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Abstract: We present results from a set of low and high flux 1 keV/amu H
+
 and He

+
 irradiation 

experiments performed on slabs of the Murchison CM2 carbonaceous chondrite. The low flux 

conditions for H
+
 and He

+
 irradiation were ~1-1.5 orders of magnitude lower than the high flux 

conditions, and each experiment was irradiated to a total fluence between ~3 × 10
16

 to ~6 × 10
16

 

ions/cm
2
. Irradiation-induced changes in the surface chemistry and optical properties of the 

Murchison samples were evaluated using in situ X-ray photoelectron spectroscopy (XPS) and 

visible and near-infrared spectroscopy (VNIR). We characterized the microstructure and 

composition of ion damaged rims in focused ion beam (FIB) cross-sections extracted from 

olivine and matrix material in each irradiated Murchison slab using transmission electron 

microscopy (TEM). XPS results suggest that both low flux and high flux H
+
 and He

+
 irradiation 

cause minor sputtering of surface carbon as well as a reduction in the valence state of iron, from 

Fe
3+

 to Fe
2+

. Slope bluing is observed in VNIR spectra of the irradiated samples which may 

reflect carbonization and dehydrogenation of organic species and contrasts with reddening trends 

associated with npFe
0
 formation. Although we do not observe a strong flux-dependence on the 

crystallinity of ion-damaged olivine, TEM analyses reveal a variety of microstructures in all 

olivine FIB-sections, suggesting that crystallographic orientation affects amorphization 

efficiency. Analyses of matrix FIB-sections indicate that phyllosilicate alteration is mainly 

driven by He
+
 irradiation, where the higher incident flux leads to greater amorphization and the 

formation of more distinct ion-damaged layers, similar to smooth layers in returned Ryugu 

particles. TEM results also provide some evidence that higher ion flux leads to greater 

vesiculation, with He
+
 irradiation being more efficient at vesiculation than H

+
 irradiation, and 

that higher ion flux may promote the segregation of Mg and Si into laterally extensive lenses and 

layers in olivine samples. We discuss the implications of these findings for constraining the role 

that ion flux plays in the development of space weathering characteristics in silicate phases 

present in carbonaceous asteroidal regoliths. These results will be important for understanding 

the complexity of this process and how it operates on carbon-rich airless bodies like asteroids 

Bennu and Ryugu. 

 

 

1. Introduction 
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Without the protection of an atmosphere, the surfaces of airless planetary bodies are 

continuously bombarded with high-speed, micrometer-sized dust particles (i.e., 

micrometeoroids) and energetic ions from the Sun (i.e., solar wind irradiation). Known 

collectively as space weathering, these processes alter the microstructural and chemical 

properties of the outermost ~100 nm of regolith grains and rocks exposed to the harsh 

environment of interplanetary space. As the physiochemical products of space weathering 

accumulate over time, the overall spectral signature of the regolith changes, complicating the 

interpretation of surface composition and mineralogy from remote-sensing observations and 

obscuring links between meteorites and their parent bodies (Hapke, 2001; Pieters and Noble, 

2016). Employing a combination of laboratory experiments, returned sample analyses, and 

ground- and spacecraft-based spectroscopic investigations, we can examine the microstructural, 

chemical, and optical effects of space weathering in different environments to develop a 

comprehensive model of the space weathering process across the solar system.  

Research over the last few decades has put important constraints on the effects of space 

weathering on the Moon and silicate-rich (S-type) asteroids. In the visible and near-infrared 

wavelength range (VNIR; 0.5 – 2.5 µm), progressive space weathering of these bodies has been 

shown to cause darkening (i.e., reduction in albedo), reddening (i.e., increasing reflectance with 

increasing wavelength), and attenuation of absorption bands (Abe et al., 2006; Hapke, 2001; 

Hiroi et al., 2006; Keller and McKay, 1997; Pieters et al., 2000; Taylor et al., 2001). Laboratory 

experiments and analyses of returned samples from the Moon and S-type asteroid Itokawa 

identified metallic Fe nanoparticles (npFe
0
) formed via space weathering as the primary 

mechanism causing the observed spectral effects. Although npFe
0
 is abundant in both lunar and 

Itokawa samples, recent studies have identified oxidized Fe nanoparticle phases including 

wüstite (Fe
2+

) and magnetite in mature lunar soils (Thompson et al., 2016) and surface-correlated 

Fe-sulfide nanoparticles in space-weathered rims of Itokawa particles (Noguchi et al., 2011, 

2014a, 2014b). Other characteristic physiochemical features of space weathering observed in 

lunar and/or Itokawa samples include partially to completely amorphous solar-wind damaged 

rims, nanocrystalline rims, vesiculated textures, near-surface cation depletion/enrichment, and 

re-deposition of melt and vapor material rich in elements not native to the host mineral (Keller 

and Mckay, 1997; Nakamura et al., 2011a; Keller and Berger, 2014; Noguchi et al., 2014a, 

2014b; Thompson et al., 2014). 

Although this work has built a detailed framework for space weathering on the Moon and 

S-type asteroids, there remain outstanding questions. One such question relates to the lack of 

complete amorphization in solar wind-damaged rims of returned lunar and Itokawa olivine 

grains. Numerical models and laboratory simulations of solar wind space weathering predict that 

olivine surfaces should become completely amorphous after exposure to ion irradiation fluences 

on the order of 10
16

 ions/cm
2 

(Carrez et al., 2002; Chamberlin et al., 2008; Christoffersen et al., 

2020; Christoffersen and Keller, 2015). Based on solar flare track and isotopic analyses, returned 

lunar grains have occupied the upper few millimeters of the lunar regolith for roughly 10
5
-10

7
 

years and Itokawa grains for <10
5
 years, respectively (Berger and Keller, 2015; Keller et al., 

2021, 2016; Keller and Berger, 2014; Keller and Zhang, 2015). Assuming these grains remained 

in the upper ~100 nm of the regolith, which is the range of solar wind implantation, these 

exposure timescales correspond to ion fluences that exceed the 10
16

 ions/cm
2
 critical 

amorphization dose of olivine, thus suggesting that returned olivine grain rims should be 

completely amorphous. Paradoxically, transmission electron microscope (TEM) studies of lunar 

and Itokawa returned samples reveal crystalline to nanocrystalline olivine rims that show a high 
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degree of lattice strain with abundant dislocations but few to no localized regions of 

amorphization (Burgess and Stroud, 2021; Harries and Langenhorst, 2014; Keller et al., 2021, 

2016; Keller and Berger, 2014; Keller and McKay, 1997, 1993; Noguchi et al., 2014b, 2011; 

Thompson et al., 2014). In contrast, plagioclase grains returned from the same parent body and 

with similar exposure histories exhibit completely amorphous zones at or near their surfaces, 

observations which are consistent with predictions from laboratory experiments. 

One potential explanation for the microstructural inconsistency between experimentally 

ion irradiated olivine and solar wind irradiated olivine is a difference in the flux of incident ions. 

The solar wind has an ion flux of 10
8
 ions/cm

2
/s at 1 AU (Johnson, 1990). However, ion 

irradiation experiments typically employ fluxes that are ~4-5 orders of magnitude higher than the 

solar wind (10
12

-10
13

 ions/cm
2
/s) to achieve relevant total fluences in reasonable time frames in 

the laboratory (e.g., Dukes et al., 1999; Loeffler et al., 2009; Matsumoto et al., 2015a; Takigawa 

et al., 2019; Keller et al., 2021; Laczniak et al., 2021). Although, historically, the effect of ion 

flux on lattice damage has been considered secondary to the effect of ion fluence, olivine may 

respond differently under different flux regimes. Low flux H
+
 and He

+
 ion irradiation 

experiments are needed to resolve the paradox of solar wind microstructural damage in 

experimentally irradiated versus naturally irradiated olivine grains. 

Beyond the flux paradox, further outstanding questions in space weathering relate to how 

carbon-rich, or C-complex, asteroid surfaces are altered. C-complex asteroids are unique in that 

they contain both hydrated minerals and organic molecules (e.g., Zolensky et al., 1993; Sephton, 

2002; Glavin et al., 2018). Over the past five years, the Japan Aerospace Exploration Agency 

(JAXA) Hayabusa2 and the NASA OSIRIS-REx missions collected samples from C-complex 

asteroids Ryugu and Bennu, respectively (Lauretta et al., 2021; Yada et al., 2021). Hayabusa2 

successfully delivered ~5.4 g of Ryugu material to Earth (Yada et al., 2021), providing the 

scientific community with the first opportunity to examine pristine, organic-rich material from a 

C-complex asteroid directly in the laboratory. Analyses of Ryugu samples show evidence of 

space weathering by both solar wind irradiation and micrometeoroid bombardment (Nakato et 

al., 2023; Noguchi et al., 2022). Observations of amorphous phyllosilicate layers up to ~100 nm 

in thickness as well vesiculated and porous surface textures in multiple mineral phases (e.g., 

phyllosilicates, sulfides, magnetite, carbonates) suggest alteration by solar wind (Nakato et al., 

2023; Noguchi et al., 2022). Additionally, the presence of amorphous melt layers and melt 

splashes up to several hundred nanometers in thickness indicate the occurrence of 

micrometeorite impacts (Nakato et al., 2023; Noguchi et al., 2022). Interestingly, npFe
0
 is rarely 

found in Ryugu samples; rather, melt deposits contain abundant Fe- and Fe-Ni-sulfide 

nanoparticles (<200 nm) (Melendez et al., 2023; Noguchi et al., 2022; Thompson et al., 2022).  

Prior to the availability of returned samples from Ryugu and soon, Bennu, scientists 

relied on laboratory experiments with carbonaceous chondrite analogs to investigate the effects 

of space weathering on carbon-rich bodies. These studies used ion irradiation to simulate solar 

wind radiation and pulsed laser irradiation or flash heating to simulate micrometeorite impacts. 

(e.g., Hapke, 1973; Bradley et al., 1996; Yamada et al., 1999; Dukes et al., 1999; Sasaki et al., 

2001; Carrez et al., 2002; Moroz et al., 2004; Court et al., 2006; Loeffler et al., 2008, 2009; 

Court and Sephton, 2012; Brunetto et al., 2014; Lantz et al., 2015, 2017; Gillis-Davis et al., 

2017; Thompson et al., 2019a, 2019b, 2020; Prince et al., 2020; Trang et al., 2021; Laczniak et 

al., 2021; Rubino et al., 2022; Chaves et al., 2023). Together, these studies indicate that space 

weathering of C-complex asteroids deviates from the canonical lunar model. Investigations 

focused on spectral space weathering changes in carbon-rich analogs show a weakening of 
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absorption bands in the VNIR wavelength range consistent with lunar observations. However, 

trends in spectral slope and albedo vary greatly with some studies showing reddening, others 

bluing, some brightening and others darkening (Brunetto et al., 2014; Brunetto and Strazzulla, 

2005; Clark et al., 2023; Gillis-Davis et al., 2017, 2015, 2013; Hiroi et al., 2013; Kaluna et al., 

2017; Lantz et al., 2017, 2015; Matsuoka et al., 2015; Prince et al., 2020; Thompson et al., 2020, 

2019b; Vernazza et al., 2013).  

Analyses of experimentally space weathered carbon-rich analogs revealed amorphization 

of phyllosilicates, highly vesiculated rims, elemental sputtering and segregation at the surface, 

formation of melt splashes and vapor layers, and the presence of very compositionally diverse 

Fe-bearing nanoparticles, such as Fe metal, Fe-sulfide, Fe-Ni sulfide, and Fe-oxide phases (e.g., 

Keller et al., 2015b, 2015c, 2015a; Gillis-Davis et al., 2017; Kaluna et al., 2017; Thompson et 

al., 2019b, 2020; Laczniak et al., 2021). Although these previous experimental investigations 

provide important insights into space weathering on C-complex asteroids, additional studies 

employing coordinated optical, microstructural, and chemical analytical techniques are 

imperative to correlate space weathering-induced changes in spectral properties to fully 

understand the complexities of space weathering of carbonaceous asteroidal regolith. 

Realizing this need for additional studies specific to C-complex asteroids, coupled with 

outstanding questions regarding the role of flux in space weathering, we investigate how ion flux 

influences the solar wind space weathering of carbonaceous asteroidal regolith by performing a 

set of low flux and high flux 1 keV H
+
 and 4 keV He

+
 ion irradiation experiments on the 

Murchison CM2 carbonaceous chondrite. We integrate results from a suite of coordinated 

analytical techniques (X-ray photoelectron microscopy, VNIR spectroscopy, and electron 

microscopy) designed specifically to determine the spectral, microstructural, and compositional 

changes that result from low flux and high flux ion irradiation. Findings from this correlative 

experimental study will provide ground-truth for analyzing Ryugu and Bennu returned samples, 

help interpret Hayabusa2 and OSIRIS-REx orbital data, and improve grain exposure timescale 

models based on radiation damage. 

 

2. Samples and Methods 

 

In this study, slabs of the Murchison (CM2) carbonaceous chondrite were used as an 

analog for carbon-rich asteroidal regoliths, as this meteorite is rich in organics and phyllosilicates 

and has a low optical albedo and featureless spectral signature in the VNIR wavelength range 

(Clark et al., 2011; Cloutis et al., 2011b; Hamilton et al., 2019; Simon et al., 2020). From the 

allocated Murchison stones, we prepared four dry-cut, flat slabs measuring roughly 10 mm × 10 

mm. Prior to irradiation, slab surfaces were roughened with 400 grit silicon carbide grinding 

paper to limit spectral reflection (Laczniak et al., 2021). 

 

2.1 Ion irradiation experiments 

 

The surface of each Murchison slab was irradiated with either 1 keV H
+
 or 4 keV He

+
 in 

an ultra-high vacuum chamber (10
-8

 Pa) at the University of Virginia’s (UVA) Laboratory for 

Astrophysics and Surface Physics. A set of low flux/low fluence and high flux/low fluence 

experiments were performed, which are hereafter abbreviated as LF/LF and HF/LF, respectively. 

LF/LF He
+ 

irradiation used an average flux of 3.6 × 10
11

 He
+
/cm

2
/s and reached a total fluence of 

2.1 × 10
16

 He
+
/cm

2
 (~400 years of exposure at Bennu); LF/LF H

+
 irradiation used an average 
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flux of 6.6 × 10
11

 H
+
/cm

2
/s and reached a total fluence of 3.9 × 10

16
 H

+
/cm

2 
(~30 years of 

exposure). HF/LF He
+
 irradiation used an average flux of 9.1 × 10

12
 ions/cm

2
/s and reached a 

total fluence of 2.0 × 10
16

 ions/cm
2
 (~400 years of exposure); HF/LF H

+
 irradiation used an 

average flux of 8.4 × 10
12

 ions/cm
2
/s and reached a total fluence of 5.8 × 10

16
 ions/cm

2
 (~50 

years of exposure). Achieving similar total fluences in both the LF and HF experiments allows us 

to better isolate and evaluate the effects of ion flux. The incident ion beams were oriented 

perpendicular to the surface of the Murchison slabs and rastered over a rectangular area ≥ 4 x 7 

mm
2
. Average fluxes were determined from Faraday cup measurements before and after each 

irradiation. During the irradiation, electrostatic charging of the surface was mitigated with 

continuous operation of an electron neutralizer with a 20 µA emission current of low energy 

electrons (<1 eV). The exposure times for each experiment were determined using estimates of 

the ion fluxes at 1.126 AU (the semimajor axis of Bennu’s orbit) which we calculated to be ~1.5 

× 10
8
 H

+
/cm

2
/s and ~6.4 × 10

6
 He

+
/cm

2
/s, respectively. 

 

2.2 X-ray photoelectron spectroscopy (XPS) 

 

We performed X-ray photoelectron spectroscopy (XPS) using a micro-focused, 

monochromatic, Al k-alpha X-ray beam (1486.6 eV) under ultra-high vacuum (10
-7

-10
-8

 Pa) to 

determine quantitative changes in the surface chemistry of the Murchison slabs (topmost ~10 

nm). Using the PHI Versaprobe III Scanning XPS Microprobe at Uva, survey and high-

resolution XPS spectra were acquired in situ, from the same sample locations, before and after 

ion irradiation in several fluence increments. At least three points were analyzed during each 

irradiation experiment, as is shown in figure S1. Due to the diminished photoelectron count rates 

at relatively small (10-20 µm) spot sizes, X-rays were focused to 100 or 200 µm. As a result, 

completely isolating either chondrule or matrix material with the XPS beam was difficult, and 

each spectrum likely contains contributions from both materials.  

High-resolution analyses examined the O-1s, C-1s, S-2p, Al-2p, Si-2p, Mg-2s, and Fe-2p 

binding energy regions to investigate fluence-induced changes in surface chemistry. The 

hemispherical electron energy analyzer was operated at a fixed pass energy of 280 eV for survey 

spectra and 55 eV for high resolution spectra, providing instrument energy resolutions of 2.7 eV 

and 0.5 eV, respectively. Differential surface charging during XPS analysis was mitigated with 

continuous dual-beam charge neutralization. 

 

2.3 Visible and near-infrared (VNIR) spectroscopy 

 

Visible and near-infrared spectroscopy (VNIR; 0.35-2.5 µm) was performed at NASA 

Johnson Space Center (JSC) with a fiber-optic ASD FieldSpec 3 Hi-Res Spectroradiometer. This 

instrument is equipped with a Muglight probe which has a spot size of ~7 mm, an incidence 

angle of 35˚ (with respect to the surface normal), an emission angle of 12˚ (with respect to the 

surface normal), and a phase angle of 23˚. Under ambient laboratory conditions, we acquired 

absolute reflectance spectra from the low flux slab surfaces after irradiation and from the high 

flux slab surfaces both before and after irradiation. During high flux VNIR acquisition, care was 

taken to ensure the same area of the Murchison sample was analyzed before and after the 

irradiation experiment.  

A Labsphere Spectralon white standard (~99% Lambertian reflectance) was used for 

calibration. Final low flux spectra represent the average of at least 60 measurements, total, 
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collected at varying azimuth angles (0˚, 90˚, 180˚, and 270˚). Final high flux spectra are the 

average of 4 measurements taken at the same 90˚ rotations. We did not observe any systematic 

effects in the spectral band centers or intensities as the azimuthal orientation was varied. 

Continuum-removed spectra were computed from absolute reflectance using built-in functions in 

the Harris Geospatial Solutions Environment for Visualizing Instruments (ENVI) program. 

 

2.4 Focused ion beam scanning electron microscopy (FIB-SEM) and field-emission scanning 

transmission electron microscopy (FE-STEM) 

 

We used focused ion beam scanning electron microscopy (FIB-SEM) to extract electron 

transparent (<100 nm) cross-sections (hereinafter referred to as FIB sections) from an olivine 

grain and a phyllosilicate-rich matrix region in each of the four ion-irradiated Murchison slabs, 

yielding eight FIB sections in total. The Thermo Scientific Helios G4 UX Dual Beam FIB-SEM 

at Purdue and the FEI Quanta 3D FIB-SEM at JSC were used for FIB section extraction. The ion 

irradiated surface of these FIB sections was protected from ion beam damage during sample 

preparation by the deposition of a thick carbon strap (≥ 2 µm) over areas of interest, prior to 

milling. All final FIB sections are ≥8 µm in depth and, thus, include both ion-affected material 

near the surface and unaltered material below, allowing differences in microstructure and 

composition to be observed with TEM techniques within the same sample. 

Each FIB section was analyzed with TEM and energy dispersive X-ray spectroscopy 

(EDS) at Purdue and JSC. Purdue houses a Thermo Fisher Talos F200X G2 field-emission 

scanning transmission electron microscope (FE-STEM) equipped with four windowless Super-X 

silicon drift detectors. JSC houses a JEOL 2500 SE 200 kV FE-STEM equipped with a JEOL 

SD60GV 60 mm
2
 ultra-thin window silicon drift detector. A combination of conventional bright 

field TEM (BF TEM), high-resolution TEM (HRTEM), bright field scanning TEM (BF STEM), 

and high-angle annular dark field STEM (HAADF) images were obtained. Element abundances 

and distributions were investigated with EDS spot analyses, element maps, and line profiles. 

Quantification of element maps and line profiles was carried out in the Velox or Thermo NSS 

software using the standards-based Cliff-Lorimer method.  

 

3. Results 

 

3.1 X-ray photoelectron spectroscopy (XPS) 

 

Survey XPS spectra show the presence of C, O, Na, Mg, Al, Si, S, Fe, Ni and/or Cl in the 

uppermost ~10 nm of all analyzed matrix and chondrule regions in the LF/LF and HF/LF ion 

irradiated samples. Atomic concentrations of these elements before and after ion irradiation are 

summarized in the Appendix (Tables S1 and S2). Overall, only minor differences in the surface 

chemistry of chondrule and matrix regions were observed following LF/LF and HF/LF H
+
 and 

He
+
 irradiation, with the most significant changes being a reduction in C content, and sometimes 

O and S content, by preferential sputtering (Fig. 1 and Tables S1 and S2). Minor depletions (<1.0 

atomic %, or at%) in other elemental abundances also occur, however, these changes are not 

consistent between multiple survey spectra from the same sample or across different samples 

(e.g., S, Ca, Ni, Cl). The abundances of all other elements either increase proportionally with the 

removal of C and O or are consistent with pre-irradiation concentrations. 
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Figure 1. Plots showing the difference in elemental abundances (in atomic percent, or at%) 

derived from survey XPS spectra acquired before and after (A) LF/LF H
+
 irradiation (red 

gradient), (B) LF/LF He
+
 irradiation (yellow gradient), (C) HF/LF H

+
 irradiation (magenta 

gradient), and (D) HF/LF He
+
 irradiation (green gradient). The photoelectron peaks used for 

quantification of each element are listed along the x-axis. The bold line at 0.0 at% is unity and 

represents no change in elemental abundance after ion irradiation. Points that plot above unity 

represent an increase in the abundance of that element while points below unity represent a 

decrease. Each point corresponds to a different XPS analytical location. The average analytical 

error for each elemental difference is as follows: C (±0.81), O (±0.70), Na (±0.07), Mg (±0.24), 

Al (±0.35), Si (±0.17), S (±0.07), Ca (±0.11), Fe (±0.07), Ni (±0.07). These errors, which are 

derived from the average standard deviation across all XPS analysis points, are applicable to all 

four irradiation experiments. 

 

XPS shows that each ion irradiated sample exhibits a slight decrease in C abundance 

which is consistent across three or more locations in each irradiated region and both matrix and 

inclusions. In the LF/LF samples, H
+
 irradiation caused C abundance to decrease by ≤3.6 (at%) 

while He
+
 irradiation caused C abundance to decrease by ≤8.5 at% (Fig. 1A and 1B). In the 

HF/LF experiments, H
+
-irradiation lowered C by ≤6.7 at% and He

+
-irradiation by ≤11.7 at% 

(Fig. 1C and 1D). He
+
 irradiation yields a slightly greater reduction in C content compared to H

+
 

irradiation in both the low flux and high flux experiments. Similarly, ion irradiation decreases O 

abundance in the low flux experiments, while there was minimal variation (+/-1⎼2%) in the high 

flux results. In the LF/LF H
+
-irradiated sample, O content decreases by ≤3.3 at%, with a greater 

reduction occurring in chondrule rather than matrix-dominated analysis points (Fig. 1A). 

Interestingly, a notable reduction in O content is observed in only one survey spectrum from the 
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LF/LF He
+
-irradiated sample (a decrease of ~3.0 at%) (Fig. 1B). In the HF/LF samples, small 

(<2%) systematic changes in the O content with fluence were observed—both increasing and 

decreasing—along with a systematic decrease in the S content with both 1 keV H and 4 keV He 

(~50% decrease). Commensurate increases in Mg, Si, Ca, and Fe were observed in all locations 

within the impacted area for the HF/LF irradiations.  

High-resolution XPS spectra reveal changes in peak binding energies derived from ion 

irradiation that correspond to differences in the elemental bonding environment (e.g., oxidation 

state). An example and explanation of the peak fitting procedure can be found in the 

supplementary material (Fig. S2). Peak fitting of high-resolution spectra from the C1s 

photoelectron region shows a prominent peak at ~284.8 eV associated with C-C/C-H bonds (Fig. 

2). The unirradiated Murchison surface carbon consists of macromolecular material dominated 

by aromatic functionality (Barr and Seal, 1995; Vander Wal et al., 2011) and oxygenated carbon 

species at ~286.2 eV (C-O-C) and ~288.6 eV (O-C=O) (Fig. 2). Consistent with survey XPS 

results, these three carbon peaks weaken with progressive LF/LF and HF/LF H
+
 and He

+
 

irradiation, indicating that sputtering results in a decrease in the overall surface C content. 

Oxygenated carbon peaks are essentially absent after all ion irradiation experiments. 

Interestingly, LF/LF and HF/LF H
+
 irradiation causes the C-C/C-H peak to shift slightly towards 

a higher binding energy. No notable peak change was observed in the high flux He
+
-irradiated 

high-resolution XPS spectra. 

Examination of the Fe-2p photoelectron region reveals a small but detectable ion 

irradiation-induced change in iron oxidation state (Fig. 2). Using fitting parameters from 

Biesinger et al. (2011), we resolved the high-resolution spectra from this region into its Fe2p1/2 

and Fe2p3/2 spin couplet components. Fig. 2 shows the Fe2p3/2 spectra from each experiment. The 

prominent composite peak present in all Fe2p3/2 (spin couplet) high-resolution spectra consists of 

a complex mixture of Fe
3+

 and Fe
2+

 multiplet-splitting features. The Fe
3+

 multiplet structure 

suggests that Fe
3+

 occurs in oxide and phyllosilicate phases. The Fe
2+

 multiplet structure suggests 

that Fe
2+

 occurs in phyllosilicates and olivine. After LF/LF and HF/LF H
+
 and He

+
 irradiation, a 

minor amount of Fe
3+

 is chemically reduced to Fe
2+

. This reduction is represented by a shift in 

the primary composite peak towards a lower binding energy (Fig. 2). Iron is not reduced to Fe
0
 in 

these experiments, as evident by the lack of a peak at ~706.5 eV corresponding to either metallic 

Fe (Fe-Fe) or sulfides (Fe-S) following irradiation (Biesinger et al., 2011; Terranova et al., 2018; 

Thomas et al., 2003). We did not identify any significant changes in surface chemistry in the 

Mg-2s, Al-2p, Si-2p, or O-1s photoelectron features. Jo
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Figure 2. Normalized high-resolution (HR) XPS spectra showing changes in Murchison surface 

chemistry over the C1s and Fe2p3/2 photoelectron regions before (dashed line) and after (solid 

line) each ion irradiation experiment. (A) Spectra from the LF/LF H
+
 irradiation experiment 

(red). (B) Spectra from the LF/LF He
+
 irradiation experiment (yellow). (C) Spectra from the 

HF/LF H
+
 irradiation experiment (magenta). (D) Spectra from the HF/LF He

+
 irradiation 

experiment (green). In all panels, the dashed line represents the unirradiated spectrum 

(abbreviated unirrad. in the legends) and the solid line represents the final irradiated spectrum.  

Black arrows call attention to changes in the spectra derived from ion irradiation.
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3.2 Visible and near-infrared (VNIR) spectroscopy 

 

The overall shape and low albedo (<7.5%) of the absolute reflectance spectra acquired 

from this study resembles previously published Murchison VNIR spectra (Fig. 3A) (e.g., Cloutis 

et al., 2011; Lantz et al., 2015; Thompson et al., 2019b, 2020; Laczniak et al., 2021). Their low 

albedo results from the abundant opaque phases present in Murchison (i.e., magnetite, tochilinite, 

sulfides, carbon species) (e.g., Johnson and Fanale, 1973; Milliken and Mustard, 2007; Cloutis et 

al., 2011a, 2011b, 2012). Because unirradiated VNIR spectra were not obtained from the LF/LF 

slabs prior to the ion irradiation experiments, here, we compare the LF/LF H
+
 and He

+
 irradiated 

spectra to an unirradiated Murchison spectrum acquired previously by Laczniak et al. (2021) 

from a different meteorite slab that was cut from the same bulk stone. Alternatively, for the 

HF/LF H
+
 and He

+
 irradiation experiments, reflectance spectra were acquired from the same 

region of each slab before and after ion irradiation, and thus, these unirradiated and irradiated 

spectra are compared to each other. Table 1 summarizes the slopes (defined over the 0.65-2.5 µm 

wavelength range) and albedos at different wavelengths of our unirradiated, LF/LF irradiated, 

and HF/HF irradiated spectra. Overall, we observe relatively minor changes in slope, albedo, and 

absorption band strength as a result of ion irradiation. 

The albedos of the LF/LF H
+
 and He

+
-irradiated spectra are higher than the albedo of the 

unirradiated spectrum, with the H
+
-irradiated spectrum exhibiting the highest reflectance (Fig. 

3A). Locations of highest albedo in both the LF/LF H
+
 and He

+
 irradiated spectra are shifted 

shortward compared to the unirradiated spectrum, occurring at 0.53 µm in the former and 0.55 

µm in the latter. Additionally, the LF/LF He
+
-irradiated spectrum exhibits a similar slope 

compared to the unirradiated spectrum while the LF/LF H
+
 irradiated spectrum exhibits a bluer 

slope (by ~25%). Compared to their unirradiated counterparts, the HF/LF H
+
- and He

+
- irradiated 

absolute reflectance spectra exhibit a slightly higher albedo at shorter wavelengths, specifically 

between ~0.35-2.10 µm (reflectance at 0.55 µm increases by ~2% and ~5%, respectively), 

leading to an overall bluing of their spectral slopes (Fig. 3A). HF/LF He
+
 irradiation yields 

greater brightening at these shorter wavelengths, and, thus, greater slope bluing (by ~31%). The 

location of highest albedo also does not change following HF/LF H
+
 and He

+
 irradiation, 

occurring at ~0.55 µm in all these spectra.  

Examination of continuum removed reflectance spectra from this study reveals many 

absorption features that are characteristic of the primary components of Murchison (Fig. 3B). 

Most prominent is the broad band between ~0.6-1.6 µm which reflects the superposition of 

absorptions bands associated with Fe-bearing minerals such as serpentines, olivine, ferrihydrite, 

and/or magnetite. In the unirradiated spectra, LF/LF He
+
-irradiated spectrum, and HF/LF H

+
- and 

He
+
-irradiated spectra, this broad band is dominated by serpentine reflectance features, including 

the ~0.75 µm absorption associated with the Fe
2+

-Fe
3+

 charge transfer and the ~0.90-0.95 and 

~1.1-1.2 µm absorptions associated with octahedral Fe
2+

 crystal field transitions (Cloutis et al., 

2012, 2011b, 2011a). Interestingly, the short wavelength region of the broad band in the LF/LF 

H
+
-irradiated spectrum is dominated by a strong absorption at ~0.85 µm which may correspond 

to the Fe
2+

 crystal field transition in olivine’s M1 crystallographic site or the Fe
3+

 spin forbidden 

transition in ferrihydrite (Cloutis et al., 2012, 2011b, 2011a). HF/LF H
+
 irradiation does not 

notably alter the shape or strength of the broad band. However, HF/LF He
+
 irradiation appears to 

slightly strengthen the absorption of this broad band, especially at ~0.91 µm and 1.13 µm (by 

~1% for each). Additionally, all spectra exhibit an absorption feature at ~2.2-2.3 µm that is 

suggestive of metal-OH bonds in amorphous phases and/or phyllosilicates (Cloutis et al., 2012, 
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2011b). An absorption band at ~1.95 µm (OH
-
/H2O) also is present in all spectra which likely 

represents the hydrated phyllosilicate component within Murchison and/or atmospheric water 

adsorption resulting from acquisition of VNIR spectra under ambient laboratory conditions (Fig. 

3C) (e.g., Beck et al., 2010; Cloutis et al., 2011a, 2011b, 2012; Takir et al., 2013; Lantz et al., 

2015; Bishop et al., 2017). However, no change in this feature is observed following ion 

irradiation. 

 

 

Figure 3. (A) Absolute reflectance spectra and (B) continuum removed reflectance spectra over 

the visible and near-infrared wavelength range (0.35-2.5 µm). Left panels show results from the 

LF/LF irradiation experiments, with the H
+
-irradiated surface in red and the He

+
-irradiated 

surface in yellow. Note that the unirradiated Murchison spectrum from Laczniak et al. (2021) is 

also included for comparison and represented by the dashed black line (and denoted by an 

asterisk in the legend). Right panels show results from the HF/LF experiments, with the H
+
-

irradiated surface in magenta and the He
+
-irradiated surface in green. All unirradiated spectra are 

represented by dashed lines and irradiated spectra with solid lines.  

Table 1. Albedo and slope values of the unirradiated, LF/LF irradiated, and HF/LF irradiated 

samples. The average standard deviation (1σ) over all wavelengths is also provided. Albedo and 

slope values from the unirradiated spectrum in Laczniak et al. (2021) are also listed for 

comparison to the LF/LF H
+
- and He

+
- irradiated spectra from this study. 

 Low Flux, Low Fluence High Flux, Low Fluence  

 Unirradiated H
+
- He

+
- Unirradiate H

+
- Unirradiate He

+
-
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* irradiate

d 

irradiate

d 

d irradiate

d 

d irradiate

d 

Reflectanc

e at 0.35 

μm 

0.050 ± 

0.003 

0.058 ± 

0.004 

0.054 ± 

0.003 

0.050 ± 

0.002 

0.050 ± 

0.003 

0.053 ± 

0.002 

0.054 ± 

0.003 

Reflectanc

e at 0.55 

μm 

0.065 ± 

0.003 

0.073 ± 

0.004 

0.067 ± 

0.003 

0.065 ± 

0.002 

0.066 ± 

0.003 

0.07 ± 

0.002 

0.073 ± 

0.003 

Reflectanc

e at 2.50 

μm 

0.050 ± 

0.003 

0.054 ± 

0.004 

0.051 ± 

0.003 

0.053 ± 

0.002 

0.053 ± 

0.003 

0.057 ± 

0.002 

0.057 ± 

0.003 

Spectral 

Slope 

from 0.65 

- 2.5 μm  

-0.0067 -0.0084 -0.0068 -0.0054 -0.0060 -0.0055 -0.0072 

Spectral 

Slope 

from 0.35-

0.55 μm  

0.0737 0.0771 0.0658 0.0763 0.0810 0.0860 0.0972 

*Unirradiated Murchison spectrum from Laczniak et al. (2021) 

 

 

3.3 Field-emission scanning transmission electron microscopy 

 

The following section details results from TEM and EDS analysis of the olivine and 

matrix FIB-sections extracted from each of the ion irradiation experiments performed in this 

study (eight FIB-sections, total). Table 2 summarizes the microstructural and compositional 

characteristics of each FIB-section. 

 

3.3.1 H
+
-irradiated olivine samples 

 

3.3.1.1 Low flux/low fluence (LF/LF) H
+
-irradiated olivine. The ion-damaged surface of 

the LF/LF H
+
-irradiated olivine sample exhibits variation in its microstructural characteristics. 

Some regions are highly strained but still completely crystalline (Fig. 4C) while others exhibit 

nanocrystalline domains and zones of partial amorphization in addition to remnants of the 

original olivine crystal structure (Fig. 4B). While the boundary between the ion-damaged surface 
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and unaltered olivine is not always well-defined, where it is clearly delineated, the ion-altered 

zone tends to extend between 30-60 nm below the surface. When present, partial amorphization 

usually occurs as small, randomly distributed pockets ≤10 nm in size. Occasionally, these 

amorphous pockets form more elongated islands that are roughly parallel to the sample surface 

(Fig. 4B). Although the degree of partial amorphization varies laterally in the damaged rim, 

nanocrystalline or crystalline domains always dominate.  

BF TEM images also show the presence of small (~2-5 nm) spherical to oblong features 

distributed randomly within the ion-altered surface. These features are likely nanovesicles or 

defects. We also observe light contrast features in BF TEM images that are elongated, linear or 

undulating in morphology, and range in length from ~10-50 nm (Fig. 4A). While most are 

oriented roughly parallel to the sample’s surface, some features are oriented nearly orthogonal. 

These elongated features appear similar to defects observed in some returned lunar and Itokawa 

olivine particles, which will be discussed in more detail in Section 4.2.1 (e.g., Burgess and 

Stroud, 2021; Cymes et al., 2022).  

EDS analysis shows that this sample exhibits a continuous, chemically distinct layer in 

the outermost ~10 nm that is enriched in Mg, significantly depleted in Si, and slightly depleted in 

O (Fig. 4D, 4E, and S3). Typically, the Mg content in this layer exceeds the Mg content in the 

unaltered olivine (by ~17 at%) and the Si content decreases (to ≤10 at%). Following this surface 

layer, segregation between Mg and Si is observed up to 80 nm below the surface, forming 

randomly distributed patches of relative Mg enrichment/Si depletion and vice versa (Fig. S3). In 

some areas, the segregation of Mg and Si forms elongated lenses roughly parallel to the sample’s 

surface, as in Fig. 4D. Within this larger zone of segregation, O content also is slightly enriched 

in some cases. Although Fe abundance is low, overall, in this olivine grain (~3 at%), it tends to 

segregate with Mg. 
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Figure 4. TEM imaging and microanalysis of the LF/LF fluence H
+
-irradiated olivine sample. 

(A) BF TEM image showing the ion-damaged surface. Black arrows point to the thin, elongated 

light-contrast features. (B) An HRTEM image showing an elongated amorphous island (cyan 

outline) within the predominantly polycrystalline ion-altered surface. The inset FFT confirms the 

polycrystalline microstructure of the region. The measured d-spacing of 2.78 Ǻ is also indicated 

and corresponds to the {130} family of planes. (C) HRTEM image showing a damaged but still 

crystalline region of the surface. The FFTs at the right confirm the crystalline nature of the 

surface (yellow outline) compared to the unaltered olivine (red outline). The measured d-spacing 

of 3.68 Ǻ is also indicated and corresponds to the {101} family of planes.  (D) Quantitative EDS 

map set (O in blue, Si in cyan, and Mg in green) and its corresponding HAADF image showing 

the segregation of Si and Mg into elongated lenses. The green arrow indicates a Mg-enriched, Si-

depleted lens and the cyan arrow indicates a Si-enriched, Mg-depleted lens. The dotted-dashed 

line represents the base of the very Mg-rich and Si-poor surface layer. (E) A quantified elemental 

concentration profile extracted from the gray arrow in (D). Enrichments highlighted by the green 

and cyan arrows correspond to the elongated segregation layers observed in (D). For all panels, 

solid white lines denote the surface of the sample. 

3.3.1.2 High flux/low fluence (HF/LF) H
+
-irradiated olivine. The HF/LF H

+
-irradiated 

olivine sample is characterized by a highly strained, but predominantly crystalline rim that is ~30 

nm thick (Fig. 5A and 5B). Fast Fourier transform images (FFTs) extracted from the ion-

damaged surface exhibit more diffuse reflections compared to the sharp reflections characteristic 

of the unaltered olivine. These FFTs also show evidence of some low-angle grain boundaries 
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(Fig. 5C). There are also rare, small pockets (~1-8 nm) of amorphous material sporadically 

distributed within this surface layer. Additionally, in the uppermost ≤5 nm of some areas, a light 

contrast, laterally discontinuous layer with possible partial amorphization is observed (Fig. 5B 

and 5C). 

Similar to the LF/LF H
+
-irradiated sample, we observe spherical to oblong light contrast 

features (mostly 2-5 nm in size) scattered throughout the ion-damaged rim (Fig. 5A). The density 

of these features, which are possible nanovesicles or defects, is higher in this sample compared 

to the LF/LF H
+
-irradiated sample. The surface of this sample also contains thin, elongated, 

linear to undulating features that are oriented approximately parallel to the surface (Fig. 5B and 

5C).  

Compositional changes vary laterally in the HF/LF H
+
-irradiated olivine grain. In some 

regions, no difference in Mg, Fe, Si, or O abundances are observed between the highly strained 

surface layer and the unaltered olivine. However, in other locations, O content increases and Mg 

content gradually decreases while Si content remains unchanged in the outermost 35-45 nm. Fe 

abundance slightly decreases until ~20 nm below the sample surface, at which depth its 

abundance begins to increase slightly, creating a trough-like feature in the EDS line profile (Fig. 

5F). The lowest Fe abundance consistently occurs between 20-25 nm below the sample surface, 

creating a band that is relatively Fe-poor. Localized regions also exhibit a laterally discontinuous 

surface layer where the outermost ~5-10 nm is depleted in Si and slightly enriched in Mg and Fe 

(Fig. 5E and 5F). 
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Figure 5. TEM imaging and microanalysis of the HF/LF H
+
-irradiated olivine sample. (A) 

Conventional BF TEM image of the ion-affected surface. Black arrows indicate potential 

elongated structural defects. (B) A higher magnification BF TEM image acquired at a tilt that 

highlights a ~5 nm thick light contrast layer at the uppermost surface of the sample in this region 

(yellow double-sided arrow). (C) HRTEM image of the area outlined in purple in (B).  The outer 

~5 nm light contrast layer (double-sided yellow arrow) exhibits some partial amorphization. The 

remainder of the ion-damaged layer is strained but crystalline, as indicated by the FFTs at the 

right which were acquired from the surface (yellow boxes) and unaltered olivine (red boxes). 

Yellow circles in the yellow-outlined FFT encompass reflections indicative of low-angle grain 

boundaries. Cyan arrows point to amorphous pockets. Also note the elongated feature indicated 

by a dotted line in the HRTEM image. A measured d-spacing of 5.18 Ǻ is also indicated and 

corresponds to the {011} family of planes. (D) An HRTEM mosaic showing a region of the ion-

altered surface that lacks amorphous pockets and the ~5 nm light-contrast, partially amorphous 

upper layer. A measured d-spacing of 3.83 Ǻ is also indicated and corresponds to the {021} 

family of planes. (E)  HAADF image (left panel) and quantitative EDS map overlay showing the 

distribution of Mg (green), Si (blue), and Fe (red). The dot-dashed line indicates the base of a Si-
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depleted layer. The mottled texture observed in the unaltered olivine substrate (below the dashed 

white line) reflects STEM beam damage from EDS analysis. (F) A quantified elemental 

concentration profile extracted from the orange arrow in (E). The red arrow highlights the depth 

at which Fe content is lowest. For all panels, solid white lines denote the surface of the sample 

and dashed white lines denote the boundary between the ion-damaged surface and unaltered 

olivine substrate. 

3.3.2 He
+
-irradiated olivine samples 

 

3.3.2.1 Low flux/low fluence (LF/LF) He
+
-irradiated olivine. The LF/LF He

+
-irradiated 

olivine exhibits localized vesiculation within ~10-35 nm of the sample’s surface. Vesicle shapes 

range from spherical to ovoid to oblong in shape and their sizes are usually ≤15 nm in length 

(Fig. 6A and 6B). The lower boundary of the ion-altered surface is not always well-defined, but 

in areas where a more distinct boundary was identified, microstructural damage reached depths 

of 20-65 nm. The microstructure of the surface of this sample varies laterally. Some regions 

exhibit partial amorphization embedded within crystalline material, while other regions are 

partially amorphous with islands of nanocrystallinity (Fig. 6C, 6F, and 6G). FFTs suggest that, in 

certain areas, amorphous material dominates, however, at least a minor amount of crystalline or 

nanocrystalline material is always maintained. Additionally, some regions have a very localized, 

laterally discontinuous outer layer (~7-10 nm) that is lighter in contrast in BF TEM and mostly 

amorphous with nanocrystallites. 

Quantitative EDS data shows that the ion-damaged surface of the LF/LF He
+
-irradiated 

olivine sample exhibits significant chemical differences compared to the bulk, unaltered olivine 

material. Segregation of Mg and Si is observed within ~30-65 nm of the surface (Fig. 6D, 6E, 

and S4). Within this zone, Mg and Si segregate into either roughly rounded pockets or more 

laterally elongated lenses oriented approximately parallel to the sample surface (Fig. 6D, 6E, and 

S4). In many areas, the outermost ~5-20 nm of this segregation zone is enriched in Fe and 

depleted in Mg and Si. However, this thin, Fe-rich layer is not completely laterally continuous 

(Fig. 6D). Localized lenses of Fe-enrichment also can occur up to ~ 30 nm below the surface. 

Some areas deviate from these overall compositional trends, exhibiting a Si-rich, Fe-poor, and 

extremely Mg-depleted layer (5-25 nm thick) directly at the surface which is underlain by 

elongated layers of Mg and Si segregation that are consistent with other regions of the sample 

(Fig. S4). In this same compositionally unique region, Fe content is also elevated above bulk 

abundance within a ~ 55 nm region near the surface.  
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Figure 6. TEM imaging and microanalysis of the LF/LF He
+
-irradiated olivine sample. (A) 

Conventional BF TEM mosaic showing the vesiculated ion-damaged surface and grain 

boundaries within the bulk sample. The white arrows indicate a couple vesicles larger than 10 

nm in size. (B) Higher magnification conventional BF TEM image of the area indicated by the 

green box in (A). Some vesicles within the outermost ~40 nm of the sample are indicated by 

white arrows. These are less than 10 nm in size. (C) HRTEM image of the region indicated by 

the red box in (A) showing polycrystallinity (red arrows) and partial amorphization. 

Polycrystalline domains occur up to the surface of the olivine grain. The inset FFT was acquired 

from the white box and confirms nanocrystallinity at the surface. (D) Quantitative EDS map set 

of the region denoted by the orange box in (A). O is shown in blue, Mg, in green, Si in cyan, and 

Fe in red. The outer ~45 nm of the sample exhibits segregation of Si and Mg into localized 

pockets or lenses. Within this segregation zone, the outer ~6-16 nm is Fe-enriched. (E) A 

quantified elemental concentration profile extracted from the white arrow in (D). Colored arrows 

indicate regions of relative enrichment in a particular element, with green corresponding to Mg, 

cyan to Si, and red to Fe. (F) HRTEM image of an area of the ion-damaged rim that exhibits 

significant partial amorphization. FFT callouts below indicate the microstructure of the partially 

amorphous ion-altered region (magenta outline) and the unaltered crystalline olivine substrate 

(cyan outline). Measured d-spacings of 3.85 Ǻ and 2.50 Ǻ are also indicated which correspond to 
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the {021} and {131} family of planes, respectively. (G) HRTEM image of a surface region with 

strong polycrystallinity, as indicated by the bottom left FFT (yellow outline). The black outlined 

FFT shows the microstructure of the unaltered crystalline substrate. Measured d-spacings of 2.45 

Ǻ and 2.37 Ǻ are also indicated which correspond to the {112} and {041} family of planes, 

respectively. For all panels, solid white lines denote the surface of the sample and dashed white 

lines denote the boundary between the ion-damaged surface and unaltered olivine substrate. 

3.3.2.2 High flux/low fluence (HF/LF) He
+
-irradiated olivine. Similar to the LF/LF He

+
-

irradiated sample, the HF/LF He
+
-irradiated sample contains vesicles that are spherical, ovoid, 

and oblong in shape, but vesicle density is higher, overall, in this sample. Most vesicles occur in 

a continuous band between ~15-45 nm below the surface across the entire sample (Fig. 7A and 

7B). Vesicles in this band are ≤20 nm in size and larger sizes are more common compared to the 

LF/LF He
+
-irradiated olivine FIB-section. There are also bubbles up to 40 nm in size beyond the 

vesiculated band, up to ~110 nm below the surface.  

TEM imaging shows the presence of two microstructurally distinct layers in this sample. 

The outermost ~6-15 nm (Fig. 7A and 7B) forms a light contrast layer that is mostly amorphous 

and contains nanocrystallites (Fig. 7C and 7D). Following this outer layer is a more strongly 

nanocrystalline region (Fig. 7C and 7D) with comparably less amorphization. Partial 

amorphization occurs as either pockets or elongated domains. The boundary between the ion-

altered nanocrystalline region and unaltered crystalline olivine is not consistently well-defined 

but, where this transition is identifiable, it occurs between 15-80 nm below the surface in 

thickness. Finally, in a few localized regions, the ion-damaged surface remains crystalline but 

exhibits high defect densities.  

EDS analysis reveals three laterally continuous, compositionally distinct zones (Fig. 7E 

and 7F). Zone 1 occurs in the outermost 10-18 nm of the sample and is characterized by 

significant Mg enrichment (54 at %) while Si (2 at%) and O (44 at%) are depleted. Zone 1 

roughly correlates with the partially amorphous, nanocrystallite-bearing surface layer observed 

in HRTEM imaging. Zone 2 varies considerably in thickness across the sample, ranging from 15-

50 nm. Here, Mg content gradually increases (sometimes exceeding bulk Mg abundance) while 

Si and O content gradually decreases moving from the grain interior towards Zone 1. Zone 3 

ranges in thickness from 40-80 nm and exhibits minor Si enrichment and Mg depletion, overall, 

with no observed change in O.
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Figure 7. TEM and microanalysis of the HF/LF He
+
-irradiated olivine sample. (A) Conventional 

BF TEM mosaic showing the vesiculated ion-irradiated surface of the sample. (B) Higher 

magnification BF TEM image of the area indicated by the red box in (A). White arrows denote 

vesicles and the green arrow denotes the thin light contrast surface layer. (C) HRTEM image of 

the strongly polycrystalline ion-altered region. The FFTs below confirm the polycrystalline 

microstructure of the surface (magenta outline) and the crystalline microstructure of the 

unaltered olivine substrate (cyan outline). The base of the ~10 nm light contrast surface layer is 

denoted by the dotted-dashed white line. Measured d-spacings of 5.14 Ǻ and 2.48 Ǻ are also 

indicated which correspond to the {011} and {112} family of planes, respectively. (D) A higher 

magnification HRTEM image highlighting the nanocrystalline (red arrows) and partially 

amorphous microstructure of the light contrast surface layer in the outermost ~10 nm of the 

sample. The inset FFT (magenta) shows that the remainder of the damaged rim is polycrystalline. 

(E) Quantitative EDS map set and its corresponding HAADF image with O in blue, Mg in green, 

and Si in cyan. The three compositionally distinct zones are shown. The base of zone 1 is 

denoted by the dotted-dashed white line, the base of zone 2 is denoted by the dotted white line 

and the base of zone 3 is denoted by the dashed white line. (F) A quantified elemental 

concentration profile extracted from the gray arrow in (E). The boundaries of zones 1, 2 and 3, 

are indicated in this graph. For all panels, solid white lines indicate the surface of the sample. 

3.3.3 H
+
-irradiated and He

+
-irradiated matrix samples 

 

The ion irradiated matrix samples analyzed in this study exhibit many similarities in 

microstructure and composition, and, thus, we discuss their characteristics together. The matrix 

samples lack well-defined, highly vesiculated ion-altered surface layers (Fig. 8-10). The LF/LF 
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H
+
-irradiated FIB-section and HF/LF H

+
-irradiated FIB-section are most similar to each other. 

Vesicles are randomly distributed at or near the surface and their density is very low. The 

maximum vesicle sizes in the LF/LF H
+
-irradiated sample and HF/LF H

+
-irradiated sample are 

30 nm and 50 nm, respectively. It should be noted that discriminating between vesicles and 

inherent microporosity was sometimes difficult. Surface microstructures range from partially 

amorphous and nanocrystalline to mostly amorphous with weak nanocrystallinity. The degree of 

partial amorphization varies laterally and distinct lattice fringes with d-spacings indicative of 

serpentine-group phyllosilicates (~7 Å) are observed near the surface in both samples: within 12 

nm of the surface for the LF/LF H
+
-irradiated sample and within 20 nm of the surface for the 

HF/LF H
+
-irradiated sample. 

The surfaces of the LF/LF and HF/LF He
+
-irradiated matrix samples exhibit distinct 

differences compared to the H
+
-irradiated matrix samples analyzed in this study (Fig. 10 and 11). 

Vesiculation is more abundant in both samples, however, this texture occurs more continuously 

across the surface in the HF/LF He
+
-irradiated sample (Fig. 10A, 11A). In the LF/LF He

+
-

irradiated sample, vesicles tend to form more localized clusters (Fig. 10). Most vesicles in both 

samples range from 3-35 nm in size, with some reaching up to ~75 nm. Compared to the 

vesiculated surface texture observed in the He
+
-irradiated matrix cross-section from Laczniak et 

al. (2021), which experienced a higher total fluence (~10
18

 ions/cm
2
), this sample exhibits a 

smaller vesicle size, vesicle density, and vesiculated layer thickness. Microstructurally, the 

surfaces of these matrix samples are predominantly amorphous. FFT images do show faint 

reflections indicating there is some nanocrystallinity in the ion-damaged regions (Fig. 10B, 11B, 

and 11D). Although the boundary between the ion-damaged surface and substrate matrix 

material is usually not well-defined in these samples, some localized regions of the HF/LF He
+
-

irradiated olivine FIB-section show a more defined ion-altered zone which typically measures 

between ~50-60 nm (Fig. 11A). We also observed distinct phyllosilicate lattice fringes in 

HRTEM images at depths as shallow as ~30 nm in both He
+
-irradiated samples. Overall, the 

LF/LF and HF/HF He
+
-irradiated FIB-sections exhibit more extensive amorphization than the 

H
+
-irradiated matrix samples analyzed here. 

Similar to other reports of Murchison mineralogy, EDS analysis suggests that all matrix 

FIB-sections from this study consist mostly of fine-grained Mg- and Fe-bearing phyllosilicates 

and tochilinite with inclusions of magnetite, sulfides, pyroxene, and olivine (e.g., Barber, 1981; 

Tomeoka and Buseck, 1985; Zolensky et al., 1993; Bland et al., 2004). Their surfaces are 

dominated by O, Fe, Si, and Mg with smaller amounts of Al, P, Na, and/or S (≤2 at%). In all 

matrix samples, no difference between the chemical composition of the ion-irradiated region and 

underlying matrix material is observed. 
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Figure 8.  TEM and microanalysis of the LF/LF H
+
-irradiated matrix sample. (A) Conventional 

BF TEM mosaic showing the presence of phyllosilicate lattice fringes near the surface of the 

sample. Red arrows indicate crystalline phyllosilicates near the surface. White arrows indicate 

possible vesicles. (B) HRTEM image of an area that is predominantly amorphous with weak 

crystallinity. Inset FFT is from the white box. (C) HRTEM image of the area indicated by the 

cyan box in (A) showing distinct phyllosilicate lattice fringes occurring just ~15-20 nm below 

the surface. Inset FFTs show that either nanocrystalline (red box) or amorphous (yellow box) 

material occurs directly at the surface of the sample. (D) HRTEM region showing a region that is 

partially amorphous with greater nanocrystallinity. Yellow arrows indicate amorphous pockets. 

The white arrow denotes a possible vesicle cluster. 
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Figure 9. TEM and microanalysis of the HF/LF 

H
+
-irradiated matrix sample. (A) BF TEM image 

of the ion irradiated surface of the sample. Note 

the lack of a distinct, noticeable altered surface 

layer. White arrows indicate possible vesicles. 

Red arrows denote some regions with visible 

lattice fringes consistent with serpentine 

phyllosilicates. (B) HRTEM image of the area 

denoted by the magenta box in (A). The surface is 

characterized by partial amorphization (orange 

arrows). The inset FFT (cyan) shows that some 

regions maintain crystallinity at the uppermost 

surface of the sample. (C) HRTEM image of a 

different area showing some crystalline 

phyllosilicates ~20 nm below the surface. The 

inset FFT shows that the layer above the 

phyllosilicates is weakly crystalline. In panels (B) 

and (C), the white line defines the surface of the 

sample. 
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Figure 10. TEM and microanalysis of the LF/LF He
+
-irradiated matrix sample. (A) BF TEM 

image of the ion irradiated surface of the sample. White arrows indicate clusters of vesicles. (B) 

HRTEM image of an area exhibiting weak crystallinity at the surface. Faint reflections are 

visible in the FFTS at right. (C) Higher magnification image of the region denoted by the cyan 

box in (A). White arrows point to vesicles. Red arrows denote some regions containing lattice 

fringes consistent with serpentine phyllosilicates. (D) HRTEM image of the region indicated by 

the magenta box in (A) showing lattice fringes consistent with chrysotile ~40 nm below the 

surface of the sample. (E) HRTEM image of a surface area exhibiting greater nanocrystallinity. 

FFT is inset at bottom right. In panel (B), the white line defines the surface of the sample. 
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Figure 11. TEM imaging of the HF/LF He
+
-irradiated matrix sample. (A) Conventional BF 

TEM image showing a region of the ion-damaged surface that resembles the smooth layers 

observed in Ryugu regolith grains. White arrows indicate vesicles and red arrows indicate visible 

phyllosilicate lattice fringes. The inset HRTEM image was acquired from the region outlined in 

magenta and shows phyllosilicate lattice fringes occurring ~55 nm below the surface. The 7.17 Å 

d-spacing is consistent with serpentine. (B) HRTEM image acquired from the area outlined by 

the cyan box in (A) showing that nanocrystallinity occurs directly at the surface of the sample. 

(C) HRTEM image showing a transition from the ion-altered surface to unaltered crystalline 

phyllosilicates. (B) A higher magnification HRTEM image acquired from the yellow box in (C) 

showing the weakly crystalline microstructure of the ion-damaged layer. 
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Table 2. Summary of TEM and EDS results from the eight FIB-sections analyzed in this study as well as those analyzed by Laczniak 

et al. (2021). Unless otherwise noted, descriptions start at the outer surface of the sample and move towards the sample interior. 

Arrows indicate transitions into deeper layers. Note that the abbreviation “HF/HF” used in the Laczniak et al. (2021) FIB-section 

names stands for high flux/high fluence. 

FIB-

Section 

Thickness Vesiculation 

Description 

Microstructure Surface Chemistry 

This Study 

LF/LF H
+
-

irradiated 

olivine 

30-60 nm* Possible nanovesicles 

(2-5 nm) and elongated 

defects 

Variable: (a) crystalline and highly 

strained; (b) nanocrystalline and 

partially amorphous with some 

zones where original olivine 

microstructure is maintained 

Continuous Mg-enriched, Si-depleted, 

and slightly O-depleted layer (~10 nm) 

→ segregation of Mg and Si into 

pockets or elongated lenses + slight 

overall O enrichment (up to 80 nm) 

HF/LF H
+
-

irradiated 

olivine 

~30 nm Possible nanovesicles 

(2-5 nm) and elongated 

defects 

Discontinuous light-contrast, 

partially amorphous layer (≤5 nm) 

→ crystalline but highly strained 

Variable: (a) Discontinuous Si-depleted 

and slightly Mg- and Fe-enriched layer 

(5-10 nm) → gradual increase in O an 

decrease in Mg with an Fe-poor band 

roughly in the center of the layer (35-45 

nm); (b) No change 

LF/LF He
+
-

irradiated 

olivine 

20-65 nm* Localized vesicles ≤15 

nm in size between 10-

35 nm from the surface 

Localized and discontinuous light-

contrast layer that is mostly 

amorphous with nanocrystallites 

(~7-10 nm) → partial 

amorphization and varying degrees 

of nanocrystallinity 

Variable: Discontinuous Fe-enriched, 

Mg- and Si-depleted layer (5-20 nm) 

OR discontinuous Si-enriched, Fe- and 

Mg-depleted layer (5-25 nm) → 

segregation of Mg and Si into pockets or 

elongated lenses with localized lenses of 

Fe enrichment (30-65 nm)  

HF/LF He
+
-

irradiated 

olivine 

15-80 nm* Band of vesicles ≤20 

nm in size between 15-

45 nm from the surface 

Variable: (a) continuous light-

contrast layer that is mostly 

amorphous with nanocrystallites 

Mg-enriched, Si- and O-depleted layer 

(10-18 nm) → gradual increase in Mg 

and decrease in Si and O content (15-50 
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with larger vesicles 

scattered at greater 

depths  

(~6-15 nm) → strongly 

nanocrystalline and partially 

amorphous layer; (b) crystalline but 

highly strained 

nm) → minor Si enrichment and Mg 

depletion (40-80 nm) 

LF/LF H
+
-

irradiated 

matrix 

Not well-

defined 

Not abundant and 

randomly distributed 

Variable: Partially amorphous and 

nanocrystalline OR mostly 

amorphous with weak 

nanocrystallinity 

No change 

HF/LF H
+
-

irradiated 

matrix 

Not well-

defined 

Not abundant and 

randomly distributed 

Variable: Partially amorphous and 

nanocrystalline OR mostly 

amorphous with weak 

nanocrystallinity 

No change 

LF/LF He
+
-

irradiated 

matrix 

Not well-

defined 

More abundant and 

forms more localized 

clusters (3-35 nm in 

size) 

Predominantly amorphous with 

weak nanocrystallinity 

No change 

HF/LF He
+
-

irradiated 

matrix 

50-60 nm 

when well-

defined 

More abundant and 

laterally continuous (3-

35 nm in size) 

Predominantly amorphous with 

weak nanocrystallinity 

No change 

Laczniak et al. (2021) – “HF/HF” is an abbreviation for high flux/high fluence 

HF/HF H
+
-

irradiated 

Mg-rich 

olivine 

50-85 nm Moderate abundance Partially amorphous to completely 

polycrystalline (lateral variation) 

Variable; Some regions have a thin 

laterally discontinuous Si-enriched/Mg-

depleted layer  Mg-enriched/Si-

depleted layer (~20-30 nm); Refer to 

paper for more descriptions 

HF/HF H
+
-

irradiated 

~65 nm Low abundance Partially amorphous  completely 

amorphous  partially amorphous 

Mg- & Fe-enriched/Si-depleted layer (2-

5 nm)  discontinuous Si-enriched/Mg- 

Jo
urnal P

re-proof

Journal Pre-proof



 

Fe-rich 

olivine 

& Fe-depleted layer (~10-20 nm)  Si 

content progressively increases toward 

base of ion-affected region 

HF/HF He
+
-

irradiated 

Mg-rich 

olivine 

~75 nm Moderate abundance Completely amorphous layer 

(uppermost ~15 nm)  partially 

amorphous layer 

Si-enriched/ 

Mg-depleted layer (upper 20-40 nm) 

HF/HF He
+
-

irradiated 

Fe-rich 

olivine 

120-180 nm High abundance Completely amorphous No change 

HF/HF H
+
-

irradiated 

matrix 

~65 nm High abundance Completely amorphous No change 

HF/HF He
+
-

irradiated 

matrix 

~150 nm High abundance Completely amorphous No change 

* The boundary between the ion-damaged surface and unaltered substrate was not consistently well defined 
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4. Discussion 

 

Ion irradiation experiments performed in this study modified the spectral characteristics, 

microstructure, and composition of the Murchison meteorite. Here we discuss the relationship 

between these modifications and incident ion flux as well as the implications of our results in the 

context of other experimental solar wind simulations and returned sample analyses.  

 

4.1 Optical changes 

 

Slope bluing is observed in the LF/LF H
+
-irradiated, HF/LF H

+
-irradiated, and HF/LF 

He
+
-irradiated spectra in this study and is primarily driven by brightening in the lower 

wavelength region. This same trend has been recognized in previous ion irradiation experiments 

with natural hydrocarbons in which the alteration was attributed to the carbonization and 

dehydrogenation process (Moroz et al., 2004). These processes involve the loss of oxygen- and 

hydrogen-bearing organic functional groups and the rearrangement of carbon atoms into large 

aromatic clusters with short-range order (Lantz et al., 2017; Moroz et al., 2004). Optically, ion 

irradiation-induced carbonization and dehydrogenation decreases the optical gap of complex 

organics, imbues semi-metallic properties in the material, and increases the material’s absorption 

coefficient in the visible wavelength range. The corresponding increase in optical density causes 

surface scattering to dominate reflectance, and, as a result, brightening occurs in the visible 

wavelength region (Jones, 2012; Lantz et al., 2017; Moroz et al., 2004). We believe 

carbonization of Murchison’s organic component may be contributing to the slope bluing of this 

study’s HF/LF H
+
- and He

+
-irradiated spectra and LF/LF H

+
-irradiated spectrum. Carbonization 

and dehydrogenation of organic material was also invoked to explain the bluing trend observed 

in CM and CI carbonaceous chondrites irradiated with 40 keV He ions up to a fluence on the 

same order of magnitude used in our experiments (Lantz et al., 2017), and it is thought to be one 

process that might be occurring on asteroid Bennu (DellaGiustina et al., 2020; Simon et al., 

2020). Our experiments suggest that carbonization and dehydrogenation by solar wind space 

weathering can occur on relatively short timescales and, thus, corroborate findings from analyses 

of VNIR data acquired by the OSIRIS-REx mission, which indicate that rapid breakdown of 

aliphatic and aromatic organic species may be occurring on Bennu’s surface (<10
4
 years) 

(Kaplan et al., 2021).  

XPS results from both the LF/LF and HF/LF fluence experiments also support 

carbonization and dehydrogenation as a mechanism for spectral change. Although our XPS data 

show that only a small amount of carbon is removed from the sample’s surface (<12 at%), the 

~286.2 eV (C-O-C) and ~288.6 eV (O-C=O) peaks associated with organic functional groups 

disappear from high-resolution XPS spectra, even after low fluence irradiation. The 

disappearance of these peaks represents a loss of O, and thus, indicates that carbonization may be 

occurring in response to ion irradiation. The carbonization/dehydrogenation process is further 

supported by the minor reduction in O content that is observed in some LF/LF survey XPS 

spectra. However, the increase in  

There is no evidence for surface reduction of Fe to metallic Fe in our XPS data, 

suggesting that metallic Fe nanoparticles are not forming or contributing to the spectral signature 

at this stage. Increased microroughness derived from ion irradiation is also known to cause 

brightening, as diffuse reflection is greater than specular reflection on rougher surfaces (Moroz et 

al., 2004; Thompson et al., 2020, 2019b). However, the wavelength dependent brightening seen 
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in reflectance spectra presented here suggests that microroughness is likely only one of several 

possible contributing factors.  

We also note that the LF/LF H
+
- and He

+
-irradiated spectra exhibit higher albedo across 

all wavelengths compared to the unirradiated spectrum, with the H
+
-irradiated spectrum showing 

greater overall brightening. This difference likely arises from variation in the abundance of 

chondrules or differences in surface roughness between the Murchison slabs. Chondrules exhibit 

higher albedo across the entire VNIR wavelength range compared to matrix material, and 

rougher surfaces result in greater reflectance due to higher diffuse reflection, as discussed above 

(Dukes et al., 2015; Matsuoka et al., 2020; Moroz et al., 2004; Thompson et al., 2020, 2019b; 

Vernazza et al., 2013). Sputtering and removal of opaque carbon species also may cause spectral 

brightening across the full VNIR range (e.g., Cloutis et al., 2011a, 2011b; Dukes et al., 2015; 

Hendrix et al., 2016). However, because XPS results show only a small reduction in overall 

carbon content, this process likely plays only a minor role in the observed brightening trend. 

Effects from compositional heterogeneity, surface roughness, carbon removal, and 

carbonization/dehydrogenation are likely all simultaneously changing the spectral signature of 

our samples.  

Because both studies used incident ion fluxes on the order of ~10
13

 ions/cm
2
/s, by 

comparing unirradiated and irradiated spectra from our HF/LF irradiated samples to VNIR 

results from Laczniak et al. (2021), we can evaluate spectral effects that could be related to 

increasing simulated exposure time. Experiments performed by Laczniak et al. (2021) also 

irradiated Murchison slabs with 1 keV H
+
 and 4 keV He

+
, but the fluences employed in those 

experiments were ~1.5-2.0 orders of magnitude higher than those used in this study and, thus, 

represent a longer solar wind exposure time compared to the experiments here. The canonical 

model of space weathering based on anhydrous planetary regoliths drives spectra to darken and 

redden over time. In this work, HF/LF H
+
 and He

+
 irradiated VNIR spectra exhibit slightly bluer 

slopes compared to the unirradiated Murchison spectra. Our LF/LF H
+
-irradiated spectrum is 

also bluer than its unirradiated counterpart. This contrasts with spectral trends from Laczniak et 

al. (2021) which showed minor brightening longward of ~0.65 µm, and, thus, overall slope 

reddening, in response to high flux/high fluence H
+
 and He

+
 irradiation. Our results show that 

samples may experience early bluing until ultimately exhibiting spectral reddening with 

continued irradiation exposure, suggesting that solar wind irradiation alone could induce multi-

stage space weathering on carbonaceous asteroidal regoliths. Multi-stage space weathering also 

was observed in VNIR spectra of laser irradiated Murchison samples whereby initial laser 

irradiation caused darkening and subsequent laser irradiation caused brightening (Thompson et 

al., 2020), further confirming the complexity of space weathering on carbonaceous regoliths. 

Interestingly, the fluence dependent transition from bluing to reddening discussed above 

resembles color variation trends observed on the surface of asteroid Bennu. Multispectral images 

of Bennu suggest that fresh, unaltered regolith exhibits a redder spectral slope than the average 

spectral signature of Bennu’s surface. The initial stages of space weathering cause brightening in 

the near-ultraviolet wavelength region, yielding a blue overall slope, similar to the bluing 

observed in our HF/LF experiments. With continued exposure, brightening occurs in the visible 

and near-infrared range, neutralizing the slope (DellaGiustina et al., 2020). This finding, in 

conjunction with experimental space weathering studies (e.g., this study; Lantz et al., 2017; 

Thompson et al., 2020; Laczniak et al., 2021), provides evidence that non-linear, multi-stage 

space weathering may be typical of some C-complex asteroid surfaces. Numerous 

physiochemical processes with conflicting spectral trends, such as carbonization, surface 
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roughness, mineralogical diversity, carbon removal, and more, are likely occurring concurrently 

and contributing to the overall spectral signature of our Murchison sample and primitive, 

carbonaceous asteroidal regoliths in outer space. 

 

4.2 Microstructural alteration 

 

4.2.1 Vesiculation 

 

Vesiculation has become a characteristic feature of space weathering in both returned 

samples and experimental analogs. Some ferromagnesian silicate grains returned from asteroid 

Itokawa contain lenticular or oblong vesicles in their outermost ~50 nm which are oriented 

roughly parallel to the sample surface and form “blistered” surface textures (e.g., Matsumoto et 

al., 2014, 2015b; Noguchi et al., 2014b; Thompson et al., 2014; Burgess and Stroud, 2021). 

Although vesicles are common to lunar agglutinates, vesiculated textures are comparatively rare 

in space weathered rims of lunar soil grains–especially in solar wind-damaged rims–even though 

their exposure times are typically orders of magnitude larger than Itokawa samples (Keller and 

McKay, 1997, 1993; Noble et al., 2005; Thompson et al., 2016, 2014). However, a few  recent 

investigations revealed the presence of a variety of vesicle morphologies near the surface of a 

few space weathered lunar soil particles, including irregular, lenticular, rounded, flat, and linear 

shapes (Cymes et al., 2023; Kling et al., 2023). Additionally, vesicles <50 nm in diameter have 

recently been identified in the smooth surface layers of phyllosilicate-rich regions of Ryugu 

grains (Noguchi et al., 2022). Although ion implantation is known to cause vesiculation, other 

processes and conditions besides solar wind irradiation, such as heating effects from nearby 

micrometeoroid impacts, might contribute to the formation and/or destruction of vesicles (e.g., 

Keller and McKay, 1993, 1997; Brownlee et al., 1998; Noble et al., 2005; Thompson et al., 2014, 

2017, 2020; Laczniak and Thompson, 2023). To further complicate our understanding of 

vesiculation, ion-damaged regions of experimentally irradiated minerals and meteorite samples 

often exhibit vesicle densities that exceed returned sample observations (e.g., Demyk et al., 2001; 

Carrez et al., 2002; Christoffersen et al., 2010; Gillis-Davis et al., 2017; Laczniak et al., 2021; 

Chaves and Thompson, 2022). Collectively, these findings suggest that the role of space 

weathering on vesicle development and cycling is poorly understood. 

Previous investigators have suggested that incident ion flux affects bubble formation in 

lunar samples (Tamhane and Agrawal, 1979). Under low flux conditions, volume diffusion more 

effectively reduces the concentration of implanted H and He within a given area. As such, a 

higher critical fluence is required for saturation to occur and vesicles to form (Tamhane and 

Agrawal, 1979). This means, if two samples were irradiated up to the same total fluence, we 

would expect to see less vesiculation and smaller vesicles in the sample irradiated with a lower 

incident ion flux compared to the sample irradiated with a higher incident flux. Results from our 

experiments provide limited support for a flux-dependence on vesicle formation. While both the 

LF/LF and HF/LF He
+
-irradiated olivine samples contain vesicles, vesiculated textures are more 

continuous and vesicle density is higher in our HF/LF He
+
-irradiated olivine. Additionally, in our 

HF/LF He
+
-irradiated olivine sample, isolated vesicles are distributed sporadically at depths 

between ~75-110 nm and the largest measured vesicles occur in this region. These findings may 

be attributed to the higher flux used during He
+
 irradiation of this sample. We also note that the 

presence of spherical, oblong, and ovoid vesicles in the ion-altered surface of this study’s LF/LF 

He
+
-irradiated olivine sample contrasts with experimental results from a He

+
-irradiated olivine 
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from Matsumoto et al. (2015a). Although it was irradiated with a flux and fluence approximately 

one order of magnitude higher than the experimental conditions used in our study (a flux of 1 × 

10
12

 ions/cm
2
/s and fluence of 3 × 10

17
 ions/cm

2
), the surface of that olivine grain exhibited only 

“precursor” vesicles rather than spherical or ovoid vesicles. Crystallographic orientation and/or 

differences in olivine composition may have contributed to this discrepancy between our study 

and that of Matsumoto et al. (2015a). 

The LF/LF and HF/LF H
+
-irradiated olivine samples from this study exhibit interesting 

vesiculated textures. The ion-altered surfaces of both samples contain small (~2-5 nm), roughly 

spherical features that appear light in contrast in BF TEM images which could be interpreted as 

nanovesicles. The density of these features is greater in the HF/LF H
+
-irradiated olivine, which 

may reflect a flux effect. The ion-damaged rims of our LF/LF and HF/LF H
+
-irradiated olivine 

samples also contain elongated light-contrast features oriented sub-parallel to the sample’s 

surface which are reminiscent of “precursor” or “collapsed” vesicles in solar-wind damaged rims 

of ferromagnesian Itokawa silicates and experimentally irradiated olivine grains. Authors suggest 

that “precursor” vesicles in returned samples and experimental analogs represent zones where 

implanted ions have begun to accumulate (T. Matsumoto et al., 2015; Toru Matsumoto et al., 

2015; Noguchi et al., 2014b). Similar elongated cavities (or “platelets”) also were identified in 

spinel grains irradiated with high energy H and He beams (0.4 and 0.8 MeV, respectively). These 

platelets were interpreted to be two-dimensional clusters of vacancies and interstitial H and He 

ions which represent the early stages of three-dimensional vesicle development (Zinkle, 2012a). 

Considering the relatively low irradiation fluences achieved in our experiments, the elongated 

features observed in our samples also may signify the incipient stages of vesiculation induced by 

H
+
-irradiation.  

Overall, the LF/LF and HF/LF He
+
-irradiated matrix and olivine samples from this study 

exhibit greater vesiculation than the LF/LF and HF/LF H
+
-irradiated matrix and olivine samples, 

indicating that He may be more efficient at forming vesicles in olivine and phyllosilicate-rich 

materials than H. In support of this, Zinkle (2012) found that critical vesiculation fluences were 

higher for H
+
 irradiation than He

+
 irradiation in many ceramic materials. As a result, He 

implantation may largely control vesicle formation in relatively immature/submature returned 

samples from airless bodies. Further studies examining solid-state diffusion of implanted H and 

He could confirm this finding. 

 

4.2.2 Crystallinity 

 

Prolonged ion irradiation introduces structural defects into crystalline materials by way of 

atomic displacements. Complete amorphization of a material can occur when the defect density 

(i.e., atomic displacements) within a crystal structure reaches a critical threshold, but this 

threshold can depend on both the irradiation conditions as well as the intrinsic factors of a 

material’s crystal structure (e.g., bonding, crystal chemistry). Depending on the material and 

irradiation conditions it is also possible that dynamic recovery processes may counteract defect 

accumulation such that the material maintains crystallinity even to extremely high irradiation 

fluences. Laboratory simulations suggest that olivine has a critical amorphization fluence 

between 1 to 5 × 10
16

 ions/cm
2
 when irradiated with 4 keV He

+
 (using a beam density of 9 

µA/cm
2
)
 
(Carrez et al., 2002). However, solar-wind damaged rims of returned olivine particles 

are predominantly crystalline in microstructure even though their exposure timescales exceed 

this critical amorphization fluence. Ion flux has been proposed as a possible explanation for the 
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microstructural discrepancy between naturally and experimentally irradiated olivine grain 

surfaces because the solar wind has a flux approximately 4-5 orders of magnitude lower than ion 

fluxes used in laboratory space weathering simulations (Burgess and Stroud, 2021; Harries and 

Langenhorst, 2014; Keller et al., 2016; Keller and Berger, 2014; Keller and McKay, 1997, 1993; 

Noguchi et al., 2014b, 2011; Thompson et al., 2014). Under the significantly lower flux of solar 

wind, damage from ion implantation accumulates more slowly, which may allow the olivine 

crystal structure to avoid amorphization by removing or dynamically rearranging point defects 

into more energetically stable configurations (e.g., Claverie et al., 1991; Haynes and Holland, 

1991; Wirth, 2007; Christoffersen et al., 2020; Keller et al., 2021).  

Interestingly, results from this study do not indicate a strong flux dependence on the 

degree of amorphization or lattice damage in olivine. All samples in this study were irradiated 

to total fluences within or above the critical fluence range required for amorphization of olivine, 

but no evidence of complete amorphization was observed within the surfaces of the He
+
- or H

+
-

irradiated olivine grains. In fact, the olivine irradiated to the highest overall fluence and with 

higher ion flux–the HF/LF H
+
-irradiated olivine FIB-section–exhibited the least lattice damage 

overall. More specifically, the surface microstructure of the HF/LF H
+
-irradiated olivine sample 

is predominantly crystalline, but highly strained, and appears very similar to the solar-wind 

damaged rims of returned lunar and Itokawa ferromagnesian silicates (Burgess and Stroud, 2021; 

Harries and Langenhorst, 2014; Keller et al., 2016; Keller and Berger, 2014; Keller and McKay, 

1997, 1993; Noguchi et al., 2014b, 2011; Thompson et al., 2014). The critical amorphization 

fluence for olivine irradiated with 1 keV H
+
 is not yet known. Therefore, it is possible that 

neither of the two H
+
 irradiation experiments performed in the present study reached total 

fluences needed for complete amorphization of olivine. However, the fact that TEM imaging 

from this study demonstrates that the ion-altered region of the HF/LF H
+
-irradiated olivine 

sample maintains more of its original crystal structure than its LF/LF fluence counterpart is quite 

interesting, especially since it received a higher irradiation dose. We also observe a surprising 

microstructural difference in our He
+
-irradiated olivine FIB-sections. The LF/LF He

+
-irradiated 

olivine grain exhibits surface regions where amorphous material dominates over nanocrystalline 

material whereas the surface of the HF/LF He
+
-irradiated olivine sample is consistently 

dominated by nanocrystalline or crystalline domains rather than amorphous material. This is the 

opposite trend one would expect from an ion flux effect. We do note that HF/LF He
+
-irradiated 

olivine exhibits a laterally continuous, thin light contrast outer layer marked by amorphization 

and nanocrystallinity while such a layer is highly localized and discontinuous in the LF/LF He
+
-

irradiated olivine sample. The continuous, more well-developed nature of this outer layer in the 

HF/LF He-irradiated olivine may relate to the higher experimental ion flux.  

Collectively, the microstructural results discussed above suggest that, at the total fluences 

employed in this study, incident ion flux may not be the only or primary variable controlling the 

crystalline-amorphous transition of olivine. Crystallographic orientation is another variable that 

also likely influences lattice damage in olivine. Li et al. (2013) showed that aligning the incident 

50 keV He
+
 beam such that implantation occurred parallel to the [010] zone axis resulted in more 

efficient degradation of the crystal structure. Planes perpendicular or near-perpendicular to 

[010]–particularly (040)–were amorphized more quickly and easily than planes approximately 

parallel to [100] or [001] due to a higher atomic density along [010] direction. Irradiation 

experiments on enstatite grains also revealed a similar orientation-dependence on amorphization 

efficiency (Schrempel et al., 2002). The idea that crystallographic orientation affects 

amorphization of olivine is supported further by the lateral variation in surface microstructure 
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observed in our LF/LF H
+
-irradiated, LF/LF He

+
-irradiated, and HF/LF He

+
-irradiated olivine 

FIB-sections, all of which exhibit grains boundaries. In these samples, some regions of their ion-

altered surface maintain much of the original olivine structure while others exhibit partial 

amorphization and nanocrystallinity. In returned samples, the combined effects of 

crystallographic orientation and the extremely low flux of natural solar wind–which is 

approximately three orders of magnitude lower than the low ion fluxes employed in this study–

may account for the lack of complete amorphization of olivine grains. We also note that other 

variables such as olivine Mg content, surface roughness and shadowing effects, and pre-existing 

substrate deformation may also contribute to the microstructural trends observed here and in 

returned regoliths (e.g., Wang and Ewing, 1992; Wang et al., 1993; Laczniak et al., 2021). Future 

studies investigating the relationship between crystallographic orientation and lattice damage by 

solar wind relevant ions are important for understanding the crystalline-amorphous transition of 

minerals common to airless bodies and have implications for models that predict surface 

exposure timescales from solar-wind damaged rims. 

In the case of the matrix FIB-sections, microstructural damage is similar in the LF/LF 

and HF/LF H
+
-irradiated FIB-sections. Alternatively, unlike the LF/LF He

+
-irradiated matrix 

FIB-section, the HF/LF He
+
-irradiated matrix sample exhibits regions with a more defined, 

uniformly thick, laterally extensive, and predominantly amorphous ion-altered zone. Considering 

both He
+
-irradiated samples received nearly identical total fluences, this may reflect an ion flux 

effect. Additionally, these more defined ion-damaged regions in our HF/LF He
+
-irradiated 

matrix sample closely resemble the smooth solar-wind damaged layers identified in space-

weathered Ryugu regolith grains which also exhibit nearly complete amorphization (but can 

reach up to ~100 nm in thickness) (Noguchi et al., 2022). This similarity provides further 

evidence that smooth layers on Ryugu grains were most likely formed by solar wind irradiation 

and may indicate that He plays a more significant role than H in forming these layers. Solar flare 

track measurements from one Ryugu olivine particle suggest that an exposure time greater than 

~3,000 years is required to form noticeable 20 nm-thick smooth layers on phyllosilicate-rich 

Ryugu regolith grains (Noguchi et al., 2022). Interestingly, this study’s HF/LF He
+
 irradiation 

experiment, which corresponds to a simulated exposure time of only ~400 years, produces 

mostly amorphous matrix surface layers that tend to be ~50-60 nm in thickness when well 

defined. This comparison between exposure time and Ryugu matrix “rim” thickness versus our 

experimentally irradiated matrix sample may suggest that, under the low flux conditions of the 

solar wind, it may take longer to form recognizable ion damaged layers in phyllosilicates. 

 

4.3 Chemical alteration 

 

No significant compositional difference between the ion-altered surface and original 

matrix material is observed in any of our matrix FIB-sections. This finding is consistent with 

previous ion irradiation experiments and results from laboratory analyses of smooth, solar wind-

damaged layers in returned Ryugu particles (Laczniak et al., 2021; Noguchi et al., 2022). 

Although the elemental compositions in our study’s matrix FIB-sections remain unchanged, XPS 

analyses suggest a minor chemical reduction of Fe
3+

 to Fe
2+

 with ion irradiation, creating a 

slightly more reduced surface region. Electron energy-loss spectroscopy (EELS) and X-ray 

absorption near-edge spectroscopy (XANES) analyses have revealed a similar trend in Ryugu 

grains, with smooth space weathered layers showing an enrichment in Fe
2+

 relative to Fe
3+

 

(Noguchi et al., 2022). XPS analyses from Laczniak et al. (2021) also revealed the reduction of 
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Fe
3+

 to Fe
2+

 with progressive irradiation, and a small portion of metallic Fe was observed at 

experiment completion. Reduction to metallic iron was not observed in this study’s XPS spectra, 

which likely reflects the lower total fluences (i.e., lower simulated exposure times) used in our 

experiments. 

Unlike the matrix samples, the ion-damaged surfaces of olivine FIB-sections are 

compositionally distinct from the unaltered bulk mineral, and chemical changes observed within 

a single FIB-section can vary across its surface. Overall, the chemical alterations derived from 

ion irradiation in this study are complex, and likely are formed by multiple processes acting 

contemporaneously. Below, we identify similarities and differences between the compositional 

changes in our olivine samples and explain the variety of ion irradiation processes that are likely 

contributing to the formation of the complicated compositional trends that we observe.  

Although this layer is not laterally continuous in every sample, all olivine samples have 

some version of an outermost, comparatively thin layer that is chemically distinct from the 

remainder of the ion-affected surface. In the LF/LF H
+
-irradiated olivine (Fig. 4D-4E, S3) and 

HF/LF He
+
-irradiated olivine (Fig. 7B-7F), this layer is laterally continuous and is characterized 

by Mg enrichment above bulk olivine content and Si and O depletion. In both samples, these 

layers are nanocrystalline with amorphous material. Interestingly, XPS spectra from the LF/LF 

H
+
 irradiation experiment show a decrease in O abundance with progressive ion irradiation, 

which aligns with the O depletion observed in the outer layer of the LF/LF H
+
-irradiated olivine 

grain. In comparison, XPS results from the HF/LF He
+
 irradiation experiment revealed a 

decrease in O content in only some analyzed locations. Alternatively, in the HF/LF H
+
-irradiated 

olivine (Fig. 5B-5F) and LF/LF He
+
-irradiated olivine (Fig. 6D-6E, S4), the chemically distinct 

outer layer is more localized. The HF/LF H
+
-irradiated outer layer is slightly enriched in Mg and 

Fe and depleted in Si and exhibits partial amorphization only. Discontinuous surface layers with 

similar compositions has been observed in some Itokawa pyroxene and olivine grains and H
+
-

irradiated Murchison olivine (Chaves and Thompson, 2022; Laczniak et al., 2021; Noguchi et al., 

2014b, 2014a; Thompson et al., 2014). Finally, the localized outer layer of the LF/LF He
+
-

irradiated olivine sample is marked by Fe enrichment and Mg and Si depletion and may 

correspond to microstructural surface domains of partial amorphization and nanocrystallinity. 

In returned samples and experimentally ion irradiated analogs, sputtering is often 

presented as one possible mechanism contributing to the formation of thin surface layers with 

compositions that deviate non-stoichiometrically from the underlying host mineral. Surface 

layers of both returned Itokawa samples and experimentally irradiated minerals have been 

attributed to preferential sputtering (e.g., Keller and McKay, 1997; Dukes et al., 1999; Carrez et 

al., 2002; Noguchi et al., 2014b). However, the chemical enrichments and depletions produced 

by sputtering of ferromagnesium silicates can be somewhat difficult to predict, largely due to the 

fact that preferentially sputtering is controlled by a variety of factors including atomic mass, 

surface binding energy, and elemental abundances of the target material (Johnson, 1989; 

Wehner, 1959). Based on atomic mass alone, one would expect the lighter elements in olivine, 

Mg and O, to be preferentially sputtered over Si and Fe. The high relative concentration of O in 

olivine may also promote preferential sputtering of the element. Sputtering derived depletions in 

O and Mg were previously identified at the surface of olivines irradiated with H
+
 and He

+
 (e.g., 

Bradley et al., 1996; Demyk et al., 2001; Carrez et al., 2002). Preferential sputtering of O may 

contribute to O-depletion observed in the outer layers of the LF/LF H
+
-irradiated and HF/LF 

He
+
-irradiated olivine samples while sputter redeposition may contribute to the Mg-enrichment 

observed in the same layer. However, Si and/or Fe are not completely absent in these layers, so 
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other processes are likely at play. Additionally, preferential sputtering and redeposition alters 

target chemistry only up to depths of ~10 nm, and, thus, other processes are required to explain 

the thickness of some of these outer layers.  

The minor reduction in C content revealed by XPS analyses of all irradiation Murchison 

samples most likely reflects sputtering and removal of both intrinsic and contaminant carbon 

species. Although this change in C content does not appear to be dependent on ion flux, we do 

observe a fluence dependence. The degree of C depletion in our experiments is small compared 

to the significant depletion observed in H
+
 and He

+
 irradiation experiments from Laczniak et al. 

(2021), suggesting that that longer fluences, and, thus, longer exposure times, lead to a greater 

decreases in C abundance.  

Another dominant trend observed in three of the four ion irradiated olivine samples (i.e., 

the LF/LF H
+
-irradiated olivine (Fig. 4D, S3), the LF/LF He

+
-irradiated olivine (Fig. 6D, S4), 

and the HF/LF He
+
-irradiated olivine (Fig.7E)) is the segregation of Mg and Si within the bulk of 

the ion-damaged region. In more Fe-rich olivines, the Fe tends to segregate with Mg. This 

segregation occurs in three types of morphologies: pockets, elongated lenses parallel to the 

sample surface, and laterally continuous layers. Interestingly, ion flux may affect the 

morphology of Mg-Si segregation in our He
+
-irradiated olivine samples. In the LF/LF He

+
-

irradiated olivine, elemental partitioning occurs as either pockets (Fig. 6D) or elongated lenses 

(Fig. S4) while the HF/LF He
+
-irradiated olivine contains distinct, laterally continuous, and 

thicker layers of Mg enrichment and Si depletion and vice versa (Fig. 7E). The higher flux of 

He
+
 may promote faster chemical alteration, allowing formation of defined layers rather than 

isolated lenses. It is important to note that Carrez et al. (2001) observed segregation of Mg and Si 

in their San Carlos olivine samples after prolonged exposure to a 300 keV electron beam. More 

explicitly, they observed the formation of periclase (or ferropericlase) nanocrystallites within an 

amorphous SiO2 phase after reaching a total fluence of 3x10
20

 e
-
/cm

2
 due to radiolysis effects. 

Therefore, we must consider the possibility that electron beam damage during EDS analysis 

could have caused some degree of Mg and Si segregation in our samples. However, in some 

regions, we see elongated lenses or layers of Mg or Si enrichment/depletion rather than discrete, 

roughly spherical nanocrystallites. Due to the more laterally continuous nature of these zones, 

processes other than beam damage likely contribute to the chemical segregation.  

Compositional heterogeneity observed in our olivine FIB-sections, including both Mg-Si 

segregation and the formation of the thin outer layers, is likely driven, at least in part, by 

radiation enhanced diffusion (RED) and radiation induced segregation (RIS). These processes 

rely on the accumulation of high concentrations of point defects in the crystal lattice from ion 

irradiation. In RED, defect accumulation accelerates the migration of mobile defects along 

chemical potential gradients, such as those produced by preferential sputtering or recoil 

implantation, to try to reach an equilibrium state (e.g., Ho, 1978; Sigmund, 1981; Cheng et al., 

1992; Wang et al., 2004). As a result, RED can effectively widen chemically altered layers, 

and has been invoked to explain compositional heterogeneity in space weathered lunar ilmenite 

and Itokawa olivine grains as well as ion irradiated olivine (Chaves and Thompson, 2022; 

Christoffersen et al., 1996; Laczniak et al., 2021). In this study’s samples, RED may increase the 

thickness of the Fe- or Mg-rich outer layers beyond what is possible through just preferential 

sputtering. Crystallographic orientation, temperature, atom mobility, and degree of lattice 

damage are all variables that impact the rate of RED in a material (e.g., Buening and Buseck, 

1973; Ho, 1978; Sigmund, 1981; Hermeling and Schmalzried, 1984; Cheng et al., 1992; 

Chakraborty et al., 1994; Dohmen et al., 2002; Wang et al., 2004). The crystallographic 
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orientation effect, in particular, may help explain the variation in chemical trends observed 

within the same olivine FIB-section.  

In radiation induced segregation (RIS), certain constituent atomic species are 

preferentially attracted to point defects produced by irradiation. This solute-defect coupling 

effect causes atomic transport either towards or away from defect sinks (e.g., grain boundaries, 

dislocations, and voids), creating relative compositional enrichments and depletions near these 

sites (Nastar and Soisson, 2012; Zinkle, 2012b). In some cases, the extent of enrichment and 

depletion is significant enough that new phases precipitate. Noguchi et al. (2014b) offered RIS as 

a possible mechanism for the formation of npFe
0
 particles within the predominantly crystalline 

solar wind-damaged rims of Itokawa olivine and pyroxene grains. It is likely that RIS plays some 

role in the partitioning of Mg and Si within the ion-damaged surfaces of our olivine samples. 

Although RED and RIS are well-studied in metal targets, investigations aimed at understanding 

how these processes affect ferromagnesian silicates may significantly improve models of space 

weathering.  

Recoil implantation is yet another process known to change the composition of ion 

irradiated materials whereby atomic collisions cause target atoms to be knocked out of their 

original lattice positions and implanted deeper within the sample. The mass of constituent atoms 

heavily influences the efficiency of recoil implantation, with lighter elements being knocked into 

to deeper regions of the sample compared to heavier elements, yielding an enrichment in the 

lighter element at depth and an enrichment in the heavier element nearer the surface (Gailliard, 

1984; Kelly and Sanders, 1976; Sigmund, 1981, 1979). If only recoil implantation was occurring, 

one would expect Si to concentrate near the surface of an olivine grain with Mg and O 

concentrating at depth, but this chemical trend is not universally observed in this study’s olivine 

FIB-sections. In fact, Mg-enrichment tends to occur (at least occasionally) in three of our olivine 

samples. Although this does not necessarily discount recoil implantation as a mechanism for 

compositional alteration in our samples, it may play a relatively minor role compared to other 

processes. 

 

4.4 Where is the nanophase Fe
0
? 

 

The formation of npFe
0
 is a characteristic space weathering feature observed in returned 

samples and experimental analogs. Although other nanoparticle mineralogies have been 

identified in lunar and Itokawa grains, such as Fe sulfides and Fe oxides, npFe
0
 is still abundant 

in melt and vapor deposits as well as solar-wind damaged rims of these samples (Burgess and 

Stroud, 2021; Harries and Langenhorst, 2014; Keller et al., 2016; Keller and Berger, 2014; 

Keller and McKay, 1997, 1993; Noguchi et al., 2014b, 2011; Thompson et al., 2014). 

Interestingly, recent laboratory analyses of returned Ryugu grains revealed very low abundances 

of npFe
0
; Fe- and Fe-Ni-sulfides rather than metallic Fe vastly dominate the nanoparticle 

mineralogy (Matsumoto et al., 2022; Melendez et al., 2023; Noguchi et al., 2022; Thompson et 

al., 2022). Similar to the Ryugu samples, we did not confidently observe the formation of npFe
0
–

or nanoparticles of any mineralogy–in our samples. XPS spectra from this study, which show a 

reduction of Fe
3+

 to Fe
2+

 but not Fe
0
, as well as the lack of slope reddening in our ion irradiated 

VNIR spectra also support the absence of npFe
0
 particles. Collectively, these findings are 

consistent with the hypothesis that reduction to metallic Fe in materials with abundant Fe
3+

-

bearing phyllosilicates is difficult to accomplish with space weathering processes, especially 

through solar ion irradiation (Noguchi et al., 2022). While production of npFe
0
 in phyllosilicate 
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matrix may not be expected, previous experimental simulations of solar wind irradiation suggest 

that npFe
0
 should form in Fe

2+
-bearing olivine bombarded by 1 keV H

+
 and 4 keV He

+
 ions (e.g., 

Dukes et al., 1999; Carrez et al., 2002). However, we did not identify npFe
0
 in our olivine FIB-

sections and neither did Laczniak et al. (2021). This absence of npFe
0
 may indicate solar wind 

irradiation alone is not efficient at forming nanoparticles and that some thermal contribution, 

possibly from micrometeoroid impacts, is needed (e.g., Hood and Schubert, 1980; Kramer et al., 

2011; Glotch et al., 2015). 

 

 

 

5. Conclusion 

 

To examine if differences in incident ion flux impact the spectral, microstructural, and 

chemical alteration of minerals common to carbonaceous asteroidal regoliths and better 

understand space weathering of C-complex asteroids, we performed a set of low flux and high 

flux H
+
 (1 keV) and He

+
 (4 keV) irradiation experiments on small slabs of the Murchison CM2 

meteorite. Both sets of experiments were irradiated to similar total fluences (between ~3 × 10
16

 

to ~6 × 10
16

 ions/cm
2
) but used different ion fluxes: ~10

11
 ions/cm

2
/s for the low flux 

experiments and ~10
13

 ions/cm
2
/s for the high flux experiments. Using XPS, VNIR, and TEM, 

we analyzed the spectral, microstructural, and compositional changes induced by these ion 

irradiation experiments. XPS analyses show that both low flux and high flux H and He 

irradiation cause minor depletion in surface carbon content and the chemical reduction of iron 

from Fe
3+

 to Fe
2+

 without the formation of metallic iron. Considering we also did not identify 

npFe
0
–or any Fe-bearing nanoparticles–in olivine and matrix cross-sections analyzed with TEM, 

npFe
0
 may be an uncommon space weathering product in carbon-rich asteroidal regoliths 

containing abundant ferric iron bearing minerals. Although we do not observe a flux effect in this 

study’s VNIR results, reflectance spectra of the LF/LF H
+
-irradiated slab and LF/LF and HF/LF 

He
+
-irradiated slabs are slightly bluer in slope compared to unirradiated Murchison which may 

reflect carbonization of organic material.  

Microstructural analyses with TEM did not reveal a strong flux-dependence on the 

crystalline-amorphous transition of olivine. A variety of microstructures were observed in olivine 

ion-damaged surfaces, however, no zones of complete amorphization were observed. We 

hypothesize that crystallographic orientation plays a role in the amorphization efficiency of 

olivine in this study. Paired with the extremely low flux of natural solar wind, crystallographic 

orientation effects may significantly contribute to the lack of completely amorphous solar wind 

damaged rims in returned olivine samples. Additional ion irradiation investigations examining 

the effect of crystallographic orientation on amorphization are needed to further understand solar 

wind space weathering of ferromagnesian silicates. TEM analysis of matrix samples suggest that 

He irradiation may primarily drive surface alteration of phyllosilicates with higher ion fluxes 

promoting the development of more well-defined ion-damaged rims, similar to the smooth layers 

found in returned Ryugu grains. Furthermore, our results also provide some evidence that higher 

ion fluxes lead to greater vesiculation and that He is more effective at vesicle formation. 

Although matrix surface regions do not differ in composition compared to unaltered material at 

depth, olivine surfaces exhibit complex chemical changes. Higher ion fluxes appear to promote 

the formation of more laterally continuous lenses or layers of Mg and Si segregation in olivine. 

These complicated trends are likely driven by a combination of processes occurring 
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simultaneously including sputtering, sputter redeposition, radiation enhanced diffusion, radiation 

induced segregation, and recoil implantation. Based on this study, solar wind-damaged rims in 

returned regolith grains from asteroid Bennu may lack npFe
0
 as well as other Fe-bearing 

nanoparticle mineralogies. Phyllosilicate-rich regions could exhibit nearly or completely 

amorphous ion-altered rims with minor vesiculation and no change in composition compared to 

the bulk particle. Rims in ferromagnesian silicates may show a range of microstructures from 

predominantly crystalline to partially amorphous with nanocrystalline domains, and some degree 

of Mg and Si segregation may be observed. Overall, findings from this work corroborate the 

complexity of space weathering of carbonaceous asteroidal regoliths. 
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Supplementary Materials: 

 

Investigating the role of incident ion flux in solar wind space weathering of carbon-rich 

asteroidal regolith via H
+
 and He

+
 irradiation of the Murchison meteorite 

 

Table S1. Atomic concentrations measured with XPS before and after the LF/LF H
+
 and He

+
 

irradiation experiments. The amount of increase or decrease in atomic concentration and percent 

change are also listed for each analyzed XPS point. The average analytical error for each 

elemental difference is as follows: C (±0.81), O (±0.70), Na (±0.07), Mg (±0.24), Al (±0.35), Si 

(±0.17), S (±0.07), Ca (±0.11), Fe (±0.07), Ni (±0.07). These errors, which are derived from the 

average standard deviation across all XPS analysis points, are applicable to all four irradiation 

experiments. 

  

C1s O1s Na1s Mg2p Al2p Si2p S2p Cl2p Ar2p Ca2s Fe3p Ni2p3

Before 23.2 57.3 0.2 3.4 1.2 8.1 0.5 0.0 0.4 0.8 4.4 0.6

After 19.3 56.3 0.6 4.5 1.6 9.6 0.0 0.0 0.7 0.1 6.7 0.6

Increase/decrease -3.8 -0.9 0.3 1.1 0.4 1.5 -0.5 0.0 0.2 -0.7 2.3 0.0

% change -16.5 -1.6 161.9 33.2 30.6 18.5 -100.0 n/a 54.5 -87.7 53.7 6.9

Before 21.0 59.1 0.2 2.9 2.0 7.3 1.1 0.0 0.5 0.0 5.5 0.4

After 18.7 55.8 0.6 2.9 2.6 8.7 1.5 0.0 0.7 0.0 8.5 0.2

Increase/decrease -2.3 -3.3 0.3 0.0 0.7 1.4 0.4 0.0 0.2 0.0 3.0 -0.2

% change -11.0 -5.6 129.2 -1.4 33.2 18.6 36.1 n/a 38.8 n/a 53.3 -44.2

Before 20.4 60.6 0.1 2.7 1.4 7.7 0.7 0.0 0.5 0.7 4.9 0.4

After 17.2 56.0 0.0 3.8 2.7 8.8 1.1 0.0 0.6 0.7 8.1 1.0

Increase/decrease -3.2 -4.6 -0.1 1.2 1.3 1.1 0.4 0.0 0.0 0.0 3.2 0.7

% change -15.6 -7.5 -100.0 43.1 97.1 13.7 55.6 n/a 7.4 1.5 66.2 188.6

Before 20.9 59.6 0.2 3.0 0.9 8.4 0.9 0.0 0.6 0.0 5.0 0.5

After 18.4 56.3 0.5 3.8 2.0 9.7 0.7 0.0 0.7 0.1 7.1 0.7

Increase/decrease -2.6 -3.2 0.3 0.7 1.1 1.4 -0.2 0.0 0.1 0.1 2.1 0.2

% change -12.2 -5.4 128.6 23.4 114.0 16.2 -17.4 n/a 15.0 n/a 41.1 53.3

Before 19.5 60.5 0.5 3.6 0.6 8.0 1.2 0.0 0.5 0.7 4.6 0.4

After 15.9 59.2 0.5 3.7 1.1 10.1 1.2 0.0 0.7 0.0 7.3 0.5

Increase/decrease -3.6 -1.3 0.0 0.1 0.5 2.1 0.0 0.0 0.1 -0.6 2.7 0.1

% change -18.5 -2.2 -4.3 1.7 82.0 26.8 -2.5 n/a 26.9 -95.5 57.1 23.1

Before 17.1 62.7 0.0 4.9 0.5 9.9 0.1 0.0 0.6 0.6 3.7 0.0

After 12.2 59.7 1.0 6.1 1.1 12.2 0.7 0.3 0.9 0.4 5.0 0.4

Increase/decrease -4.9 -3.0 1.0 1.2 0.6 2.3 0.7 0.3 0.3 -0.2 1.3 0.4

% change -28.5 -4.8 n/a 25.6 115.2 23.4 720.7 n/a 45.3 -29.1 34.0 n/a

Before 17.2 64.2 0.1 3.3 1.2 9.8 0.0 0.1 0.8 0.0 3.4 0.1

After 8.7 66.4 0.4 4.6 1.2 11.9 0.0 0.0 1.3 0.0 5.5 0.0

Increase/decrease -8.5 2.2 0.4 1.4 0.0 2.1 0.0 -0.1 0.5 0.0 2.0 0.0

% change -49.4 3.4 642.5 41.9 3.6 21.9 n/a -90.6 64.1 n/a 59.2 -48.2

Before 16.6 60.8 0.6 5.0 0.9 9.9 1.4 0.2 0.7 0.0 4.0 0.0

After 9.1 61.7 0.5 6.1 1.0 13.0 1.1 0.1 1.1 0.0 6.0 0.3

Increase/decrease -7.6 1.0 -0.1 1.1 0.1 3.1 -0.3 -0.1 0.4 0.0 2.0 0.3

% change -45.5 1.6 -12.0 22.8 15.1 31.3 -21.0 -58.6 62.9 n/a 48.9 n/a

Before 18.7 62.0 0.0 3.8 1.0 10.7 0.7 0.3 0.7 0.7 1.4 0.0

After 11.9 61.9 0.7 4.7 1.3 14.0 0.9 0.1 0.9 0.9 3.0 0.0

Increase/decrease -6.9 -0.1 0.7 0.8 0.3 3.3 0.1 -0.2 0.2 0.2 1.6 0.0

% change -36.6 -0.2 6612.1 21.6 32.6 30.6 18.6 -68.0 34.6 31.9 112.5 n/a

LOW FLUX / LOW FLUENCE H
+
 IRRADIATION

Point 1 (Inclusion)

Point 2 (Matrix)

Point 3 (Matrix)

Point 4 (Matrix)

LOW FLUX / LOW FLUENCE HE
+
 IRRADIATION

Point 1 (Inclusion)

Point 2 (Matrix)

Point 3 (Matrix)

Point 4 (Matrix)

Point 5 (Inclusion)
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Table S2. Atomic concentrations measured with XPS before and after the HF/LF H
+
 and He

+
 

irradiation experiments. The amount of increase or decrease in atomic concentration and percent 

change are also listed for each analyzed XPS point. The average analytical error for each 

elemental difference is as follows: C (±0.81), O (±0.70), Na (±0.07), Mg (±0.24), Al (±0.35), Si 

(±0.17), S (±0.07), Ca (±0.11), Fe (±0.07), Ni (±0.07). These errors, which are derived from the 

average standard deviation across all XPS analysis points, are applicable to all four irradiation 

experiments. 

 
 

C1s O1s Na1s Mg1s Al2p Si2p S2p Ca2s Fe2p3 Ni2p3

Before 18.9 59.2 0.9 5.7 1.0 7.8 1.7 0.2 4.4 0.1

After 11.4 58.3 0.9 9.5 1.4 9.1 0.8 0.3 8.2 0.1

Increase/decrease -7.5 -0.9 0.0 3.8 0.4 1.2 -0.9 0.1 3.7 0.0

% change -39.5 -1.5 2.2 65.4 41.6 15.8 -52.0 55.0 84.6 0.0

Before 18.4 58.7 0.6 7.6 1.7 7.7 1.1 0.0 4.0 0.0

After 15.9 59.5 0.4 8.9 1.5 8.2 0.5 0.0 5.1 0.0

Increase/decrease -2.5 0.8 -0.2 1.2 -0.2 0.4 -0.6 0.0 1.1 0.0

% change -13.6 1.4 -31.7 16.0 -10.5 5.3 -54.1 n/a 26.6 n/a

Before 18.9 59.2 0.7 5.9 1.1 7.3 1.8 0.5 4.4 0.2

After 10.2 58.0 0.6 9.5 2.1 9.5 1.2 0.7 8.2 0.1

Increase/decrease -8.7 -1.2 -0.1 3.6 1.0 2.1 -0.6 0.2 3.7 -0.1

% change -46.1 -2.0 -12.9 60.0 94.5 29.2 -32.6 42.0 84.4 -50.0

Before 18.0 59.4 0.6 6.5 1.6 7.9 1.0 0.4 4.5 0.2

After 7.3 61.6 0.9 10.0 1.6 10.0 0.5 0.6 7.4 0.2

Increase/decrease -10.8 2.2 0.3 3.6 0.0 2.2 -0.5 0.2 2.9 0.0

% change -59.6 3.7 51.7 55.5 0.6 27.6 -49.5 52.5 62.8 0.0

Before 24.3 53.3 0.3 10.0 1.4 7.8 0.6 0.3 2.1 0.0

After 16.2 53.9 0.3 16.2 1.3 8.8 0.1 0.5 2.7 0.0

Increase/decrease -8.1 0.6 0.0 6.2 -0.1 1.1 -0.5 0.2 0.6 0.0

% change -33.4 1.1 0.0 62.1 -6.4 14.1 -83.3 70.0 29.9 n/a

Before 18.1 60.7 0.7 4.8 1.3 8.1 1.2 0.1 4.9 0.1

After 6.4 61.4 0.9 10.4 1.8 10.0 1.0 0.6 7.4 0.1

Increase/decrease -11.7 0.8 0.2 5.6 0.5 2.0 -0.2 0.5 2.5 0.0

% change -64.8 1.2 30.0 115.7 38.9 24.5 -16.5 510.0 49.7 0.0

Point 1 (Matrix)

Point 2 (Inclusion)

Point 3 (Matrix)

HIGH FLUX / LOW FLUENCE H
+
 IRRADIATION

HIGH FLUX / LOW FLUENCE HE
+
 IRRADIATION

Point 1 (Matrix)

Point 2 (Inclusion)

Point 3 (Matrix)
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Figure S1. Locations from which XPS data were acquired during (A) low flux/low fluence 

(LF/LF) H
+
 irradiation (B) low flux/low fluence (LF/LF) He

+
 irradiation (C) high flux/low 

fluence (HF/LF) H
+
 irradiation, and (D) high flux/low fluence (HF/LF) He

+
 irradiation. The 

numbers associated with each analysis point correspond to those included in Tables S1 and S2. 

Black boxes indicate the area of ion irradiation.  
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1 mm 
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Figure S2. To extract detailed information about chemical changes under ion irradiation (H or 

He), high energy-resolution XPS spectra (pass energy = 26 eV) were collected as a function of 

ion fluence. Photoelectron peaks were subsequently fit, after Shirley background subtraction, 

with Gaussian-Lorentzian envelopes utilizing Multipak v.9.8. The full-width half maxima were 

initially required to be constant across each transition, varying between 1.0 and 1.6 eV, before 

removing constraints for the final fit. For Fe-2p features, where multiplet splitting is significant, 

we modeled our work after Biesinger et al. 2011. In this fitting example, we highlight chemical 

changes derived from high flux (9.1 × 10
12

 He
+
/cm

2
/s) 4 keV He

+
 irradiation up to a total fluence 

of 2.0 × 10
16

 He
+
/cm

2
 (~400 years of exposure). “Before" spectra were acquired prior to 

irradiation while the "after" spectra were collected at 2.0 × 10
16

 He
+
/cm

2
. (A) 4 keV He

+
 

irradiation is observed to reduce the overall carbon content of Murchison, across all chemistries, 

particularly destroying carbonyl bonds and enhancing the aromatic hydrocarbon content, as 

noted by the enhancement of the two shakeup features at ~290 and ~293 eV. (B) Both Fe
2+

 and 

Fe
3+

 states are noted in the Fe-2p3/2 spectra prior to irradiation, derived from magnetite, sulfide, 

olivine, and other phases, in addition to the formation of ferric iron on the Murchison surface 

from atmospheric exposure. With a fluence to 2.0 × 10
16

 He
+
/cm

2
, the Fe

3+
: Fe

2+
 ratio is reduced 

slightly, and the formation of a Fe
2+

 satellite feature (shake up peak) due to final-state charge 

transfer is identified. All spectral binding energies are calibrated to C-H = 284.8 eV. 
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Figure S3. HAADF image (grayscale) and quantitative EDS elemental maps of the LF/LF H
+
-

irradiated olivine sample (O in blue, Si in cyan, and Mg in green). The elemental maps show the 

segregation of Si and Mg into rounded pockets within the ion-damaged region. A Mg-rich, Si-

poor surface layer that is ~10 nm thick is also visible. 

 

 

 
Figure S4. HAADF image (grayscale) and quantitative EDS elemental maps of the LF/LF He

+
-

irradiated olivine sample (Mg in green, Si in cyan, and Fe in red). The elemental maps show a 

region where Si and Mg segregation occurs in layers and Fe-enrichment extends to ~55 nm 

below the surface.  
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Highlights:  

● A set of low flux and high flux 1 keV/amu H
+
 and He

+
 irradiation experiments were 

performed on the Murchison meteorite to investigate how the flux of solar wind affects 

space weathering of carbonaceous asteroidal regoliths 

● XPS analyses show minor removal of surface carbon content and the chemical reduction 

of iron from its ferric to ferrous oxidation state  

● Slope bluing is observed in irradiated VNIR spectra which may reflect 

carbonization/dehydrogenation of organic species 

● No strong flux-dependence on the crystallinity of ion-damaged olivine is observed; 

higher He
+
 flux may promote amorphization of phyllosilicates  

● Ion-damaged surfaces in matrix samples are compositionally indistinct from unaltered 

matrix material; Mg and Si segregation is commonly observed in all olivine samples 
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