Icarus 400 (2023) 115563

Contents lists available at ScienceDirect

Icarus

journal homepage: www.elsevier.com/locate/icarus

Invited Review Article ' R

Check for

Overview of the search for signs of space weathering on the low-albedo | e
asteroid (101955) Bennu

B.E. Clark ", A. Sen?, X.-D. Zou ", D.N. DellaGiustina ¢, S. Sugita, N. Sakatani ¢, M. Thompson ,
D. Trang ¢, E. Tatsumi ¢, M.A. Barucci”, M. Barker ', H. Campins/, T. Morota ¥, C. Lantz ',

A.R. Hendrix?, F. Vilas®, L. Keller ™, V.E. Hamilton ", K. Kitazato °, S. Sasaki?, M. Matsuoka 9,

T. Nakamura 9, A. Praet”, S.M. Ferrone ", T. Hiroi ", H.H. Kaplan, W.F. Bottke ", J.-Y. Li®,

L. Le Corre", J.L. Molaro®, R.-L. Ballouz ¢, C.W. Hergenrother *, B. Rizk ¢, K.N. Burke ¢,

C.A. Bennett¢, D.R. Golish ¢, E.S. Howell ¢, K. Becker ¢, A.J. Ryan¢, J.P. Emery ", S. Fornasier",
A.A. Simon', D.C. Reuter ', L.F. Lim, G. Poggiali", P. Michel Y, M. Delbo !, O.S. Barnouin ",

E.R. Jawin", M. Pajola ", L. Riu9, T. Okada %", J.D.P. Deshapriya*, J.R. Brucato”, R.P. Binzel %,
D.S. Lauretta“©

2 Department of Physics and Astronomy, Ithaca College, Ithaca, NY, USA

b Planetary Science Institute, Tucson, AZ, USA

¢ Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ, USA

d The University of Tokyo, Tokyo, Japan

¢ Rikkyo University, Tokyo, Japan

f Purdue University, West Lafayette, IN, USA

8 University of Hawaii at Manoa, Honolulu, HI, USA

h LESIA, Observatoire de Paris, Université Paris Cité, Université PSL, CNRS, Sorbonne Université, Meudon, France
I NASA Goddard Space Flight Center, Greenbelt, MD, USA

I University of Central Florida, Orlando, FL, USA

X Nagoya University, Nagoya, Japan

!Institut d’Astrophysique Spatiale, Université Paris-Saclay, CNRS, 91405 Orsay, France

™ ARES, NASA Johnson Space Center, Houston, TX, USA

" Southwest Research Center, Boulder, CO, USA

© The University of Aizu, Fukushima, Japan

P Osaka University, Suita, Japan

9 Institute of Space and Astronautical Science (ISAS), Japan Aerospace Exploration Agency (JAXA), Sagamihara, Japan
 Brown University, Providence, RI, USA

$ Ascending Node Technologies, Tucson, AZ, USA

 Northern Arizona University, Flagstaff, AZ, USA

" Université Cote d’Azur, Observatoire de la Céte d’Azur, CNRS, Laboratoire Lagrange, Nice, France
v Applied Physics Laboratory, Johns Hopkins University, Laurel, MD, USA

W INAF, Observatory of Padova, Italy

X INAF, Observatory of Rome, Italy

Y INAF, Arcetri Observatory, Florence, Italy

Z Massachusetts Institute of Technology, Cambridge, MA, USA

ARTICLE INFO ABSTRACT

Keywords: This paper summarizes the evidence for the optical effects of space weathering, as well as the properties
Asteroids of the surface that control optical changes, on asteroid (101955) Bennu. First, we set the stage by briefly
Asteroid surfaces reviewing what was known about space weathering of low-albedo materials from telescopic surveys, laboratory

Space weathering
Solar wind
Meteorites

simulations, and sample return analysis. We then look at the evidence for the nature of space weathering on
Bennu from recent spacecraft imaging and spectroscopy observations, including the visible to near-infrared
and thermal infrared wavelengths, followed by other measurements such as normal albedo measurements
from LIDAR scans. We synthesize these different lines of evidence in an effort to describe a general model of
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space weathering processes and resulting color effects on dark C-complex asteroids, with hypotheses that can
be tested by analyzing samples returned by the mission.

A working hypothesis that synthesizes findings thus far is that the optical effects of maturation in the space
environment depend on the level of hydration of the silicate/phyllosilicate substrate. Subsequent variations in
color depend on surface processes and exposure age. On strongly hydrated Bennu, in color imaging data, very
young craters are darker and redder than their surroundings (more positive spectral slope in the wavelength
range 0.4-0.7pm) as a result of their smaller particle sizes and/or fresh exposures of organics by impacts.
Solar wind, dehydration, or migration of fines may cause intermediate-age surfaces to appear bluer than the
very young craters. Exposed surfaces evolve toward Bennu’s moderately blue global average spectral slope.
However, in spectroscopic and LIDAR data, the equator, the oldest surface on Bennu, is darker and redder
(wavelength range 0.55-2.0pm) than average and has shallower absorption bands, possibly due to dehydration
and/or nanophase and/or microphase opaque production.

Bennu is a rubble pile with an active surface, making age relationships, which are critical for determining
space weathering signals, difficult to locate and quantify. Hence, the full story ultimately awaits analyses of
the Bennu samples that will soon be delivered to Earth.

1. Introduction
1.1. Scope of this review

Spatially resolved in situ remote sensing studies of the low-albedo,
carbonaceous (C-complex, B-type) asteroid, (101955) Bennu were car-
ried out by the OSIRIS-REx spacecraft (Lauretta et al., 2017, 2021).
This review seeks to assemble the spacecraft observations together with
possible explanations into a single self-consistent story about the nature
of space weathering on this asteroid. Because space weathering pro-
cesses can cause optical changes that impede our ability to understand
reflected light spectral measurements, we are interested in knowing
how/if space weathering effects manifest on dark asteroids in general,
and on Bennu in particular. OSIRIS-REx is an asteroid sample return
mission, providing an invaluable opportunity for us to ground-truth the
returned samples against interpretations of the remote observations of
their source body.

What is space weathering? The term “space weathering” refers to
the chemical and physical changes that occur when an airless body is
exposed to solar wind and micrometeoroid impacts. These processes re-
sult in many time-dependent changes to the properties of a surface and
can thus be used to determine a surface’s exposure age (Section 1.5).
The study of space weathering first came into focus when it was noted
that lunar craters change in albedo over time (Gold, 1955). Excellent
summaries of lunar space weathering are presented in Hapke (2001)
and Pieters et al. (2000). More recently, space weathering principles
have been applied to the study of bright stony (S-type) asteroids
(e.g. Clark et al.,, 2002; Gaffey, 2010). The OSIRIS-REx spacecraft
encounter with Bennu and the Hayabusa2 spacecraft encounter with
(162173) Ryugu have extended our understanding of space weathering
effects to C-complex asteroids, although the low albedo makes signs of
space weathering more challenging to interpret.

The study of the optical effects of space weathering includes not
only spacecraft observations but also telescopic surveys and laboratory
simulations. Laboratory simulations of space weathering use ion irra-
diation to simulate solar wind and pulsed-laser irradiation to simulate
micrometeoroid impacts (Brunetto et al., 2015; Matsuoka et al., 2015;
Lantz et al., 2018). In telescopic observations of asteroids, space weath-
ering is investigated by statistical analyses of populations with shared
spectral or dynamical properties (Lantz et al., 2013; Vernazza et al.,
2009; Lazzarin et al., 2006; Nesvorny et al., 2005; Hendrix and Vilas,
2019).

Spectral continuum slope: This review is primarily concerned with
the optical effects of space weathering, as well as the properties of
the surface that control optical changes on Bennu. A major theme is
the observation and interpretation of spectral continuum slope changes
on Bennu in the context of space weathering. We first set the context
for the observations of Bennu by briefly reviewing what was known
about space weathering of low-albedo materials from telescopic surveys

and laboratory simulations prior to the OSIRIS-REx encounter. We then
look at the evidence for the nature of space weathering on Bennu from
spacecraft imaging and spectroscopy observations (including the visible
to near-infrared and thermal infrared wavelengths), as well as normal
albedo measurements from LIDAR scans. Because the LIDAR data are
obtained with an active light source, they are excellent probes of global-
scale albedo patterns as demonstrated by Hemingway et al. (2015). We
synthesize these different lines of evidence in an effort to distinguish
a general model of space weathering processes and effects on dark
C-complex asteroids.

Samples from Ryugu: At the time of this writing, the samples
returned by the JAXA Hayabusa2 mission (Watanabe et al., 2017,
2019; Yada et al., 2022; Pilorget et al., 2022) to C-complex asteroid
(1621730) Ryugu, a sister mission of OSIRIS-REXx, are under study. The
Ryugu results are also important to our understanding of space weath-
ering on low-albedo asteroids, and hence we include a brief discussion
of them in this paper. Evidence about the nature of space weathering
on Ryugu and Bennu will be integrated to produce hypotheses that
can be tested using the samples returned by the missions. The samples
from Bennu and Ryugu will provide ground-truth of the microscopic,
macroscopic, and spectroscopic effects of space weathering on these
asteroids.

1.2. Previous telescopic and spacecraft studies of space weathering of low-
albedo asteroids

The C-complex asteroids are thought to be the parent bodies of most
or all carbonaceous chondrite meteorites (CCs). Their mineralogy is of
great interest due to their prevalence in the asteroid regions of the
Solar System. CCs are closer to the composition of our Sun than any
other meteorites, and hence are considered to be some of the most
primitive material available in our solar system. Among the CCs, CI
chondrites are thought to be closest to solar nebular composition due
to their higher content of volatile elements. CI and CM CCs are enriched
in carbon (2.2-5.4 weight %) (Pearson et al., 2006), as compared with
ordinary chondrites (<0.20 weight %) (Moore and Lewis, 1967). CCs
are far less abundant in Earthly meteorite collections than the ordinary
chondrites; however, there is good evidence for selection effects in
passage through our atmosphere. Bennu is close in spectral properties
to CI and CM meteorites (subtypes of CC meteorites) (Clark et al.,
2011; Hamilton et al., 2019), being primarily composed of hydrated
phyllosilicates (aqueously altered silicates) with an organic carbon-rich
matrix. Most recently, however, Hamilton et al. (2022) found another,
possibly better analog for Bennu: the unique meteorite CR1 Grosvenor
Mountains (GRO) 95577 looks very Bennu-like in the thermal infrared
wavelengths. Like Bennu and the CI and CM chondrites, CR meteorites
can contain substantial amounts of H,O and OH in addition to exotic
organics.

Early results: To investigate the possible spectral signatures of
exposure to the space environment on carbonaceous low-albedo aster-
oids, Lantz et al. (2013) studied the reflectance spectra of particulate
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CC samples (assumed to represent asteroid subsurface materials) and
compared them with telescopic spectra of asteroids (assumed to rep-
resent asteroid surface materials). The authors further assumed that
primitive Ch/Cgh-type C-complex asteroids are the parent bodies of
CMs based on the similarity in the wavelength position of an absorption
feature at 0.7 pm. Lantz et al. (2013) then reasoned that differences
between the laboratory spectra of the meteorites and the telescopic
spectra of the asteroids’ surfaces (wavelength range 0.4 —2.5 pm) could
be due to differences in textural properties or exposure of the asteroids
to space weathering. For the Lantz et al. (2013) study, meteorites
were measured at a wide variety of particle size ranges, from <45 pm
to <500 pm. Their results indicated that surface maturation leads to
spectral bluing of asteroids, with little to no concurrent albedo change
or band modification.

Asteroid families: However, different results came from studies
by Kaluna et al. (2016) and Fornasier et al. (2016). These authors
sought to parameterize the effects of space weathering by studying
the ground-based spectra of the Themis and Beagle near-Earth asteroid
families. The Beagle family has been independently shown (Nesvorny
et al., 2008) to have been created when a larger Themis-family object
was collisionally shattered into fragments; therefore, Kaluna et al.
assumed that all of the asteroids in the study started from the same
base mineralogy. This relationship means that the Beagle-family objects
are younger than the Themis-family objects, allowing Kaluna et al. to
attribute spectral differences between the families to space weathering.
In particular, Kaluna et al. (2016) studied the spectral slope of telescop-
ically obtained spectra and found that asteroids from the older Themis
family have redder spectral slopes and lower albedos than asteroids
from the younger Beagle family. This led the authors to conclude that
space weathering among C-complex asteroids leads to darkening and
spectral reddening. However, while the spectral color results of Kaluna
et al. (2016) are statistically significant, the albedo results are much
less so (see Fig. 7 in Kaluna et al. (2016)). Lazzarin et al. (2006) also
found evidence that C-complex asteroids redden over time through a
similar study, but prefaced that conclusion with a large uncertainty
attributed to the small number of families studied. Nesvorny et al.
(2005) found evidence contradictory to the Kaluna et al. and Lazzarin
et al. studies mentioned above, concluding that spectral bluing occurs
with age. Their result is consistent with Lantz et al. (2013) and is far
more statistically significant than Kaluna et al. (2016) or Lazzarin et al.
(2006), given their thorough use of the Sloan Digital Sky Survey. How-
ever, both Lazzarin et al. and Nesvorny et al. emphasized the relevance
of compositional variations when interpreting space weathering signals.

Using data from the Sloan Digital Sky Survey Moving Object Cat-
alog, Thomas et al. (2021) performed a study of spectral color as a
function of asteroid diameter for nine C-complex families to constrain
the possible visible wavelength effects of space weathering on car-
bonaceous asteroids. They found two spectral slope trends that were
correlated with asteroid size, but most families (eight of nine) showed a
reduction in spectral slope with increasing object size until a minimum
slope value was reached whereupon the trend reversed to increasing
slope with increasing size. This trend was also correlated with family
distance from the Sun, pointing to space weathering as a possible cause.

The Ceres example: On the dwarf planet Ceres, the apparent asso-
ciation of relatively bright and blue ejecta deposits with geologically
young impact craters suggests a possible reddening space weather-
ing effect, although the mechanisms are almost completely unknown
(e.g., Schmedemann et al. (2016), Schroder et al. (2017) and Stephan
et al. (2017)). Ceres’ young ejecta deposits are bluer and generally
associated with slightly weaker hydroxyl bands at 2.7 pm and NH,
bands at 3.1 pm than the global average (Ammannito et al., 2016;
Stephan et al., 2019).

The Phobos example: A study by Ballouz et al. (2019) sought to
explain a similar color dichotomy on Phobos, a carbonaceous moon of
Mars. They found that the rate of surface motion is correlated with the
blue-ness of the surface of Phobos. This correlation led (Ballouz et al.,
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2019) to posit that fine grains are carried away by the bulk flow of the
surface. They show that the re-surfacing rate in the blue regions may
be faster than the space weathering rate on Phobos.

The open question which then remains is how space weather-
ing is expressed on carbonaceous surfaces with varying compositions
and particle sizes, and over a multitude of timescales and orbital
environments.

1.3. Previous laboratory studies of space weathering of carbonaceous ma-
terials

Simulating space weathering processes in the laboratory using ex-
perimental techniques has proven to be a useful way of exploring how
these surface processes operate on carbonaceous asteroidal surfaces.
These experiments provide important context for remote sensing ob-
servations made at Bennu and Ryugu and serve to prepare us for the
analysis of the samples returned by the OSIRIS-REx and Hayabusa2
missions. Although laboratory experiments have simulated both major
constituent space weathering processes — ion irradiation for solar wind
exposure (e.g., Brunetto et al. (2014) and Lantz et al. (2015)) and
pulsed-laser irradiation for micrometeoroid bombardment (e.g., Mat-
suoka et al. (2015) and Gillis-Davis et al. (2017)) — these methods
have not been studied in operation together. Nevertheless, the results of
these studies have provided insight into the surface evolution of Bennu
and Ryugu over time and have illuminated how space weathering may
affect the spectral properties of these bodies. Laboratory experiment
results have also informed theoretical models of the optical effects of
space weathering (Hapke, 2001; Trang and Lucey, 2019).

Solar wind simulations: The link suggested by Clark et al. (2011)
between Bennu and CI/CM meteorites resulted in those meteorite
types being the primary target substrates for laboratory alteration
experiments. However, simulations of solar wind irradiation have been
performed for a wide variety of CC samples (select CI, CM, CV, and
CO meteorites and the ungrouped C2 meteorite Tagish Lake) and
compositionally related substances (e.g., natural bitumens, serpentine
group minerals). The majority of these experiments have focused on
irradiation with H* and He* (some of the major constituents of the
solar wind) at energies of 1keV (Laczniak et al., 2019, 2021), 40keV
(Lantz et al., 2017), or higher (Lazzarin et al., 2006). These experiments
have resulted in inconsistent spectral properties in the target samples,
including bluer and brighter spectra (Vernazza et al.,, 2013; Lantz
et al., 2017), mildly reddened spectra that may be darker or brighter
(Keller et al., 2015; Laczniak et al., 2019, 2020; Nakamura et al., 2020;
Nakauchi et al., 2021), and spectra which exhibit no significant changes
(Brunetto et al., 2014; Lantz et al., 2015). The energy of the ion irradi-
ation may be correlated with the type of spectral changes observed in
the experimental samples (Nakauchi et al., 2021). Similar to solar wind
irradiation, solar UV irradiation can also lead to changes in spectral
slope. Irradiation with strong UV light for 312 h (equivalent to a few
years at 1 AU from the Sun) darkened a sample of CM2 Murchison
by 15% (Kaiden et al., 2019). Spectral modifications have also been
linked to microstructural and chemical changes in the samples as a
result of ion irradiation. Nanophase Fe (metallic iron) and Fe-S (troilite)
particles have been proposed as the cause for reddened spectra (Keller
et al., 2015; Laczniak et al., 2019, 2020), and carbonization (loss of H
from hydrocarbon molecules resulting in larger aromatic molecules) is
hypothesized to result in bluing and darkening, particularly for the CM
chondrites (Moroz et al., 2004b; Lantz et al., 2017). Other observations
of changes in organic functional group chemistry in ion-irradiated
CCs include not only an overall reduction in the concentration of
organics, but a possible resistance of aromatic molecules to breakdown
(Laczniak et al., 2021). Nakamura et al. (2019) note that porosity of a
sample plays an important role in determining the optical changes as
a result of ion irradiation. They find that when prepared as a pressed
pellet, a CI meteorite (Y 980115) becomes bluer and brightens; when
exposed to the same conditions in chip form, the sample reddens, with
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Spectral and compositional summary of results of simulated solar wind bombardment experiments on various carbonaceous meteorites and related phases. In this
table, np: nanophase; mp: microphase; Mag: magnetite; S: sulfide (troilite) including FeS and FeNiS; sap: saponite; serp: serpentine; Tagish: C2-ungrouped Tagish
Lake meteorite; TEM: transmission electron microscopy. An asterisk indicates terrestrial samples (Nakamura et al., 2019; Lantz et al., 2017; Laczniak et al., 2021,
2019; Nakamura et al., 2020; Keller et al., 2015; Lantz et al., 2015; Lazzarin et al., 2006; Brunetto et al., 2014; Vernazza et al., 2013; Nakauchi et al., 2021).

Experiment type Conditions Optical response TEM study

Solar wind Sample Form  Ion Energy Slope Albedo npFe mpFe npMag mpMag npS mpS
Nakamura et al. (2019) CI Pellet  He* 20keV Bluer Brighter

Nakamura et al. (2019) CI Chip He* 20keV Redder Unchanged

Lantz et al. (2017) CI Pellet He* 40keV Bluer Brighter

Laczniak et al. (2021) CM Chip H* 1keV Redder Unchanged - - - - - -
Laczniak et al. (2019) CM Chip H>* 2keV Redder Unchanged _
Laczniak et al. (2021) CM Chip He* 4keV Redder Brighter X - - - - -
Nakamura et al. (2020) CM Chip He* 4keV Redder Darker

Laczniak et al. (2019) CM Chip He* 4keV Redder Darker

Keller et al. (2015) CM Chip He* 4keV Redder Darker

Nakamura et al. (2020) CM Chip He* 20keV Bluer Brighter

Nakamura et al. (2019) CM Chip He* 20keV Bluer Brighter

Lantz et al. (2015) CM Pellet  He*, Art  40keV Unchanged  Unchanged

Lantz et al. (2017) CM Pellet He* 40keV Bluer Brighter

Lantz et al. (2017) Cco Pellet He* 40keV Redder Darker

Lazzarin et al. (2006) Cco Pellet  Ar** 400keV Redder Darker

Lantz et al. (2017) cv Pellet  He* 40keV Redder Darker

Brunetto et al. (2014) CcvV Pellet  He*, Ar+ 40keV Redder Darker

Lazzarin et al. (2006) cv Pellet  Ar** 400 keV  Redder Darker

Vernazza et al. (2013) Tagish Lake  Pellet  He*, Art  4keV Bluer Brighter

Lantz et al. (2017) Tagish Lake  Pellet  He* 40keV Bluer Brighter

Nakauchi et al. (2021) Sap* Pellet H* 10keV Redder Unchanged

Nakauchi et al. (2021) Serp* Pellet H* 10keV Bluer Darker

negligible change in albedo. We summarize the spectral results and
associated microstructural and chemical products from ion irradiation
experiments in Table 1.

Studying the results of space weathering laboratory simulations,
Brunetto et al. (2015) note that exposing a CV (Allende) to ion irra-
diation (solar wind) leads to the preferential loss of H from organics
and increased aromaticity, accompanied by associated carbonization.
They point out that these chemical effects redden and darken the
reflectance spectrum of the matrix, while Moroz et al. (1998), in their
study of ion irradiation of natural solid bitumen, also attribute spectral
“flattening” (i.e. reduction of spectral band depth and decrease of
band depth in absorption features) to the same process. Moroz et al.
(1998) also suggest that this holds true for ion irradiation of organics
in meteorite material. According to the Nakamura et al. (2019) study
of CI and CM meteorite alteration, a reddening spectral change was
noted with increasing total dose of ion irradiation, but only after some
bluing had occurred at <0.65 pm wavelength. Nakauchi et al. (2021)
report that absorption features in the 3 pm region were modified by
hydrogen ion irradiation. Specifically, the absorption band area of the
2.8 pm band increased with hydrogen irradiation, indicating that the
abundance of OH and/or H,O increased in the reaction layer of the
samples. However, Prince and Loeffler (2022) also found an increase in
the OH band in laser irradiation of CM/CI simulant material. Since their
process would not implant any hydrogen, it is therefore possible that
the OH band increase is not due to H implantation, but to terrestrial
water adsorption.

As is found by Laczniak et al. (2021), irradiation of Murchison
samples with either He* or H* results in an increase of H,O and OH™.
However, irradiation with H* leads to twice the magnitude of H,0
increase as compared to He™. This dehydration/hydration phenomenon
is supported by the findings of Nakauchi et al. (2021). Laczniak et al.
(2021) suggest that the increase in H,O by He™" irradiation is from the
amorphization of phyllosilicates leaving broken surface bonds, creating
more sites at which adsorbed water can attach. In contrast, the increase
in H,O creation by H* irradiation may be due to decomposition of
phyllosilicates and in situ water formation, e.g., Ht combining with O
to form OH and H,O. Thus, when considering the effects of solar wind,
the results of any study which uses only He+ ions must be considered in
context since He+ irradiation cannot simulate every OH/H,O process
known to occur on C-complex surfaces.

Micrometeoroid bombardment simulations: In addition to solar
wind irradiation, micrometeoroid bombardment has been simulated in
the laboratory. These experiments have typically employed pulsed-laser
irradiation for samples prepared either as rock chips or powders with
various grain sizes. The target materials include many of the same
samples as used in the ion irradiation experiments (CI, CM, CV, CO,
C2-ungrouped Tagish Lake, and limited CK and Howardite samples),
providing a point of comparison (Moroz et al., 2004a; Hiroi et al., 2013;
Matsuoka et al., 2015, 2020; Gillis-Davis et al., 2017; Thompson et al.,
2019, 2020). Laboratory experiments have used lasers of varying ener-
gies and shot numbers, with some simulating progressive space weath-
ering via multiple rounds of irradiation (e.g., Matsuoka et al. (2015)
and Thompson et al. (2020)). Similar to ion irradiation experiments, the
spectral effects resulting from pulsed laser irradiation are inconsistent,
with some samples exhibiting bluer and darker spectra (Matsuoka et al.,
2015, 2020), while others become redder and darker (Moroz et al.,
2004a; Prince and Loeffler, 2022). Analyses of the microstructural and
chemical characteristics of these samples by Thompson et al. (2020)
and Laczniak et al. (2021) revealed a diverse compositional population
of nanoparticles, which include Fe-Ni-S (pentlandite), FeS (troilite), Fe
(metallic iron), and some Fe-oxides (e.g., magnetite). The dominant
mineralogy of these nanoparticles evolved over progressive irradiation
(i.e., simulated exposure) in some experiments (Thompson et al., 2020;
Laczniak et al., 2021), which may contribute to the inconsistency in
spectral results; the composition of these nanoparticles may change
with sustained exposure to interplanetary space. Laser-irradiated CCs
have also shown an overall increase in detectable organics, particularly
in aromatics of CMs (Thompson et al., 2020), and similar experiments
for isolated organic species caused the formation of alkanes and alkenes
(Ishikawa and Sato, 2020). Prince and Loeffler (2022) found that
irradiation of CI and CM simulant material caused darkening, while
the blue spectral slopes reddened until almost flat. They also found
that laser irradiation caused the depth of the <3 pm absorption band
to increase by as much as 30%. We summarize the spectral trends
and associated microstructural and chemical products from pulsed-laser
irradiation experiments in Table 2.

Another approach to constraining space weathering effects was led
by Lantz et al. (2013). They found a bluing and brightening maturation
effect which is strongest in the visible wavelengths. Subsequently, Lantz
et al. (2017) found that anhydrous meteorites Allende (CV) and Lance
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Spectral and compositional summary of simulated micrometeoroid space weathering experimental results on various carbonaceous meteorites and related
phases. Abbreviations and symbology are as in Table 1. (phyllo: phyllosilicates.) (Hiroi et al., 2013; Moroz et al., 2004a; Matsuoka et al., 2015, 2020;
Thompson et al., 2020; Gillis-Davis et al., 2017; Kaluna et al., 2017; Prince and Loeffler, 2022).

Experiment type Conditions Optical response TEM study

Micrometeoroid impact Sample Form Laser Slope Albedo npFe mpFe npMag mpMag npS mpS
Hiroi et al. (2013) CI Pellet 1064 nm  Bluer Darker

Hiroi et al. (2013) CK Pellet 1064 nm  Redder Darker

Moroz et al. (2004a) CM Powder 1064 nm Redder  Darker

Matsuoka et al. (2015, 2020) CM Powder 1064 nm  Bluer Darker - - - - X X
Thompson et al. (2020) CM Chip 1064 nm Bluer Darker X - X - X X
Hiroi et al. (2013) CM Pellet 1064 nm  Bluer Darker

Hiroi et al. (2013) Cco Pellet 1064 nm  Redder  Darker

Gillis-Davis et al. (2017) CcvV Powder 1064 nm  Redder  Darker X X - - X -
Hiroi et al. (2013) Howardite Pellet 1064 nm  Redder  Darker

Hiroi et al. (2013) Tagish Lake Pellet 1064 nm Bluer Darker

Kaluna et al. (2017) Lizardite (Fe-rich)* Powder 1064 nm  Redder  Darker

Kaluna et al. (2017) phyllo.* Powder 1064 nm  Bluer Darker

Prince and Loeffler (2022) CI-CM simulant Powder 1064 nm  Redder  Darker

(CO) undergo a drop in albedo and a reddening of the continuum
when exposed to He* ion irradiation, while hydrous meteorite samples
Mighei (CM), Alais (CI), and Tagish Lake (C2) show an increase in
albedo and bluing when exposed to the same conditions. In a follow-
up to this study, Lantz et al. (2018) suggest that space weathering
effects depend on petrological type and the initial composition of
the meteorite. They conclude that the B-type spectrum of Bennu is
most likely a CM-like material that was exposed to weathering. These
laboratory results (e.g., Lantz et al. (2017) and Brunetto et al. (2020))
are consistent with ground-based spectroscopic studies of young and
old primitive inner-belt families (Campins et al., 2018), which suggests
that on Bennu, older terrains should be bluer than younger surfaces.
However, complicating this picture, Kaluna et al. (2017) and Gillis-
Davis et al. (2017) suggest that spectral reddening is an intermediate
step on the way to eventual bluing (a conclusion based on laboratory
simulation results using pulsed lasers).

Hapke theory: Theoretical modeling has also been used to con-
tribute to the discussion of space weathering spectral effects. In partic-
ular, the methods of Trang and Lucey (2019) have met with success in
the case of Earth’s moon, and, as we shall see, have also been applied
to the case of Bennu (Trang et al., 2021). These models incorporate
the theory of Hapke (2001) and the results of Thompson et al. (2019,
2020) and Laczniak et al. (2021) with regards to the experimental
formation of submicroscopic opaque production in target materials.
Submicroscopic particles are subdivided on the basis of size by Noble
et al. (2007) into nanophase (<40 nm) and microphase (>40 nm,
<100 pm) particles.

Conflicting results: The conflicting and often inconsistent results
from laboratory experiments and telescopic observations paint a com-
plicated picture of space weathering on carbonaceous asteroids. Com-
pared to the Moon and S-type asteroids, carbonaceous asteroids are
more mineralogically diverse, which may result in nanoscale space
weathering products (e.g., nanoparticles) that are compositionally more
variable than their lunar and ordinary chondritic counterparts (Adams
and Jones, 1970; Pieters et al., 2000; Gaffey, 2010). In turn, nanoparti-
cle phases produce unpredictable and often competing spectral effects
in experimental samples, expanding our understanding of how space
weathering processes affect airless surfaces.

By simulating the two major constituent processes of space weath-
ering in isolation from one another, the experiments in Tables 1 and
2 have offered insights into their effects and how to recognize them
in returned samples. However, in reality, the two processes occur in
tandem with one another, not in isolation, and their effects on asteroid
spectra may constructively or destructively interfere.

1.4. Previous sample return of carbonaceous materials
The samples of asteroid (162 173) Ryugu returned by the Hayabusa2

spacecraft (Watanabe et al., 2017, 2019) are being analyzed in terres-
trial laboratories, and will undoubtedly tell us much about the optical

and microphysical effects of space weathering on dark asteroids. In the
first results papers by Yada et al. (2022) and Pilorget et al. (2022) we
get a glimpse of the kinds of things we can learn from non-destructive
examination of the precious extraterrestrial materials obtained from
Ryugu by Hayabusa2 (Clark, 2022). Thus far, the close-up studies of
the samples have largely confirmed the remote observations from the
spacecraft platform, such as the spectroscopic observations in the near-
infrared wavelengths (2.0-3.1 pm) by the Near-Infrared Spectrometer
number 3 (NIRS3) (Kitazato et al., 2019).

Artificial impact: The Hayabusa2 mission’s impact experiment in
April 2019 provided an opportunity to examine the spectral properties
of the subsurface and compare it to the surface. For example, Kitazato
et al. (2021) investigated the NIRS3 spectra of the small carry-on
impactor (SCI) crater region compared with undisturbed regions. The
result shows a slightly weaker and peak-shifted OH feature on the
surface compared to the subsurface (Kitazato et al., 2021), but no other
distinguishing characteristic was observed from the subsurface.

First sample analyses: This result is largely confirmed by the first
sample analysis performed by Yada et al. (2022) who find that the
returned samples are spectrally very similar to the average surface of
Ryugu from 2.0-3.1 pm. The returned samples show a band at 2.7 pm
that is 5—10% deeper (and slightly wider) than average Ryugu, and
they are brighter at 2.0 pm than average Ryugu by about 0.2-0.25%.
These minor differences may be due to space weathering of the average
surface, assuming the samples represent the subsurface. However, spec-
tral comparisons are difficult due to differences in spatial and spectral
resolution between the remote spacecraft platform and the laboratory
spectrometer.

On average, laboratory observations of the soil of Ryugu at the
millimeter scale by Pilorget et al. (2022) agree with spacecraft-based
remote observations at the meter scale. In fact, for the most part, the
samples seem to be representative of the surface of Ryugu, even though
they were obtained from two distinct locations, and even though the
sampling events may have collected material from different depths of
the subsurface.

Suggested analog: Yada et al. (2022) find evidence in favor of
CI chondrites as the best analog for Ryugu surface materials, but
emphasize that the Ryugu samples are darker, more porous, and more
fragile than ClIs.

1.5. Previous work on the timescales of space weathering

In the recent past, our understanding of asteroidal surface evolu-
tion and space weathering rates has relied upon spectroscopic studies
to determine the timescales involved in such processes (e.g. Jedicke
et al. (2004) and Vernazza et al. (2009)). Specifically helpful are the
reflected light spectroscopy investigations of time-dependent alteration
of ordinary chondrite meteorite reflectance spectra (Sasaki et al., 2001).
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This alteration makes ordinary chondrite meteorite reflectance spectra
resemble the overall spectral shape and slope of S-type asteroid spectra
(Clark et al., 2002; Gaffey, 2010).

Asteroid families: One fruitful approach to the study of space
weathering rates has been to determine ages of asteroid families by dy-
namical modeling and consider the spectral properties of the daughter
fragments (e.g., Vernazza et al. (2009), Marchi et al. (2012) and Will-
man et al. (2010)). For example, Vernazza et al. (2009) concluded
that solar wind interactions dominate asteroid space weathering on
timescales of 10°—10° years. Indeed, there is some overlap between
inferred space weathering timescales derived from analysis of asteroid
family spectra and models of the two primary space weathering pro-
cesses (e.g. Jedicke et al. (2004), Nesvorny et al. (2005), Christoffersen
and Keller (2015), Marchi et al. (2012) and Shestopalov et al. (2013)).
Space weathering rate estimates based on modeling vary from 10*—10°
years for solar wind irradiation (Hapke, 2001; Loeffler et al., 2009)
to ~10% years (Sasaki et al., 2001) for impact processing on typical
S-type asteroid materials. Shestopalov et al. (2013) suggested that im-
pact gardening of regolith particles and asteroid resurfacing counteract
the rapid progress of solar wind optical maturation and proposed a
characteristic space weathering timescale of ~10°—10° years. Similar
experiments have been performed on C-complex asteroid analog mate-
rial with appropriate energies and fluxes, giving equivalent timescales
(e.g. Lantz et al. (2015, 2017)).

Samples from S-Types: The most direct constraint on asteroidal
space weathering rates thus far comes from studies of the regolith par-
ticles from the S-type asteroid Itokawa returned by JAXA’s Hayabusa
mission. The Itokawa particles have rims formed by a combination
of solar wind irradiation and vapor deposition (e.g. Noguchi et al.
(2014)). Many of the particles contain solar flare energetic particle
tracks, and the track density can be used to infer exposure ages and re-
golith dynamics on the parent body (Keller and Berger, 2014; Noguchi
et al., 2014). The highest solar flare track density observed to date is
5% 10°cm~2 in a plagioclase grain, corresponding to a space exposure
age of ~110,000 years (Keller and Berger, 2017). Provided the track
measurements are typical for Itokawa surface particles, these results
suggest that the space weathering rate to convert ordinary chondrite
materials to resemble S-type asteroid spectra (e.g. Bonal et al. (2015))
is on the order of ~10° years.

2. Evidence from OSIRIS-REx
2.1. Imaging observations

Imaging data are useful for studying crater size frequencies and
other time-dependent phenomena on the surface of Bennu, but they
are also useful for study of color contrasts that might be due to surface
evolution. The MapCam and PolyCam imagers of OSIRIS-REx Camera
Suite (OCAMS) (Rizk et al., 2018) returned multispectral medium angle
and panchromatic narrow angle images, respectively, of Bennu during
OSIRIS-REx proximity operations (Lauretta et al. (2022), DellaGiustina
et al. (2019, 2020)). MapCam obtained images in four narrowband
(60 —-90nm wide) color filters, referred to by their designation: #’, v,
w, and x, with center wavelengths at approximately 473 nm, 550 nm,
698 nm, and 847 nm, respectively (Golish et al., 2020). MapCam and
PolyCam also acquired panchromatic data with a broad filter (~300 nm
wide centered at 646 nm) (Bennett et al., 2021; Burke et al., 2021).

Small red craters: Bennu has a global average geometric albedo
of 4.4 + 0.2% (Golish et al., 2021), consistent with a high carbon or
organic material content, and has been shown to be most closely related
to CI and/or CM carbonaceous meteorites (Clark et al., 2011; Hamilton
et al., 2019; Simon et al., 2020a) or even CR meteorites (Hamilton
et al., 2022). Bennu’s global average moderately blue color (or spectral
slope) was originally detected in telescopic data (Clark et al., 2011)
and then confirmed by the spacecraft encounter in both imaging and
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spectral data (DellaGiustina et al., 2019; Simon et al., 2020a; DellaG-
iustina et al., 2020). Against this background, DellaGiustina et al.
(2020) found a number of small, darker, and spectrally redder (at
visible wavelengths) craters (Fig. 1) in MapCam observations. (Note
that even the reddest small craters on Bennu are spectrally blue. Thus,
when we say redder in the context of Bennu, we mean less blue, relative
to the average.)

These small features are abundant, and their size-frequency distri-
bution led DellaGiustina et al. to suggest that they are the youngest
craters on Bennnu. Likewise, the poleward faces of large boulders on
Bennu tend to be redder (at visible wavelengths) than their equatorial
faces, indicating that solar exposure and micrometeoroid impacts cause
spectral bluing over time. Craters formed within individual boulders
(Ballouz et al., 2020) also appear redder (at visible wavelengths) than
their surroundings (DellaGiustina et al., 2020). On the basis of crater
and boulder colors, DellaGiustina et al. conclude that, with age, sur-
face materials eventually brighten across all visible wavelengths and
become more neutrally sloped, consistent with Bennu’s gently blue av-
erage visible spectrum. Crater superposition relationships indicate that
the timescale of these color changes is ~10° years. In sum, DellaGiustina
et al. attribute the reflectance and color variations currently present
in Bennu color imagery to a combination of primordial mineralogical
heterogeneity and varying exposure ages.

Textural diversity: Images of Bennu obtained at higher spatial
resolution with PolyCam revealed a rough, rocky surface covered with
boulders (ranging in size from decimeters to 95 meters in diameter)
that show a wide range of textural diversity (DellaGiustina et al., 2019;
Rozitis et al., 2020). DellaGiustina et al. (2020) describe two main boul-
der populations: relatively bright boulders that are >4.9% in normal
albedo, and dark boulders that are <4.9% in normal albedo. (In this
context, “normal” means that the surface is illuminated and observed
at zero degrees incidence, emission, and phase angle (e.g., see Li et al.
(2015) for a full description of normal albedo). The dark boulders
appear to have much rougher and more textured (like cauliflower)
surfaces than the bright boulders Walsh et al., 2019; Rozitis et al.,
2020; DellaGiustina et al., 2019). These observations raise the question
of whether the texture variations on Bennu are causing the color and
albedo variations, or whether they are related to different boulder
compositions (e.g. Rozitis et al. (2022)) and/or optical modification by
space weathering.

Effects of texture: In a laboratory study of a mixture of phyllosili-
cates and carbon lampblack — an approximate analog for Bennu (Cloutis
et al.,, 2011, 2018) — Sen et al. (2021b) showed that strong color and
albedo changes can occur as a result of texture variations, independent
of compositional changes or surface maturation. For example, in the
laboratory, a 36% brightening occurs (at visible wavelengths) when
texture changes from rough broken rock to sanded slab (at 550 nm),
and a 13% brightening occurs when coarse particles are reduced to fine
powders. In association with these albedo changes, Sen et al. (2021b)
describe a 14% bluing (in 473 nm/847 nm color ratio) when the texture
changes from rough broken surface to sanded slab, and 18% reddening
when coarse particles change to fine powder. Previous workers have
also found that particle size has strong effects on spectra (Johnson and
Fanale, 1973; Beck et al., 2010; and others.) Boulders on Bennu vary
strongly in terms of roughness at the tens of centimeters scale, and
probably also at finer scale sizes (DellaGiustina et al., 2019). Thus,
some of the imaging color variations on Bennu may be consistent with
texture changes and/or with surface maturation. With a small twist
on this theme, it is conceivable that surface maturation is coincident
with texture changes. Indeed, DellaGiustina et al. (2020) highlight that
small red craters on Bennu also appear to have a higher proportion of
fine grains and appear texturally distinct from their surrounding terrain
(Fig. 1).

Resurfacing: Morphologic features across the surface of Bennu also
show that Bennu has an active resurfacing process in the form of
mechanical breakdown (Fig. 2). This is documented in Molaro et al.
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Fig. 1. (a) shows examples of the small red-colored craters found on Bennu, and (b) shows statistical distributions of crater diameters. The red circular depressions are all craters
less than 10m in diameter (top left). The right frame encloses an older crater that is superimposed by the younger red craters. This shows that over time, crater colors eventually
blend into the average blue-ish color of Bennu’s global materials. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
Source: Adapted from DellaGiustina et al. (2020).

(2020a) and Delbo et al. (2022) in terms of statistics of the occurrence
of thermal cracks and exfoliation, illustrated with maps of the locations
and orientations of features found to date. Indeed, Cambioni et al.
(2021) report an inverse correlation between the abundance of fine
particles (smaller than a centimeter in diameter) and the porosity
of rocks on Bennu. They interpret this to mean that fine particle
accumulation is prevented by highly porous rocks and boulders. In
addition, the many particle ejection events observed in images captured
by OSIRIS-REx navigation cameras, described in Lauretta et al. (2019)
and Hergenrother et al. (2020), also indicate the action of a surface
refreshing process that may be related to the mechanical breakdown
described in Molaro et al. (2020a,b). To date, it has not been possible to

link a particle ejection event to a color or albedo change at the surface
of the asteroid. However, it is clear that currently active processes are
supplying fresh (unweathered and immature) materials to the surface
of Bennu.

Mass movement: In a study of the geopotential on Bennu, Scheeres
et al. (2019) found that the terrain slope distribution is consistent with
a model of regolith failure and mass movement on rapidly spinning
spheroidal bodies detailed in Scheeres (2015). As a body’s rotation
accelerates (perhaps due to Yarkovsky—O’Keefe-Radzievskii-Paddack
(YORP) thermal radiation forces), the slopes tend to increase until
failure occurs, which triggers mass movement toward the global geopo-
tential low. Newly exposed material would be left behind and would
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Fig. 2. This figure shows examples of cracking and mechanical breakdown of boulders found on Bennu as a result of thermal processes. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
Source: Adapted from Molaro et al. (2020a).

tend to have the angle of repose. The latitudes and manner in which
failure occurs depend on the spin rate and regolith friction angle. Signs
of mass movement on Bennu, identified by Jawin et al. (2020), include
boulder burial, rocks perched on other rocks, particle size grading,
axis alignment, imbrication, and even a single large mass flow. The
direction of mass movement is strongly correlated with the present-
day local downslope direction, which on Bennu is ubiquitously directed
toward the equator, the global geopotential low (Scheeres et al., 2019).
Sampling event: During sample collection in October of 2020, the
OSIRIS-REx spacecraft excavated a 9m x 6.5m crater on the surface
of Bennu, revealing the asteroid’s subsurface material (Lauretta et al.,
2022). A cloud of dust was quickly produced by the disturbance of
the surface by the sampling operation—and lofted upwards towards
the spacecraft. Comparisons of imaging data from before and after
sampling show that the freshly exposed subsurface material in the
crater is darker and redder than the pre-disturbannce surface. This is
taken as evidence that fresh surfaces exposed by cratering on Bennu
mature over time from redder and darker to brighter and bluer (Lau-
retta et al.,, 2022), supporting the proposal of Lantz et al. (2018)
and DellaGiustina et al. (2020). However, it is also possible that the
observed differences could be caused by textural changes created by
the impact. The cloud of dust lofted by the impact is composed of fine
particles that eventually settle out close to the impact site, and smaller
particles are spectrally redder than coarse particles, consistent with the
observations. However, smaller particles are also usually brighter than
coarse particles (Johnson and Fanale, 1973), which is not observed.

2.2. Spectroscopy observations

2.2.1. Visible to near-infrared observations

Spectroscopic evidence about space weathering on Bennu was ob-
tained in the visible to near-infrared wavelengths (0.4 to 3.7 pm) by the
OSIRIS-REx Visible and InfraRed Spectrometer (OVIRS) (Reuter et al.,
2018; Simon et al., 2018). The global OVIRS survey data of Bennu are
photometrically modeled and corrected for variations in local incidence
and emission angles in Zou et al. (2021). On average, Bennu’s global
OVIRS spectrum is characterized by a smooth, relatively featureless,
spectrally blue-sloped continuum accented by a strong hydration ab-
sorption feature at 2.7 pm that is observed ubiquitously across the
surface of Bennu (Hamilton et al., 2019; Simon et al., 2020a). Spatially
resolved data (as opposed to whole-disk spectra obtained on approach)
also show an absorption feature indicative of organics and carbonates
near 3.4 pm (Simon et al., 2020a). This feature is stronger in spectra
obtained when the spacecraft was closer to the surface. It is analyzed
and mapped in detail in papers by Kaplan et al. (2020), Ferrone et al.
(2021) and Kaplan et al. (2021). In particular, Ferrone et al. show that
the feature is consistent with carbonates in 69% of all detections at the

spatial scale of 4-9 m/spectrum, and consistent with organics in 31% of
cases. Furthermore, they find that the organics are more concentrated
near the OSIRIS-REx sampling site than the carbonates, suggesting that
the returned samples may prove to be organic-rich.

Crater spectra: Deshapriya et al. (2021) conducted a study of the
subtle but systematic variations in spectra of craters on Bennu. They
found a shortward shift of up to 25 nm in the minimum position of the
2.7 pm band minimum (that may be consistent with reddening, but is
not accompanied by a decrease in band depth) relative to the global
2.7 pm band minimum, for 20 out of 45 craters. They attribute this
shift to the presence of relatively fresh (less space-weathered) material
excavated from the sub-surface by crater-forming impacts. In several
cases, Deshapriya et al. (2021) observed that spectra become redder
and darker towards the center of the crater, and they attribute this
to the presence of fine-particulate regolith. In addition, assuming that
craters on Bennu’s equator are the oldest geological features on the
surface, they find that younger craters are redder and brighter in the
OVIRS wavelengths and have deeper 2.7 pm bands than older craters.
(But interestingly, they find that the crater hosting the OSIRIS-REx
sample site, Nightingale, is both the reddest and the darkest, compli-
cating this relationship.) Taken altogether, these trends suggest that
young craters on Bennu reveal fresh subsurface material that is brighter
in the OVIRS wavelengths and more hydrated than its surroundings;
it is also spectrally redder because it is in the form of fine grains.
According to Deshapriya et al. (2021), these crater materials evolve
over time (get darker and bluer in the OVIRS wavelengths) to assume
the global average spectral properties of Bennu, such that older craters
are indistinguishable from average Bennu.

The hydration feature: Praet et al. (2021) performed a detailed
analysis of the 2.7 pm band, using an approach developed by Mil-
liken and Mustard (2007) where the effective single-particle absorption
thickness (ESPAT) of a spectrum can be linked directly to water content
(see also Milliken and Mustard (2005) and Garenne et al. (2016)).
Among their results, Praet et al. find that H abundance has a latitudinal
dependence: equatorial latitudes show a 9% decrease in H content as
compared to average Bennu. They demonstrate that Bennu’s strong
2.7 pm hydration band is shallower around the equator, and they
attribute this decrease in band depth to partial dehydration of the
surface (Fig. 3).

Spectral modeling: In their study using Hapke modeling to fit the
visible wavelength spectra of Bennu, Trang et al. (2021) incorporated
the optical effects of nanophase and microphase metallic iron, troilite,
and magnetite, because they are all observed byproducts that form
in laboratory simulations of space weathering of various substrates
(Thompson et al., 2019, 2020). Nanophase iron, in particular, is an
important component of strongly space-weathered soils from the Moon
(Cassidy and Hapke, 1975; Hapke, 2001). Trang et al. suggest that
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Fig. 3. The top panel shows a 2.7 pm band depth map from OVIRS measurements, reproduced from Simon et al. (2020a). The bottom panel shows an ESPAT map of Bennu at
2.7 pm adapted from Praet et al. (2021): spectral data at 20 m/footprint are converted to ESPAT and corresponding H content. This projection shows longitudes from 0° to 360°
longitude. Both maps are overlain on the global image-mosaic basemap of Bennu (Bennett et al., 2021). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

on Bennu, space weathering results in nanophase magnetite forming
first, followed later by nanophase iron. They conclude from their
mapping efforts that magnetite is more abundant than metallic iron on
Bennu, causing the overall blue color, and they suggest that nanophase
and microphase troilite may also be present (Trang et al., 2021).
This idea is corroborated by observational evidence for magnetite
presented in Lauretta and DellaGiustina et al. (2019), Hamilton et al.
(2019), and Simon et al. (2020b). The Trang et al. (2021) study
nicely accounts for the color differences associated with the different
nano/microparticles, and explores the role of hydration in determining
which nano/microparticles form first during space weathering. We
note, however, that it is easy to simulate the global average blue spec-
tral behavior of Bennu in the lab without space weathering products;
just by using other important compositional components of the Bennu
spectrum: phyllosilicate (in the form of saponite) and carbon (in the
form of lampblack powder) (Sen et al., 2021b) or magnetite, also in
the form of powder (Cloutis et al., 2011). In addition, Merlin et al.
(2021) have shown that Bennu can be accurately modeled using Hapke
theory and various mixtures of spectra of meteorites from the existing
collection: heated CM, C2-ungrouped, and CI meteorites.
Photometric studies: Spectrophotometric analysis of OVIRS data
(Li et al., 2021) shows that, on a global scale, the equatorial region
of Bennu exhibits properties that are distinct from other regions, and
both a latitudinal trend and a slight north-south asymmetry exist
(Fornasier et al., 2020; Li et al.,, 2021). In the near-infrared wave-
lengths from 0.5-2.5 pm, the equatorial region appears to be redder
than the mid- to high-latitude regions (consistent with ground-based
telescopic measurements by Binzel et al. (2015)), and the spectral slope
decreases towards higher latitudes (Fig. 4). The spectral reddening of
the equatorial band is consistent with findings from other analyses

(Simon et al., 2020a; Barucci et al., 2020). In addition, the equatorial
region also shows a weaker phase reddening than the global average,
although the difference is subtle. Also, a slight asymmetry exists, where
the southern hemisphere may be slightly rougher at the pm-scale, and
shows a slightly weaker phase reddening than the northern hemisphere.
This result could be correlated with the findings of Daly et al. (2020)
who used the OSIRIS-REx Laser Altimeter observations to create a
global shape model of Bennu with 20 cm resolution. They conclude that
Bennu’s southern hemisphere is rounder and smoother at the >20 cm
scale because it has more numerous large boulders that retain surface
materials and provide more strength at depth to support them, whereas
Bennu’s northern hemisphere has higher slopes and a less regular shape
because it has fewer large boulders and more evidence of boulder
downslope movement.

The spectral color and phase reddening of the equator do not appear
to be correlated with the albedo patterns on Bennu on the global scale
(see Simon et al. (2020a)). Rather, the albedo patterns appear to be cor-
related with the morphologies and textures of boulders (DellaGiustina
et al.,, 2020). Li et al. (2021) attributed the equatorial banding and
latitudinal trends found in the OVIRS spectrophotometry of Bennu to
latitudinal mass movement (Jawin et al., 2020) caused by the distinct
geophysical conditions on Bennu (Scheeres et al., 2019, 2020). If this
is correct, then the latitudinal spectrophotometric trends (darkening
and reddening along the equator) are likely to be associated with
processes that alter the optical and mechanical properties of Bennu’s
surface material, including space weathering, rather than associated
with composition. The largest dark boulders are all at high latitudes
(DellaGiustina et al., 2020) and the brighter boulders are predicted to
be mechanically stronger and may survive migration to the equator
better than the dark, weaker boulders (Rozitis et al., 2020). Thus, mass
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Fig. 4. This figures shows a spectral reflectance slope map of Bennu from OVIRS
measurements from 0.55 pm to 2.0 pm, binned in 1° x 1° squares (each grid element
is ~4.3m wide at the equator).

Source: Adapted from Li et al. (2021).

movement on Bennu could be acting to sort the various levels of surface
alteration along the latitudinal direction, thus affecting the micro-scale
texture and structure of regolith particles, resulting in the observed
spectrophotometric effects.

Latitudinal trends: To investigate the latitudinal trends that are
hinted at in the Li et al. (2021) study, Sen et al. (2021a) tested whether
the latitude dependence of spectral properties on Bennu is statistically
significant. They calculated average spectral parameters as a function
of latitude in 2° bins using both a regionally photometrically corrected
data set (Li et al,, 2021) and a global photometric model data set
(Fig. 5) (Zou et al., 2021). Fig. 6 shows latitudinally averaged values
for several spectral parameters of interest using these data sets: albedo
(normal reflectance at 0.55 pm) (Fig. 6(a)), spectral slope from 0.5-
1.5 pm (Fig. 6(b)), band depth at 2.74 pm (Fig. 6(c)), and depths
of the minor bands identified by Simon et al. (2020b) at 0.55 pm,
1.05 pm, and 1.81 pm (Fig. 6(d)). While Sen et al. (2021a) find only
a very weak latitude dependence signal in the minor bands of Simon
et al. (2020b) Fig. 6(d) (right), the other figures show a signal of
latitude dependence with at least 2-sigma statistical significance that
is especially strong in the spectral slope and hydration band depth
spectral parameters (Figs. 6(b) and 6(c)). This latitude dependence is
consistent with processes that are heliocentric in nature, such as solar
wind irradiation, and micrometeoroid bombardment, both of which are
implicated in space weathering processes (Hemingway et al., 2015).
While other physical changes, such as porosity and particle size can
also cause such spectral trends, it is difficult to explain why they would
be latitude-dependent. However, porosity, particle size, and even tem-
perature of materials cannot be ruled out as potential causes because
regolith-gardening by impact may also be latitude-dependent: Gallant
et al. (2009) find a latitude dependence in the impactor populations at
the Earth and Moon indicating impact shadows at the poles of each
object, and Bottke et al. (2020) also suggest a latitude dependence
in impactor flux on Bennu. We suggest space weathering as the most
likely explanation because crater counting evidence indicates that the
equatorial surface is the oldest surface on Bennu (Bierhaus et al., 2022),
making large-scale turnover of the regolith by large impacts unlikely.

Fig. 6(a) (right) shows a peak in albedo along the equator, while
6(a) (left) shows a peak in albedo at +35° latitude. It is possible that
the Fig. 6(a) (right) panel is showing that our observation methods
are biased by the fact that the OVIRS data of Bennu that have low
incidence and emission angles were obtained along the equator, causing
the global average model to indicate that the equator is brighter,
when in fact it is not. However, the regionally calculated photometric
model by Li et al. (2021) can partially account and correct for the
observational bias (Fig. 6(a) (left)). We also see a considerable increase
in spectral slope at the equator in this model (Fig. 6(b)), which could
be explained by a particle-size effect. As shown by Sen et al. (2021b),
particle size-effect continuum slope reddening, due to finer particles, is
usually accompanied by an increase in albedo.
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Artificial crater: OVIRS observations of the artificial crater created
on Bennu by the OSIRIS-REx sampling event, analyzed in Lauretta
et al. (2022), indicate that fresher materials (very recently excavated
by the sampling event) are darker and spectrally redder than their
surroundings and than the pre-sampling surface at that location. Images
from the sampling event indicate that a cloud of fine particles was
created, and the sampling site was finer-grained after the sampling
event. From Sen et al. (2021b), we know that a decrease in particle size
and a refinement of texture (between ‘very rough’ rock and ‘smoother’
sanded slab) both cause reddening and brightening. Post-sampling
event colors could thus be explained by finer particles or smoother
surfaces, but the accompanying drop in albedo indicates coarser par-
ticles or rougher surfaces, and hence inconsistent results. Thus, texture
change is not the preferred explanation of the pre-sampling vs. post-
sampling color/albedo comparisons. Rather, the likely explanation is
that the excavation of the crater exposed finer, redder, darker material
in the subsurface, consistent with the space weathering models of Lantz
et al. (2018) and DellaGiustina et al. (2020).

2.2.2. Thermal infrared observations

Thermal infrared radiation measurements can inform space weath-
ering studies by providing emissivity spectra and information about
surface conditions, such as thermal inertia, roughness, grain size, poros-
ity, and dust coating. Because all these factors can alter visible, near-
infrared, and thermal infrared radiation, consideration of each factor is
necessary for interpretation of remotely sensed information.

Instruments and measurements: On Bennu, thermal and short-
wave infrared radiation were measured with two instruments: the
OSIRIS-REx Thermal Emission Spectrometer (OTES) (Christensen et al.,
2018) and OVIRS (Reuter et al., 2018). While OTES is designed to
measure thermal emission, OVIRS serendipitously obtains a measure
of it at the short wavelength end of the blackbody curve, also known
as the “thermal tail”, because Bennu is so warm. These instruments ob-
tained global measurements at seven different times of day, as reported
in Rozitis et al. (2020) and Zou et al. (2021). During approach of the
OSIRIS-REx spacecraft, measurements of the sunlit thermal radiance of
Bennu indicated surface temperatures ranging from 200 K to 350 K
(—=100° to 170 °F) (DellaGiustina et al., 2019; Rozitis et al., 2020).

Thermal inertia: Rozitis et al. (2020) calculated a thermal con-
ductivity for the boulders on Bennu that is lower than any measured
meteorite thermal conductivity value. However, among Bennu’s two
primary populations of boulders (dark and brighter), the brighter boul-
ders (thermal inertia unit (tiu) values of 400 to 700) may have thermal
inertias that, according to Rozitis et al. (2020), approach CM chondrite
values. Thus, CM and similar meteorites may be similar to the brighter
boulders in density and porosity, whereas the dark boulders have
thermal conductivities and thermal inertias (tiu values of 180 to 250)
far below those of the meteorite collection and likely are distinct from
any recognized meteorite types in terms of their thermomechanical
properties.

Surface roughness: Rozitis et al. (2020) find mean surface rough-
ness values from OTES and OVIRS to be (40 +2)° and (40 + 3)° RMS
slope, respectively. Variations in thermal roughness across the surface
largely coincide with variations in the surface concentration of boulders
visible in imaging.

Dust cover: Hamilton et al. (2021) reported that the OTES obser-
vations of Bennu are most consistent with laboratory measurements of
solid substrates with very thin accumulations (a few to tens of microns,
or just a single layer) of fine particles (<~65—100 pm). The dustier sur-
faces commonly correspond to rougher rocks that may produce and/or
act as traps for the particles, but the dust may also accumulate in cracks
and depressions throughout the surface. In addition, sample collection
from the surface of Bennu using gas stimulation mobilized a reservoir
of fine, sub-mm dust particles (Lauretta et al., 2022). Disaggregated
boulder particles may have contributed to this cloud, however (Lauretta
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Fig. 5. Global photometric model RADF at 0.550 ym from OVIRS calculated for the Bennu v20 stereophotoclinometric shape model (Barnouin et al., 2019) as observed during
OSIRIS-REx’s 12:30pm Equatorial Station observation of Bennu (also known as EQ3), using the McEwen photometric model function (Zou et al., 2021).

et al., 2022) concluded that some of the cloud consisted of existing dust
liberated from the surface or near-subsurface.

Porosity: In the summary by Rozitis et al. (2020), models for
thermal conductivity as a function of porosity predict that the darker
boulder thermal inertia of 180 —250tiu would correspond to a porosity
value of 49—55%, whereas the brighter boulder thermal inertia value of
400 —700 tiu corresponds to a porosity of ~24—-38%, at least within the
upper few centimeters of the exposed surface.

Emissivity spectra: Laboratory measurements by Lantz et al. (2017)
highlight a systematic shift (of about 0.1 pm) of the phyllosilicate
bands at 2.7 pm and 10 pm toward longer wavelength, independent
of the initial composition of the sample (more or less hydrated, more
or less rich in C content). Further analysis showed that bands in the
thermal infrared shift the same way for all samples and that their
relative intensities differ after irradiation (Brunetto et al., 2020). If the
lab simulations are representative of what happens on natural surfaces,
the band shift should be detectable on Bennu by OTES. In particular,
chances are good for detecting this effect in the 10 pm band, where
the OTES spectral sampling is very high ~9cm™! and we are looking
for spectral shifts of a few tens of cm™!.

Variability in OTES data was identified during the global mapping
phase. Two spectral types have been defined according to the position
of the silicate stretching minimum (typically occurring in the 8-12 pm
range); OTES Type 1 spectra exhibit a minimum near 987 cm~! and
Type 2 spectra have a minimum near 814 cm~! (Hamilton et al., 2021).
These differences are primarily attributable to particle size variations
based on the paucity of Type 2 spectra in the nighttime data (when the
lowest thermal inertia materials contribute the least to the measured
spectrum). A study searching for space weathering on Bennu using
spectral indices in the mid-infrared wavelength range found a third
population (Type 3) with a minimum located near 920cm~! in the
daytime data (Lantz et al., 2020). If we assume that the Type 1
spectra represent a relatively young surface, then areas with Type 3
spectra where the band position is comparable to the shift measured
on irradiated CCs may represent space-weathered surfaces. However,
more analysis is needed to confirm this result.

In addition, Brunetto et al. (2020) show a match between the OTES
global average spectrum of Bennu and an irradiated mixture of the
C2 chondrite Tagish Lake and the CM chondrite Mighei (Fig. 7). This
spectroscopic match indicates that, on average, Bennu’s surface is con-
sistent with solar wind maturation of subsurface C2/CM-like materials.
An alternative explanation is that Bennu is not yet very weathered, but
has a composition that mimics this irradiated mixture of CC materials
(which seems unlikely).

Rozitis et al. (2020) found that Bennu’s thermal inertia is in the
same range ((350 + 20) tiu) but that regolith has higher thermal inertia
than boulders (DellaGiustina et al., 2019; Rozitis et al., 2020). The ther-
mal inertia contrasts between regolith and boulders on both asteroids
is counterintuitive because regolith, which has higher porosity, usually
has lower thermal inertia than boulders.
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2.3. Laser altimeter observations

Additional insight about Bennu’s surface can be gained from the
normal albedo (4,) measured by the OSIRIS-REx Laser Altimeter (OLA)
(Daly et al.,, 2017). OLA is an active-sensing instrument designed
primarily for determining global shape and local topography in prepa-
ration for sample acquisition. However, OLA also records the return
intensity of its pulses, from which we derived A,, the surface re-
flectance at zero phase angle, at 1064 nm wavelength (Neumann et al.,
2020).

Normal albedo: The laser returns provide measurements of A,
with globally uniform geometry, as have laser altimeters at other
airless bodies (Neumann et al., 2013; Lucey et al., 2014). Such studies
demonstrate the utility of laser altimeters to yield global measurements
of reflectance free of the confounding effects of illumination and obser-
vation geometry. For example, at the Moon, Hemingway et al. (2015)
found systematic latitudinal variation in near-infrared spectral proper-
ties across the lunar surface, including an increase in A, with latitude in
the 1064 nm Lunar Orbiter Laser Altimeter data. They argue that these
trends are caused by a flux-dependent equilibrium between regolith
gardening and space weathering agents such as solar-wind-induced
alteration of exposed surfaces.

Data processing: The OLA data were collected with the Low Energy
Laser Transmitter (LELT) at ~600 —740 m range at nearly nadir pointing
while Bennu rotated beneath the polar-orbiting spacecraft (Daly et al.,
2020). The LELT operated at a 10-kHz firing rate, collecting ~3 bil-
lion intensity measurements with ~7 cm-diameter footprints. We only
retained data with emission angles <30° from the normal to a triax-
ial ellipsoid because the intensity measurements degraded in quality
rapidly at higher emission angles, due to range-dependent loss in signal-
to-noise, and measurement bias due to laser pulse spreading in highly
oblique incident geometry. To bring the intensity measurements onto
an absolute radiometric scale, we scaled them to have a distribution
peak at 0.039 based on the MapCam x-band (849 nm) A,, (Golish et al.,
2021) with a correction for the OVIRS 1064 nm/869 nm spectral slope.
Here we focus on global trends observed in the OLA A, measurements
and implications for space weathering on Bennu.

Latitude dependence: The OLA data were binned into a map
at 16 pixels per degree (~30cm at the equator) in simple cylindrical
projection, which was then smoothed with a Gaussian filter with a full
width at half maximum of 60cm (Fig. 8). The color scale min/max
values are set to the 1st and 99th percentiles of the area-normalized
A, distribution computed by grouping the map pixels into ~800,000
equal-area bins ~Im in size. Immediately obvious is a trend of in-
creasing albedo with latitude. The latitudinally averaged profile (Fig. 9,
top panel) increases from the minimum of ~0.0368 at the equator
to ~0.0409 at 64°N/74°S. This trend represents a substantial fraction
of the width of the global area-normalized distribution whose mean
and standard deviation are 0.0385 and 0.0025, respectively. However,
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each panel, the shaded area represents standard error of the mean.
of this article.)

subtracting out the latitude trend only reduces the standard deviation
by ~12%, highlighting the large albedo variation at any given latitude
(Fig. 9, middle panel). The visual perception of a dark band at the
equator could be due more to the relative uniformity of A, within 10°
of the equator (Fig. 9, middle panel) than to the mean A, value itself
(Fig. 9, top panel), which continues to decrease toward the equator. The
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(For interpretation of the references to color in this figure legend, the reader is referred to the web version

latitude trends observed at 1064 nm-wavelength also bear similarities
to those seen in the distribution of terrain slopes (Fig. 9, bottom panel).
The latter has a region of low amplitude terrain slope near the equator,
relatively constant higher terrain slope at mid-latitudes, and decreasing

terrain slope in the polar regions. The terrain slope distribution and
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the A, standard deviation are relatively constant within ~10° of the
equator.

Considering the above theoretical and observational results espe-
cially the result that normal albedo A, is darker along the equator),
it is plausible that material at Bennu’s equator has, on average, been
exposed to space weathering longer than (or more than) at higher lati-
tudes, which could explain the observed A, trends if space weathering
acts to darken the material at 1064 nm (Sen et al., 2021a; Hemingway
et al., 2015).

3. Synthesis
3.1. Previous work and new evidence from OSIRIS-REx

In Table 3 we assemble a list of the observations of Bennu that
are relevant to our study of space weathering. While analyses by Del-
laGiustina et al. (2020) and Rizos et al. (2021) indicate that Bennu
brightens and gets bluer with maturation, the Deshapriya et al. (2021)
study indicates that Bennu darkens and gets bluer with maturation,
consistent with Thompson et al.’s (2020) study of Murchison chip
alteration. This discrepancy could be telling us that either the MapCam
(DellaGiustina et al., 2020) and the OVIRS (Deshapriya et al., 2021)
instruments are sensitive to different surface feature size scales at their
different wavelength regimes, or that neither the MapCam nor the
OVIRS observations are sensitive to maturation, and both are perhaps
seeing the effects of roughness variations at different size scales. While
the laboratory simulations of Sen et al. (2021b) support the latter
interpretation, they also suggest that if texture contributes to color on
Bennu, the texture variations are typically much more subtle than what
was simulated in the laboratory. However, the results of Neumann et al.
(2020) show a strong latitude dependence of reflectance at 1064 nm
with darkening along the equator. Taken together with the results
of Li et al. (2021) showing strong latitude dependence of spectral slope
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from 0.5 to 1.5 pm (with reddening along the equator), this seems to
indicate a pattern of darkening and reddening that is perhaps separate
(or operating on a different timescale) from the crater color evolution
trends described by DellaGiustina et al. (2020) and Deshapriya et al.
(2021).

Particle migration: But the possibility that surface particle move-
ment occurs faster than space weathering maturation must be exam-
ined. One possibility that is hard to constrain based on the available
literature is that the optical surface of these asteroids may be influenced
by a gradual shift in the size of the average grain at the surface
over time. In some models, fine grains are lost either to space or by
migration downward in the regolith (Ballouz et al., 2019; Miyamoto
et al.,, 2007). Thomas and Robinson (2005), Lauretta et al. (2022)
and Walsh et al. (2022) present evidence for very low cohesion in
the topmost layers of the regolith on asteroids (433) Eros and Bennu,
respectively. Such low cohesion could aid the migration of loosely
bound regolith particles to lower geopotential.

Ongoing resurfacing processes are important on Bennu, as shown
by Hergenrother et al. (2020), Jawin et al. (2020), Delbo et al. (2022),
Bierhaus et al. (2022), and observed color trends are correlated with
surface topography, to some extent (Li et al., 2021). Jawin et al. (2020)
note that in many locations on Bennu, accumulations of boulders
appear to be well sorted: in such places only large meter-scale boulders
are visible, without any fine-grained, or unresolved, component. These
could be places where surface mass movement has liberated the smaller
particles and removed them from the top layer. This process has been
suggested for (25143) Itokawa, where the Muses Sea is composed
of well-sorted cm-sized pebbles (Miyamoto et al., 2007), and finer
particles are suggested to have been segregated into the interior, or
electrostatically levitated and removed by solar radiation pressure (Lee,
1996; Hartzell and Scheeres, 2013), or have had higher impact ejection
velocities that restricted their re-accumulation (Nakamura et al., 1994).
Thus, on Bennu as on Itokawa, migration of fines may be one of the
active surface processes that affects the optical surface — and therefore
the colors - of surface features.

Timescales: Based on the distribution of small craters observed on
Bennu’s boulders, Ballouz et al. (2020) estimate that Bennu reached
near-Earth space ~1.75 + 0.75 Myr ago, which is sufficiently long for
the surface to experience the onset of space weathering, according
to Vernazza et al. (2009), who estimated that it takes only ~1 Myr for
solar wind reddening of S-type asteroids. Based on the distribution of
craters >2 m in diameter on Bennu, Bierhaus et al. (2022) suggest that
surfaces at the poles and mid-latitudes on Bennu are younger (show
more smaller craters) than the equatorial regions (where the largest
craters are preserved). These surface crater density differences along
with impactor flux estimates allow (Bierhaus et al., 2022) to constrain
the oldest surface on Bennu (the equator) to be between 10 and 65 Myr
old.

Several other studies provide inferences about timescales involved
in surface alteration. For example, Kaplan et al. (2021) describe the
composition of the organics found on Bennu by Simon et al. (2020a)
and Ferrone et al. (2021), and point out that space weathering could
alter organic absorption features, depending on the depth of surface
solar wind alteration (Laczniak et al., 2021). So the fact that we see
strong organic spectral features may indicate that organic material was
recently exposed by impact processes or mass wasting. Extrapolating
Bennu’s current rotational acceleration back in time, Jawin et al.
(2020) inferred that mass movement likely occurred in the past few
hundred thousand years at mid-latitude regions on Bennu, where slopes
steepened with time by several degrees. In addition, the intriguing dis-
covery that Bennu is an active asteroid with ongoing particle ejections
(Lauretta et al., 2019; Hergenrother et al., 2020) leads us to expect
the presence of some very young surfaces. Indeed, Delbo et al. (2022)
suggest that thermally-induced fractures the length of those on Bennu’s
boulders can be produced in 10*-10° years. This timescale may be
even shorter than processes such as mass movement that expose fresh
surfaces, and is very likely shorter than Bennu’s lifetime in near-Earth
space.
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3.2. Comparison of Bennu and Ryugu

On Bennu, DellaGiustina et al. (2020) propose that small red craters
are likely recently excavated on timescales of 10° years, shorter than
Bennu’s NEA residence time of 1-2.5 Myr as estimated in Ballouz
et al. (2020), indicating that Bennu evolved to bluer surface colors in
its current orbit. The fact that small craters are distinguishable from
the background on Bennu argues that either the rest of the surface
is being weathered faster than the global resurfacing rate, or that
cratering causes texture changes that fade away over time. Either way,
we have an apparent difference between Bennu and Ryugu: on Bennu
small (young) craters are red compared with blue surroundings, and on
Ryugu small (young) craters are blue compared with red surroundings
(Morota et al., 2020).

Divergent color evolution: For this review, we took a closer look
at this apparent difference in maturation trends, and find that while
the small craters do in fact contrast with their surroundings, the small
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reddest craters on Bennu (DellaGiustina et al., 2020) have about the
same reflectance spectrum as the small bluest craters of Ryugu (Morota
et al.,, 2020). This is shown in Fig. 10, and is also illustrated more
statistically in Fig. 11. This similarity in the colors of the smallest
craters on Bennu and Ryugu could mean that fresh materials on the
two asteroids have the same starting point in visible wavelength colors
before the effects of space weathering begin; however, the subsequent
maturation trends move the colors of surface materials in opposite
directions in the broadband color parameter space of Fig. 11 (see
color arrows). This apparent divergence from the same starting point
must be accounted for in any unified model of surface evolution for
carbonaceous asteroids.

Hydration feature: It is also interesting to compare the 2.7 pm
hydration band shape on Bennu and Ryugu (Fig. 12). Ryugu has a much
shallower band (even in the returned samples Pilorget et al., 2022), one
that points to less hydrated phyllosilicates, while Bennu’s band is quite
strong, and points to pervasive aqueous alteration. Thermal effects
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Table 3
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Here we present a synthesis view of the optical changes that occur with age, as found in various studies of Bennu. In the Albedo column, brighter/darker means relative to
surroundings. In the Slope column, redder/bluer means relative to surroundings. (Note that even the reddest features on Bennu are still spectrally blue.) For the artificial crater,
which is darker and redder compared with undisturbed surroundings, we tabulate inferred changes with age based on the artificial crater observations, in the same sense as for
all other table entries. Also in the Albedo column, units of REFF are Reflectance Factor.

Literature Instrument Location Albedo Slope Band Depth
DellaGiustina et al. MapCam Boulders and 7% (0.003 REFF) 43% (0.073 pm~1)
(2020) craters Brighter at 0.55pm Bluer from 0.473 —0.847 pm
Deshapriya et al. OVIRS Craters 17% (0.005 REFF) 100% (0.3 pm™1) Younger craters have
(2021) Darker at 0.55pm Bluer from 0.55-2.0 pm deeper 2.7 pm band depths,
i.e., flattening with age

Lauretta et al. MapCam Artificial 3% (0.001 REFF) 87% (10X 1075 pm™")
(2022) crater Brighter at 0.55pm Bluer from 0.473 —0.847 pm)
Lauretta et al. OVIRS Artificial 7% (0.002 REFF) 60% (0.001,5pum™") 2.7pm band flattening
(2022) crater Brighter at 0.55pm Bluer from 0.5—1.0 pm)
Li et al. (2021) and OVIRS Equatorial band L: 129% (0.002
Fornasier et al. REFF) Redder at (0.5-2.0 pm);
(2020) F: 225% (0.045 REFF) Redder

at (0.55-2.0 pm)
Neumann et al. OLA Equatorial band 11% (0.004 REFF)
(2020) and Daly Darker at 1064 nm
et al. (2020)
Simon et al. OVIRS Equatorial band Flattening of band depths
(2020b,a) across NIR at equatorial band
Praet et al. (2021) OVIRS Equatorial band 2.7pm band flattening
Sen et al. (2021a) OVIRS Equatorial band Redder at

(0.55 1.5 pm)
Hamilton et al. OTES Global Shift of the silicate NIR

(2021); Lantz et al.
(2020) and Brunetto
et al. (2020)

(2.7 pm)
and MIR (10 pm) bands toward
longer wavelengths

—F— Ryugu crater B01 (Morota+2020)
-f- Ryugu crater B02 (Morota+2020)
—&— Bennu reddest craters (DellaGiustina+2020)
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Fig. 10. The bluest small craters on Ryugu (Morota et al., 2020) are compared with
the reddest small craters on Bennu (DellaGiustina et al., 2020) in terms of imaging
broadband color characteristics. The Ryugu crater colors are from the ONC camera
and the Bennu colors are from the MapCam camera. Note that even the ‘reddest’ small
craters on Bennu are spectrally blue. Thus, when we say ‘redder’ in the context of
Bennu, we mean ‘less blue’, relative to the average. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

(such as dehydration) are proposed to explain most of the hydration
band spectral changes observed across the surface of Ryugu (Morota
et al., 2020; Hiroi et al., 1996). Would such effects also work to explain
the hydration band variations on Bennu? Tentatively, we suggest the
answer is yes. As shown by Praet et al. (2021), heated CM chondrites
and/or Tagish Lake are the best analogs for Bennu based on systematics
of the band shape from 2.7-3.0 pm. Praet et al. (2021) used spectra of
CM chondrites that were determined to have been naturally heated at
some point in their histories, and most heated CMs have experienced
temperatures of more than 400 °C (e.g. Lee et al. (2016) and Garenne
et al. (2016)). In addition, the hydration band is shallower at the
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equator (Simon et al., 2020a), consistent with greater solar insolation
expected there.

Takir et al. (2013) show that the shape of the 2.7 ym band in
CC meteorites depends on phyllosilicate mineralogy when the band is
measured under simulated asteroid conditions, and can thus be used to
determine a meteorite analog for remotely sensed hydrated asteroids.
(Note: simulated asteroid conditions are under vacuum (<0.0001 mbar)
at <125 K with samples heated from below Hanna et al., 2019.) But
in their study finding thermal hydration as an explanation of spectral
changes, Hiroi et al. (1996) did not use simulated asteroid conditions
for their measurements, so it is not clear if thermal effects that cause
band depth decreases can fully explain surface maturation trends on
Ryugu. In addition, Kitazato et al. (2021) suggest that excursions
sunward to create strong thermal effects are not consistent with ther-
modynamical models of Ryugu. Perhaps this is an area for further
study: Are thermal processes more important on these asteroid surfaces
than they are on ordinary chondrite parent bodies? Do thermal effects
consistently cause reddening of the optical surface of a carbonaceous
asteroid? Whatever the cause, a slightly deeper 2.7-micron band is
observed after artificial crater formation and among returned samples
from Ryugu, while essentially no difference is observed before and
after artificial crater formation on Bennu (Fig. 12). Taken together,
these comparisons may indicate that alteration of the 2.7 pm band is
not a strong outcome of surface maturation on these dark asteroids.
Artificial crater formation on both Bennu and Ryugu was associated
with production of a cloud of fine particles that may have settled
down close to the crater site. Thus it is possible that texture changes
due to crater formation may be more important than exposure of the
subsurface in explaining any resulting spectral changes (Nakauchi et al.,
2021; Prince and Loeffler, 2022).

Models of divergent color evolution: The models presented by
Trang et al. (2021) are particularly relevant at this juncture. The
Thompson et al. (2020) study showed that space weathering of a
hydrated substrate leads to magnetite formation. Hence, when included
in the Trang et al. (2021) Hapke model, this magnetite causes spectral



B.E. Clark et al.

Icarus 400 (2023) 115563

1.10

1.05 -

b’/v band ratio (near-UV index)

0.95

0.90

@ Blue boulder (Bennu)
All mapped boulders (Bennu)
All mapped craters (Bennu)
Blue craters (Ryugu)

+ Global average (Ryugu)

+ Global average (Bennu)

03 02 0.1

0 0.1 0.2 0.3

b’ to x spectral slope

Fig. 11. This figure shows the imaging broadband visible wavelength b’/v ratio vs. b’ to x spectral slope global average parameter values, along with the colors of craters, for
Bennu and Ryugu, compared with boulders on Bennu. While Fig. 10 shows an almost perfect match between Ryugu’s bluest craters (above: light green squares), and Bennu’s
reddest craters (above: green filled circles), we indicate that the direction of maturation of color units toward global average, over time (based on relative age relationships), is
toward the left on Bennu (blue arrow) and toward the right on Ryugu (red arrow). The concentric circles indicate the positions of 1 and 2-sigma standard deviations from the

Ryugu average (red), and the Bennu average (blue) (from Supplementary Figure 14 in DellaGiustina et al. (2020)).

legend, the reader is referred to the web version of this article.)
Source: Adapted from DellaGiustina et al. (2020).

blueing, as in the case of Bennu, while space weathering of a dehy-
drated (or less hydrated) surface leads to iron formation (Lantz et al.,
2017), and hence spectral reddening, as in the case of Ryugu. The Trang
et al. models are thus consistent with the differences observed between
Bennu and Ryugu, and can also be projected forward in time to explain
reddening of Bennu equatorial materials that are old and partially
dehydrated. Finally, the Trang et al. models are also consistent with the
spectral effect findings from laboratory simulations of space weathering
conducted by Hiroi et al. (2013), Lantz et al. (2017), Gillis-Davis et al.
(2017), Nakamura et al. (2019), and Nakamura et al. (2020). However,
not all experimental evidence supports this hypothesis (see Tables 1 and
2).

Physical properties of the substrate: The possibility that surface
maturation depends on physical properties of the substrate that vary
across the surface must also be examined. Such properties include
porosity, cohesion, grain size, texture, thermal inertia, temperature,
and age. Based on the published literature, we can summarize the
physical properties of the surfaces on Bennu and Ryugu to see whether
physical factors can explain some of the differences in maturation
trends (Table 4). However, what we find is that most physical proper-
ties are shared by the two asteroid surfaces. Indeed, Table 4 indicates
that Ryugu is, on average, similar to the dark (most abundant) boulders
on Bennu in terms of thermophysical properties. We suggest that the
only globally significant differences between Bennu and Ryugu are that
(1) the thermal inertia and porosity of the brighter boulders contribute
more to the global average values on Bennu than they do on Ryugu,
and (2) dust cover appears to be more extensive on Ryugu than it is on
Bennu, which might make sense as Ryugu is a larger body, and would
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(For interpretation of the references to color in this figure

thus be able to retain more fine grains created by impacts. Perhaps
relatedly, Hiroi et al. (2020) describe a CM meteorite analog for Ryugu
that appears darker when measured as a (dust) powder than as a chip
(this is also true for sulfides, but not true for most CCs), and Ryugu is
slightly darker than Bennu.

Surface age: We can also compare the relative ages of surfaces on
Bennu and Ryugu (Table 5). Bennu has a surface that is older than
Ryugu: Bennu retains larger craters to about 10—-65 Myr old (Bierhaus
et al., 2022), while Ryugu retains larger craters up to 9 Myr old
(Arakawa et al.,, 2020). Bennu’s equator is enriched in the largest
craters while showing the smallest gravitational slopes, indicating that
the equator is old relative to the mid-latitudes (Bierhaus et al., 2022).
In contrast, probably due to its different rotation state, Ryugu’s surface
material motion indicates that the mid-latitudes are older, while the
equator and polar regions are more recently exposed (Sugita et al.,
2019).

Equatorial bands: Bennu’s equatorial materials are darker than
average in laser altimeter studies at 1064 nm (Neumann et al., 2020),
and in global photometry studies of the OVIRS spectra (Sen et al.,
2021a; Zou et al., 2021), while they show little to no difference from
average in visible wavelength imaging data studies (Golish et al., 2021;
DellaGiustina et al., 2020). We interpret Figs. 6(a), 8, and 9 to indicate
that Bennu’s equator is darker than the mid-latitudes by approximately
10 + 1% relative normal albedo at 1064 nm, but the observational
bias imposed by the viewing and illumination conditions effectively
hides this contrast at shorter wavelengths (Sen et al., 2021a; Zou et al.,
2021; Li et al.,, 2021). Ryugu, on the other hand, shows a narrow
equatorial band of materials that are brighter by about 9 + 1% relative
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Fig. 12. Comparison of changes in spectra of the surface before and after artificial crater events on Bennu (solid lines) and Ryugu (dashed lines). Data for the crater that Hayabusa2
made on Ryugu were contributed by Kitazato et al. (2021), and data for the crater that OSIRIS-REx made on Bennu were contributed by Lauretta et al. (2022).

Table 4

Physical properties of asteroids Bennu and Ryugu, as ascertained by thermal observations and visible

wavelength observations.

Property Bennu

Ryugu

Thermal inertia

330-370tiu (global avg.),
400-700tiu (bright boulders),
180 —250tiu (dark boulders)?

180 —270tiu (global avg.),

>

282’:22 tiu (dark boulder)®

Geometric albedo
Roughness
Dust cover
Dust particle size

0.044 + 0.002°
(40 +3)°*

<50 pm?

<65 —100 pm*®

0.040 + 0.005"
(47 +5)d
<300 pm®

Porosity

24-38% (bright boulders),
49-55% (dark boulders)?

41-55% (global avg.)"

aRozitis et al. (2020).
bGolish et al. (2021).
¢Hamilton et al. (2021).
dShimaki et al. (2020).
eGrott et al. (2017).
fTatsumi et al. (2020).
8Morota et al. (2020).
hElynn et al. (2018).

Movement towards or away from the equator: In parallel with

Table 5
Relative ages of asteroids Bennu and Ryugu.
Timescale Bennu Ryugu
Global max. crater age 10-65 Myr* 6.4-11.4 Myr*

Equator

Mid-latitudes

Poles

Near-Earth residence age

Older than average®
Younger than average®
Younger than average®
1-2.5 Myr”

Younger than average?

Older than average?
Younger than average®*
~8 Myt

2As published by Bierhaus et al. (2022).
bAs published by Ballouz et al. (2020).
€As published by Arakawa et al. (2020).
dAs published by Sugita et al. (2019).
¢As published by Tatsumi et al. (2021).
fAs published by Morota et al. (2020).

normal albedo at 550nm than the background (Yokota et al., 2021).
However, Pilorget et al. (2021) show that the Ryugu data are also
affected by the observational bias, forcing the lowest-incidence-angle
observations to be along the equator. Thus, while the observational bias
imposed by the spin states of these asteroids is working to hide Bennu’s

darkened equator, it is working to enhance Ryugu’s brightened equator.
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albedo, the spectral characteristics of regions along the equator on
Bennu are redder than the background (Fig. 6(b)) (Barucci et al., 2020),
while color units detected along the equator of Ryugu are bluer than the
background (Yokota et al., 2021). However, the results for Bennu and
Ryugu (Barucci et al., 2019, 2020) show consistent color trends when
the likely motion of material away or toward the equator is considered.
The motion of material on Bennu is toward the equator (Scheeres et al.,
2019; Jawin et al., 2020), and equatorial materials, possibly having
older surface exposure ages, show redder spectra than background. On
Ryugu materials seem to be moving away from the equator, towards
mid-latitudes in the current epoch, and thus the mid-latitudes, having
older surfaces exposure ages, show redder spectra than background
average (Watanabe et al., 2019; Sugita et al., 2019; Yokota et al., 2021).

4. Conclusion: A working model for space weathering on Bennu

To summarize: Analyses of boulders and crater colors on Bennu sug-
gest that the slope of Bennu’s spectrum decreases (becomes bluer) with
age. This is associated with an increase in albedo (brightening). In the
older equatorial regions, however, where surface material concentrates
at the geopotential low, there is a reddening and darkening trend, and
a flattening of the hydration band at 2.7 pm, along with a possible shift
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towards longer wavelengths. Mechanical breakdown, cratering, and
mass wasting refresh the surface, acting to oppose the optical effects
of maturation. OH creation due to H implantation is a possible result
of solar wind bombardment, and this may work at cross-purposes with
dehydration. However, since the hydration band is flattening along the
equator, the timescale of OH creation from implantation appears to be
slower than other (e.g. space weathering or thermal) processes that are
attenuating the 2.7 pm band depth.

Synthesis model: We thus propose the following synthesis model
for surface maturation on Bennu:

+ Based on the comparison between Bennu and Ryugu, we suggest
that the optical effects of maturation in the space environment
depend on the level of hydration of the silicate/phyllosilicate
substrate, as suggested by Lantz et al. (2017, 2018), and Trang
et al. (2021).

The physical properties of the regolith are similar on Bennu and
Ryugu, hence do not cause the observed differences in weather-
ing.

Most albedo patterns on Bennu are due to compositional and/or
morphological differences in surface boulders that probably trace
back to the parent body (DellaGiustina et al., 2020).

Very young craters on Bennu are redder than their surroundings
due to smaller particle sizes from impacts (craters <10—-20m),
creation of fresh exposures of organics, or exposure of fresh un-
weathered subsurface (DellaGiustina et al., 2020; Lauretta et al.,
2021).

Intermediate age surfaces on Bennu are bluer and brighter due
to solar wind or micrometeorite bombardment, possibly caus-
ing nanophase magnetite production (e.g. Trang et al. (2021)
and DellaGiustina et al. (2020)), and/or dehydration maturation
(e.g. Lantz et al. (2018)) that depends on substrate hydration
state. Migration of fines away from the optical surface may also
result in bluing.

The very oldest surface at the equator of Bennu is redder (Li et al.,
2021) and darker (Sen et al., 2021a; Neumann et al., 2020) and
has a shallower hydroxyl absorption band (Praet et al., 2021;
Simon et al., 2020b) due to nanophase iron opaque production
(e.g. Trang et al. (2021) and Kaluna et al. (2016)).

Opaque production: We note that nanophase opaque production
is a process that is known to occur on the Moon, and hence there
are far more experiments in the published literature exploring this
process (and what controls it) than for any other process. This imposes
a bias when one searches for a laboratory study that can explain
an observation. Nevertheless, nanophase and/or microphase opaque
production are the favored explanations for some of the observations
we have reviewed because, given the evidence examined in the paper,
we have no logical reason for why particle size differences and/or
carbon enrichment would be enhanced at the equator specifically. As
shown in Fig. 6, the variations observed are not random as one might
expect due to geologic processes on the surface of the asteroid. Instead,
the color variations are strong functions of latitude. This is the evidence
that points to space weathering processes, as they are known to be
latitude-dependent (Hemingway et al., 2015).

Alternate models: An alternate explanation of the observations is
that alteration of the optical surface of this asteroid due to exposure
over time is too sensitively dependent on characteristics of the substrate
(such as Fe/Mg silicate composition, density, porosity, age, thermal
inertia, and temperature—in addition to hydration state) to allow a
general description that explains all of the observations.

Or, perhaps, our observations can be synthesized into a cyclic
maturation process: one which depends on the evolving composition
and the compounds available for alteration. Solar wind is a constant
process and likely dominates on young surfaces that have not had time
to accumulate the effects of micrometeoroid impacts (because these are
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stochastic). But, as a surface ages and is impacted by more micromete-
oroids, those effects may become more prevalent. Impact simulations
predict surfaces will blue. This may support an early reddening/late
bluing effect. If the two processes are actually at odds with one another,
depending on the overall effect of micrometeoroids, at later (older)
stages, the surface may be oscillating between red and blue. Thus,
in this scenario, we may have caught Ryugu in an early stage, and
Bennu in a later, older stage—explaining why their spectral trends are
different. In such a scenario, the hydration state of the target material
would not be a predictive factor.

Final note:. A full understanding awaits the analyses of fresh and
space-weathered portions of returned samples. In particular, the contact
pad samples on the TAGSAM head will be of great importance. The
post-sampling images of the TAGSAM head (Lauretta et al., 2022)
showed numerous particles trapped in several of the contact pads, and
these particles will be among the best candidates for samples of the
optical surface of Bennu, i.e., particles that were directly exposed to the
space environment. In keeping with our working model, we propose the
following testable hypotheses for surface maturation of Bennu returned
samples:

Hypothesis 1. If exposure to the space environment modifies the
spectral properties of Bennu’s surface materials (DellaGiustina et al.,
2020; Deshapriya et al., 2021; Lantz et al., 2018; Laczniak et al., 2020;
Thompson et al., 2020) then samples will show that:

» Unweathered materials are spectrally redder in the VIS to NIR,
brighter in the NIR, and darker and bluer in VIS wavelengths than
average Bennu. The 2.7-pm absorption feature band minimum
occurs at shorter wavelengths and has a sharper shape compared
to weathered material.

Mildly weathered materials are brighter in the near-UV wave-
lengths relative to the VIS-NIR than Bennu’s average spectra.
Mildly weathered materials are also brighter overall and more
neutrally sloped than Bennu’s average, while the 2.7-pm absorp-
tion band minimum occurs at longer wavelengths.

The most highly weathered materials are redder and darker than
average Bennu material in the NIR wavelengths. However, these
materials are associated with the equatorial regions, and may not
therefore be present in Nightingale samples.

Mid-IR spectral changes will include reduced restrahlen band
strength and shifts in band positions (Brunetto et al., 2020).

Hypothesis 2. If space weathering changes the chemistry and mineral-
ogy of the regolith that is probed by remote sensing observations, then
the samples will show that:

+ Phyllosilicates are transformed to nanophase and microphase sul-
fides (troilite and pentlandite) and nanophase magnetite, with
limited abundances of nanophase and microphase iron (Trang
et al., 2021; Gillis-Davis et al., 2017; Thompson et al., 2019,
2020).

Aliphatic organics are converted to aromatic molecules. Samples
with an aliphatic spectral signature have space exposure ages less
than a few million years (Kaplan et al., 2021; Thompson et al.,
2020).

Hypothesis 3. If exposure to the space environment affects the upper-
most layers of the regolith (Matsumoto et al., 2015), then individual
sample particles may exhibit both space-weathered and unweathered
surfaces and contain various amounts of implanted solar wind.

In conclusion, we are at the beginning of a remarkable decade of
sample return from asteroids, linking laboratory analyses to remote-
sensing data sets.
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