
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Figure S4. Low-magnification (50x) SEM context image mosaic showing the irradiated 

region on Canyon Diablo, the relatively bright rectangle in the middle. The Figure 1 high-

resolution (20,000x) images of Canyon Diablo were taken near the center of this area and in 

the region outside it. 

 

 

 

 
 

Figure S5: High-resolution XPS spectra for C (a) and O (b) observed on Canyon Diablo 

described changes in chemistry with He fluence. (a) The C-1s photoelectron peaks show 
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surficial adventitious carbon, with C-C and C-H bonds (dark purple) and smaller 

concentrations of C-O (medium purple), C=O (light purple) and other hydrocarbons 

(lavender). After irradiation, most of the carbon has been removed except recoil implanted 

atoms; the small (~1 eV) shift to lower binding energy for the C-C feature indicates the 

formation of minor Fe-carbide or graphitic-type molecules. (b) Fe(II)-O and Fe(III)-O (light-

olive) features appear at ~530.2 eV, typical for metal oxide. Oxygen at higher binding energy 

derives from OH (531.4 eV; blue) and adsorbed H2O (532.6 eV; light-blue) on the surface. Ion 

irradiation efficiently removes the surface oxides.   

 

 

 

 

 

 

 
 

 

Figure S6: Variation of the surface binding energy of sulfur had a minimal effect on surface 

compositional changes of the simulated target from 4 keV He+ irradiation in SDTrimSP. No 

significant difference is noted either with Us independent of surface composition or weighted 

by molecular concentration. Diffusion is included in these simulations.  
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Figure S7: The sputtering yields for constituent atoms and projectiles at low fluence through 

steady-state values were calculated for Psyche-relevant solar-wind ion fluxes using a mixture 

of (a) 4 keV He+ and (b) 1 keV H+ incident on troilite using SDTrimSP. The total ion flux at 

2.9 A.U. was estimated to be 2.4 × 107 ions cm-2 s-1. The fluence-dependent yields are driven 

by changes in FeS surface composition, which becomes significantly enriched in Fe after a 

fluence > 1016 ions/cm2. Diffusion was included in these simulations, with coefficients 

extrapolated from XPS data as described in the primary text. Atomic heat of sublimation was 

used for surface binding energies. For unaltered troilite, the sputtering yields for sulfur and 

iron are 0.08 S/He+, 0.01 S/H+, 0.046 Fe/He+ and 0.004 Fe/H+, while equilibrium (> 1017 ions 

cm-2) values are 0.03 S/He+, 0.002 S/H+, 0.08 Fe/He+ and 0.01 Fe/H+. Implanted helium and 

protons are sputtered (or outgassed) from troilite at 0.025 He/He+ and 0.004 H/H+, 

respectively, in equilibrium.  

 


