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Impact Melt Deposits 
 
We analyzed melt deposits in focused ion beam (FIB) sections using TEM to characterize their 
microstructure and chemistry. The melts typically contain nano- and micro-phase inclusions of 
mixed FeNi metal and FeNi sulfides. These inclusions range in size from a few nanometers up to 
a micrometer. Many have eutectic-melt compositions with FeNi-metal cores surrounded by FeS 
rims, while a few are hollow. The larger sulfide inclusions within the silicate glass are flattened 
parallel to the particle surface.  We have not observed any glass-welded (e.g., agglutinate-like) 
particles like those commonly observed in space-weathered lunar materials [1], although rare 
impact spherules are observed attached to grain surfaces. As described in the main text, we 
observe the formation of Fe-nitrides on one of the FeNiS melt deposits including the minerals 
roaldite and siderazot. Siderazot is a rare mineral that occurs terrestrially in volcanic fumarole 
deposits [2]. The sulfide melt was irradiated by the solar wind, resulting in preferential loss of 
sulfur via sputtering, which produced a thin surface layer of Fe-metal, similar to irradiation 
effects observed in sulfide grains from Itokawa [3,4]. We believe these minerals form by 
reaction of Fe metal with indigenous ammonia. In contrast, Fe-nitride layers on magnetite 
grains returned from the carbonaceous asteroid Ryugu by the Hayabusa2 mission are proposed 
to originate from the reaction with exogenous N-rich ices from the outer Solar System [5]. 
 
We analyzed an additional FeNiS melt deposit and discovered numerous FeNi metal whiskers 
growing from the melt surface (Fig. 3). These whiskers have been attributed to solar wind 
irradiation processes [6,7], wherein implanted solar wind hydrogen reacts with S in the target 
to form H2S gas, reduces constituent Fe to metal, and eventually exsolves from the sample. This 
process may result in the formation of filamentous whisker structures that serve as 
microstructural pathways or conduits for efficient gas diffusion [6]. Here, however, the 
presence of Ni-rich whiskers on melt deposit surfaces suggests a direct relationship between 
their formation and impact processes. Compressive stresses, which can develop in particle 
surfaces because of micrometeoroid impacts, have led to whisker growth in a variety of 
substrates [8-11]. These observations suggest that micrometeoroid impacts produce unique 
microstructural characteristics in sulfide minerals and may reveal a hidden record of impact 
processes in returned samples from other small bodies, previously attributed to solar 
irradiation. 
 
Micrometeoroid Impact Craters 
 



For the microcrater shown in Fig. 6, we prepared a FIB cross section through the upper part of 
this crater. The crater rim contains abundant vesiculated melt with embedded nanophase 
sulfide-rich grains distributed throughout. In the FIB section, the crater diameter changes little 
with the depth, which exceeds 70 μm from the surface of the particle. At a depth of ~10 µm 
below the particle surface, the impactor completely penetrated a 10 μm thick pyrrhotite plate 
and continued its trajectory, uninterrupted, deeper into the phyllosilicate matrix of the particle. 
Melt deposits line the impact channel and are composed of mixed silicate-sulfide melts with 
abundant vesicles and embedded sulfide-rich nanoparticles. We hypothesize that the impactor 
was approximately micrometer-sized, mechanically strong, and traveling at high velocity (>5 
km/s) to penetrate so deeply and remain intact. This hypothesis is supported by experiments 
with refractory, high-strength projectiles impacting low-density, porous target materials, where 
target melting along the impact channel allows deeper penetration of the impactor and the 
formation of long cylindrical tracks [12]. 
 
Solar Wind Irradiation 
 
Compact surface layers attributed to solar wind irradiation have been identified in Bennu 
samples. In contrast to underlying phyllosilicates, which typically exhibit a fluffy and/or porous 
texture, the compact surface layers appear denser, with little porosity. These layers are also 
chemically processed with surface enrichments of Mg and depletions of Si, as described in the 
main text. The chemically heterogeneous layer is attributed to a number of ion-processing 
effects, including recoil implantation, sputtering, and/or radiation-enhanced diffusion or 
segregation. The silicate melt deposit in OREX-501017-101 also exhibits this same Mg-depleted, 
Si-rich layer at the surface. 
 
Despite observations of abundant vesicles in impact melts and at melt-sample interfaces, we 
have not observed the surface blistering and vesiculation textures that are commonly observed 
on particles from Itokawa [13] and in experimentally irradiated analogs. As surface vesiculation 
is linked to both irradiation flux and fluence [14,15], its absence is consistent with the 
hypothesis that Bennu particles have short surface exposure histories compared to their 
counterparts from Itokawa and the Moon. 
 
Exposure Ages  
 
A group of forsterite grain in particle (OREX-501018-0) from the bulk sample lacked SEP tracks, 
indicating a short SEP exposure age of <400 years, or more likely, that the grains were buried in 
the Bennu regolith beyond the penetration depth of SEPs (~<5 mm) for most of the particle's 
residence time on Bennu.   



The lower depth estimate derived from 10Be is most easily explained by a short CRE age, which 
would imply that 10Be was not saturated.  Correcting 10Be for a CRE age of approximately 3 Myr 
yields an irradiation depth of 100 ± 20 g/cm2, consistent with the irradiation depth derived from 
26Al This depth is consistent with the relatively wide range of ~30-200 g/cm2 indicated by the 
high concentration of 36Cl (~91 dpm/kg) which is dominated by neutron capture on 35Cl.  If this 
irradiation took place before the formation of Hokioi crater, i.e., at a depth of ~3 m [16], it 
implies that the density of the regolith is <0.5 g/cm3 — lower than the bulk density of Bennu, 
and lower than estimates of 0.5-0.7 g/cm3 derived from the spacecraft’s contact with Bennu’s 
surface during sampling [17]. 
 
A Model for Space Weathering in the Inner Solar System 
 
We have noted a difference in the space weathering extent in Ryugu versus Bennu samples. 
Here we consider the differences in the hydration features. For Ryugu samples, the abundance 
of melt deposits likely resulted in the OH/H2O loss (dehydration) inferred from spacecraft 
measurements of the 2.7 μm hydration feature [18], which is ~50% of the intensity of that 
feature in the returned samples [19]. However, the hydration feature in Bennu samples is 
strong [20,21], and while the hydration bands observed by the OSIRIS-REx spacecraft are 
broader than in the laboratory measurements, the band depth is similar, apparently consistent 
with limited H2O loss from surface materials despite the longer exposure timescale compared 
to Ryugu. These observations indicate that space weathering on Bennu was sufficient to alter 
the optical properties of the regolith samples on a short timescale (~104 years), but not to 
attenuate major spectroscopic features (e.g., OH/H2O) in remote sensing data, as was 
apparently the case on Ryugu.  
 
The origin of the differences in the hydration feature band depth between Ryugu and Bennu 
remains unexplained. One possibility is that the surface of Bennu could have been rehydrated 
over its longer exposure timescales via irradiation from the solar wind. The implantation of H+ 
ions into oxygen-bearing minerals in the regolith has been shown to produce water (i.e., OH– 

and H2O) on the surfaces of airless bodies [22]. This mechanism results in the slow and steady 
production of water, which could accumulate in the regolith over time, in the absence of any 
outgassing of dehydration events. This process may require >104 years to produce water at a 
rate which outpaces the more stochastic impact events driving surface dehydration. We know 
from observations of Bennu samples that some melt deposits on grain surfaces exhibit evidence 
for solar wind irradiation, subsequent to the melt emplacement. These complex rims may 
provide microstructural evidence of the competing processes affecting surface water content. 
Analysis of lunar samples from the Chang’e-5 mission revealed measurable absorption bands 
attributed to water sourced from the solar wind in grains exposed on the order of 103 years 



[23]. These results suggest that a 103–104 year exposure timescale, which straddles the 
boundary between Ryugu and Bennu, may be the turning point at which dehydration via 
impacts begins to be balanced by rehydration via solar wind. Such a mechanism would also 
explain why airless surfaces do not experience runaway dehydration.   
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Table S1: DOIs of the instrument data products underlying the figures and tables. 
 
Figure or Table DOI 
Figure 1 10.60707/pcey-ga67 
Figure 2a, b 10.60707/dkyw-4n60 
Figure 2c 10.60707/86p0-7h18 
Figure 2d 10.60707/ssys-1p19 
Figure 2e 10.60707/t41a-sk39 
Figure 3 10.60707/frgz-tt08 
Figure 4 a,c,d 10.60707/7mnt-tx36; 10.60707/av9y-vs03 
Figure 4 b,e,f 10.60707/jm4a-rp49; 10.60707/ae1y-7b21 
Figure 4g 10.60707/002g-5h90; 10.60707/pte6-nf07 
Figure 5a 10.60707/jyc8-t984 
Figure 5b,c 10.60707/85mp-k210 
Figure 6a, b 10.60707/4105-wk41 
Figure 6c,d 10.60707/3901-pk48 
  
Table S3 10.60707/j6f9-tp89 
Table S2 10.60707/cx75-4h42 
Table S2 10.60707/81r9-tv08 
Table S2 10.60707/1dst-en63 
Table S2 10.60707/rm08-bg04 
  
Figure ED1 10.60707/k5d7-jv15 

Figure ED2a,b,c 

10.60707/881y-gp93; 10.60707/jyzz-pt45; 
10.60707/7mpt-a743; 10.60707/h62h-tz95; 
10.60707/t05d-ff37 

Figure ED2d 10.60707/jm4a-rp49 
Figure ED2e,f 10.60707/nca7-7876 

 
 
 
 
 
 
 
 
 



Table S2. Melt deposit compositions. Energy-dispersive X-ray analyses (in at. %) of melt deposit 
bulk compositions for samples OREX-501017-100 (columns 1 and 2) and OREX-501017-101 
(columns 3 and 4). 
  
 1 2 3 4 
O 59.07 59.2 58.12 58.08 
Mg 13.05 12.37 13.14 13.17 
Al 1.03 0.92 0.91 0.93 
Si 12.74 12.69 11.66 11.64 
S 2.41 2.57 2.01 1.99 
Ca 0.25 0.24 0.6 0.69 
Cr 0.18 0.18 0.18 0.15 
Mn 0.11 0.13 0.13 0.15 
Fe 10.83 11.26 12.88 12.84 
Ni 0.33 0.44 0.37 0.36 
Total 100 100 100 100 
 
Table S3. Sample compositions for radionuclide studies. Measured concentrations of major 
elements, Mg, Al, S, Ca, Mn, Fe, and Ni (in wt.%), minor elements K, Ti, Co (in ppm) and the 
cosmogenic radionuclides 10Be, 26Al and 36Cl (in dpm/kg) in OREX-803047-0, a 9.85 mg split of 
OREX-803014-0. 

Element/Nuclide Concentration 
Mg (wt.%) 10.5 
Al (wt.%) 0.90 
S (wt.%) 6.6 
K (ppm) 540 

Ca (wt.%) 1.03 
Ti (ppm) 470 

Mn (ppm) 0.20 
Fe (wt.%) 20.1 
Co (ppm) 560 
Ni (wt.%) 1.18 

10Be 7.80 ± 0.17 

26Al 21.1 ± 0.7 

36Cl 91.3 ± 1.7 

 


