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We investigate the evolving surface of asteroid 4 Vesta using rayed craters and optical maturity parameters.
Although largely unweathered, Vesta displays maturity anomalies in the form of bright and dark crater ray
systems that contrast with the background regolith. We produced and utilized global maps of OMAT (Optical
Maturity Parameter) and the Vesta-specific CC*-OMAT (Carbonaceous Chondrite OMAT), which quantitatively

Keywords:

Vesta capture the effects of darkening and “bluing” due to the admixture of exogenic carbonaceous chondrite
Asteroids material, to catalog 207 OMAT-rayed craters and 165 CC*-OMAT-rayed craters. We find that rayed craters
Surfaces on Vesta are exceptionally ephemeral, persisting for only tens of millions of years — a lifespan of up to two
Cratering orders of magnitude shorter than the roughly billion years during which rays persist on the Moon. This rapid
Regolith erasure rate implies that surface processes and impact gardening on Vesta are much more intense than on the
Impact processes

Moon. An apparent size-dependence in degradation suggests that material mixing is the dominant control on

the erasure of rays, rather than an influx of carbonaceous chondrite material.

1. Introduction

The asteroid 4 Vesta (hereafter, “Vesta”) is one of the largest objects
in the asteroid belt. The mysterious space weathering story represented
by Vesta was known from the dawn of planetary spectroscopy, and
spectroscopy by the Dawn mission confirmed the anomaly: Vesta’s sur-
face regolith has the optical properties of unweathered regolith (Pieters
et al., 2012; Blewett et al., 2016; Vdovichenko et al., 2025). Vesta was
one of the first asteroids to be spectroscopically measured, and McCord
et al. (1970) explicitly made the case that characteristic absorption
features indicate Vesta’s surface mineralogy is similar to the HED
class of differentiated meteorites (Howardite, Eucrite, and Diogenite),
a link supported by Earth-based spectral observations made over the
following decades (McFadden et al., 1977; Binzel and Xu, 1993; Gaffey,
1997). These studies also showed Vesta to be a unique body in the
space weathering story of the inner Solar System. Unlike the Moon,
Mercury, Near-Earth asteroids, or Vesta’s neighboring S-type asteroids,
the spectra of Vesta are comparable to pristine meteorite samples in
the lab without special treatment for iron-bearing space weathering
products (e.g., Hiroi et al., 1994). Dawn spectral data confirmed these
observations (De Sanctis et al., 2012), and showed Vesta’s surface
does not show evidence of extensive lunar-like space weathering (e.g.,
Pieters et al.,, 2012; Blewett et al.,, 2016), although there is some

evidence in HED samples that limited lunar-like space weathering
occurs (Noble et al., 2005).

Space weathering is the process by which the silicate surfaces of
airless bodies in the Solar System are chemically and physically altered
by exposure to the space environment (e.g., Pieters and Noble, 2016;
Denevi et al., 2023). On the Moon, Mercury, and many S-type asteroids,
space weathering exhibits a distinct spectral signature, characterized by
low albedos and strong red slopes in the near-infrared (Chapman, 1996;
Veverka et al., 2001; Chapman, 2004; Pieters and Noble, 2016; Denevi
et al., 2023). The presence of nanophase iron has been conclusively
linked to the spectral effects of lunar-like space weathering (Hapke,
2001), and analysis of the evolution of nanophase iron has been linked
to aging craters (Tai Udovicic et al., 2021). Analysis of optical maturity
parameters, which correlate with nanophase iron abundance (Lucey
et al.,, 2000) has also been used to study crater evolution (e.g., Grier
et al.,, 2001). Lunar-like space weathering is thought to be driven
by a combination of the effects of solar wind and micrometeorite
bombardment, and the abundance of nanophase iron has been cor-
related with higher solar wind irradiation, both with latitude on the
Moon (Hemingway et al., 2015) and through the gradient of relative
abundances from the Moon to Vesta’s relatively Sun-starved neighbor
asteroids (Pieters and Noble, 2016). It has also been suggested that
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Fig. 1. A diagram illustrating surface evolution processes and mechanisms for how rays may form and fade.

Vesta’s surface may be shielded from the solar wind by the presence of
a magnetic field, much like lunar swirls (Blewett et al., 2016; Vernazza
et al.,, 2006; Fu et al., 2012), which would produce an even more
pronounced effect than latitude or distance from the Sun.

If Vesta saw no space weathering whatsoever, one would expect
to observe a relatively uniform surface in spectral variability and
brightness with no visible distinction between freshly excavated and
ancient terrains. This is not the case. Some of Vesta’s craters feature
sprawling ray systems, which contrast with the background regolith
both as bright and dark radial albedo patterns, while their immediate
neighbors do not. Rays may have formed from the scouring of mature
material from the surface and/or the deposition of relatively immature
material onto the surface (Hawke et al., 2004). The more degraded
state of ray-less craters relative to those with rays suggests that rays
are indeed maturity anomalies (Pieters et al., 2012). Once Vestan crater
rays are present at the surface, something is removing them.

It has been proposed that the combination of a rain of carbonaceous
micrometeorites and impact gardening work together to mix away
Vesta’s crater rays (Fig. 1 Pieters et al., 2012; Reddy et al., 2012). In
this study, we will show through an analysis of the abundance and
distribution of rayed craters on Vesta, that intense impact mixing is
the dominant surface process, and that the erosion of rays is more
driven by this intense mixing with surrounding material, than by an
exogenous rain of carbonaceous micrometeorites. It is relatively easy
to darken light ray material by mixing in exogenic carbon (Clark,
1983), but some of Vesta’s craters feature systems of dark rays. The
dark rays radiating from Sossia crater, for example, will also evolve
under impact gardening and dark rays must be removed by gardening
with surrounding bright regolith alone — no amount of additional dark
chondrites will fade them. It is possible for additional dark material to
sufficiently darken the background to obscure a dark ray; however it is
not reasonable on Vesta, owing to its overall high reflectivity.

Thus, material mixing must explain ray erasure. Vesta is known
to have high regolith mobility driven by relatively steep topography
and local gravity gradients (Pieters et al., 2012), and random mixing
by impact gardening also acts to churn the surface, fading surface
albedo and maturity contrasts like rays. Our analysis will show that
the intensity of mixing on Vesta is dramatic in comparison to the Moon.
Vestan crater rays degrade up to two orders of magnitude more rapidly
than lunar crater rays.

2. Methods
2.1. Optical maturity

For space weathering of the Moon, the optical maturity parameter
(OMAT) has been used to constrain the maturation of crater ejecta

both from the mean OMAT of ejecta and as a function of distance
from the crater rim (Lucey et al., 2000; Tai Udovicic et al., 2021;

Grier et al., 2001). OMAT is correlated with lunar maturity through its
sensitivity to nanophase iron content (Lucey et al., 2000). However, for
this very reason, lunar-style OMAT will not fully describe maturity on
Vesta. Although there is some evidence from HED samples for limited
nanophase iron abundances (Noble et al., 2005), regolith maturity on
Vesta is likely not dominantly reflected in nanophase iron abundance.

Vesta’s surface maturity is thought to be correlated with an ad-
mixture of exogenic carbonaceous chondrite material (‘CC’; Pieters
et al., 2012). Blewett et al. (2016) used Dawn FC color data to define
a carbonaceous chondrite optical maturity, “CC-OMAT”, parameter.
The CC-OMAT parameter was derived similarly to the lunar OMAT
parameter, but captures maturity as it is driven by carbonaceous chon-
drite mixing. Model spectra show that the band ratio used to defined
CC-OMAT (438/555-nm ratio and 555-nm reflectance) is positively
correlated with increasing contamination with carbonaceous chondrite
material (Fig. 2). Their parameter quantitatively captures the effects of
CC maturity: As bright regolith matures, it becomes darker and “bluer”
(i.e., the 438-nm/555-nm ratio increases).

Using radiative transfer theory, we modeled a series of spectra to
replicate the space weathering effect on Vesta, observable through
reflectance and reflectance ratios (Fig. 2). We adopted a howardite me-
teorite as the mineral end member with 54.7% orthopyroxene, 15.4%
clinopyroxene, and 29.9% plagioclase. To simulate FeO variations,
Mg# of this mineral was set to vary between 50 to 90 at an interval
of 10 (Sun and Lucey, 2021). The darkening and reddening agent
nanophase iron (Fe) is set to vary at 0.05, 0.1, 0.7, 1.0 and 5.0 wt per
thousand (Hapke, 2001; Cahill et al., 2019). We also included three
different contents of carbonaceous chondrite at 1%, 3% and 5% as a
darkening agent on Vesta. The spectrum of the carbonaceous chondrite
was obtained from Relab (Spectra ID: MB-TXH-064). A grain size of
40 pm was adopted for mineral mixture in the model. Our models show
that both increasing CC and npFe effect an OMAT parameter (black
arrow in Fig. 2). The CC-OMAT parameter decouples the effects of
increasing npFe and increasing CC (black arrows in Fig. 2).

Using these parameter definitions, we present new global maps of
OMAT and CC*-OMAT (Fig. 3) from publicly available Dawn FC2 De-
rived Vesta Global Mosaics v1.0 (Roatsch et al., 2015). We follow Lucey
et al. (2000) in our definition of the OMAT parameter as the Euclidian
distance from an mature endmember on a plot of band ratio over
brightness. The origin is defined as a fixed spectral endmember at
(xg = 0,y = 1) because the vast majority of Dawn FC data falls
below this point, establishing it as a conservative upper bound for the
pure carbonaceous component. For OMAT, we chose R,,,, = 965 nm,
R0 = 749 nm for the closest possible comparison with lunar OMAT,
which uses 950 nm and 750 nm (Lucey et al., 2000).
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Fig. 2. Color ratio plots (R,,,,/Ry,,, versus R,,,) using spectra modeled with radiative transfer theory with a howardite meteorite endmember. Left is the OMAT
band ratio, center is our CC*-OMAT band ratio, and right shows minimal difference between our CC*-OMAT band ratio and the CC-OMAT band ratio presented
by Blewett et al. (2016). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

To define CC*-OMAT, we follow a similar form to OMAT, but,
similar to Blewett et al. (2016) CC-OMAT, we invert the long and short
wavelengths in the ratio. For CC*-OMAT, we took Ry,,, = 653 nm,
R =438 nm.

short

2
(CC*—)OMAT = \/(R653)2 + (E - 1) )
Res3

Our definition of CC*-OMAT deviates from Blewett et al. (2016)
in choosing 653 nm for R, rather than 555 nm. This choice does
not hinder the ability to distinguish contributions of CC material from
nanophase iron in band ratio vs. reflectance plots; in fact, it enhances
the CC-contributions to the Euclidian distance to the mature origin
when npFe is lowest (Fig. 2). This change was necessary in order to
avoid significant striping artifacts observed when ratioing 653 nm and
555 nm FC channels in the v1.0 Dawn Vesta global HAMO mosaics. The
striping is due to imperfect calibration at image seams. It is possible
these artifacts are reduced using a recently published recalibration
of Dawn FC data (Kovécs et al.,, 2024), but at the time of writing,
recalibrated data are not publicly available, and reprocessing global
mosaics was outside the scope of this work.

Despite the necessary changes in reflectance bands, the global maps
presented here retain high fidelity to previously established measures of
maturity for Vesta across diverse terrains. Following the methodology
of Blewett et al. (2016), we investigate the relative maturity trajectory
between pairs of proximal pixels representing “fresh” and “mature”
locations. This trajectory is calculated as the distance in band-ratio-
over-reflectance space for each pair to yield a fresh-to-mature distance
parameter. The sign of this parameter is defined by the change in the
band ratio between the two pixels (fresh minus mature), such that a
positive value indicates the fresh pixel possesses a higher ratio than
the mature pixel.

We extracted these values from the nearest pixels to the same
20 fresh-mature location pairs reported by Blewett et al. (2016) (see
Tables 2 and 3 therein) and found that the OMAT (Ryg5/R749 VS. Ry49)
and CC*-OMAT (R,33/R¢s3 VS. Rgs3) bands used in this study produce
interpretations of maturity consistent with the CC-OMAT (R,33/ Rss5 VS.
Rss5) bands used in that previous work (Fig. 4). One notable exception
occurs at location 16 (near Sossia crater), where the trajectory sign for
both our OMAT and CC*-OMAT cases is negative rather than positive.
This indicates a greater band ratio for the mature pixel relative to
the fresh pixel in these specific band selections. Blewett et al. (2016)
suggest that location 16 may have sampled dark mantle ejecta from
the nearby Oppia crater rather than typical local background material,
which likely explains the spectral divergence resulting from the choice

of bands. Notably, we find that these negative values are more consis-
tent with the weathering trends observed in 18 of the 20 other locations
reported, suggesting that our band selection accurately captures the
local spectral evolution.

2.2. Cataloging rayed craters

Using the updated maps of OMAT and CC*-OMAT, and following
the methodology established for the survey of rayed craters on the
Moon (Ghent et al., 2024), we cataloged all rayed craters within an
area greater than 90% of the total surface of Vesta (8.19% 105 km?) (Fig.
3). We identified the center latitude and longitude and the diameter of
all >600 m diameter rayed craters. The catalog includes smaller craters,
but we limit our analysis to those >600 m to minimize error from crater
diameter approaching image resolution limits.

3. Results

We produced two maturity maps of Vesta (Fig. 3). The OMAT
map includes lunar-style space weathering and carbonaceous chondrite
material, which similarly darkens regolith. We isolate the effects of
cabonasceous chondrites in the map of CC*-OMAT. The maps are
similar in character at the global scale, but exhibit regional differences
that track previously identified terrains on Vesta (Fig. 3). Fresh craters
are observable in both maps, characterized by light ejecta and ray pat-
terns, some of which also exhibit dark rays relative to the surrounding
material. Notable differences between the two maps are associated with
light mantle material, such as that near Oppia crater, which appears
bright in both maps but is more evident in CC*-OMAT. Alternatively,
dark mantle material (e.g., Garry et al., 2014) appears dark in OMAT,
but light in CC*-OMAT (Fig. 3).

Using the OMAT and CC*-OMAT maps, we identified 207 craters
with apparent rays in OMAT, and 165 craters with apparent rays in
CC*-OMAT, and labeled craters that had prominent bright rays (light
ray on a darker background) and dark rays (dark ray on a light
background). Some craters labeled “light” or “dark” feature a mixture;
however, labels were assigned based on the most prominent rays. A
crater’s rays could be strongly asymmetrical and still be counted within
the rayed crater catalog. There are more craters with OMAT rays than
craters with CC*-OMAT rays on Vesta. All craters with CC*-OMAT rays
also have OMAT rays. None of the rayed craters were larger than ~30
km diameter. As a proportion of the total crater population, rayed
craters are rare. Only about 1.5% of all >5 km diameters craters on
Vesta have rays (calculated by comparing our catalog to Liu et al.
(2018), normalized to count areas).
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Fig. 3. Top: Vesta OMAT parameter; Middle: Vesta CC*-OMAT parameter; Bottom: Dawn FC HAMO mosaic and crater catalog. "Geologic unit boundaries are

approximated from Yingst et al. (2023).

We contextualize our rayed crater catalog by comparing Vesta crater
cumulative size-frequency distributions (CSFD; Fig. 5). The rayed crater
population CSFD is plotted with regional crater populations: All craters
greater than 1 to 2 km in diameter in the northern and southern
hemisphere (Liu et al., 2018), craters in the northern hemisphere
heavily cratered terrain (Marchi et al., 2014b), craters on the ejecta of
Rheasilvia Basin (Michel et al., 2015), craters on the ejecta of Marcia
crater (a 63 km diameter equatorial crater) (Michel et al., 2015),
and craters on the ejecta of the rayed craters Rubria, Antonia, and
Vibidia (about 10 km, 8 km, and 15 km diameters respectively) (Kneissl
et al., 2014; Krohn et al., 2014). Crater location and diameter data
were not publicly available for all datasets. Where crater data were
not directly available (heavily cratered terrain (Marchi et al., 2014b),
Rheasilvia (Michel et al., 2015), Marcia (Michel et al., 2015), Rubria,
Antonia, and Vibidia (Kneissl et al., 2014; Krohn et al., 2014)), the data
were digitized from published plots, and errors from both CSFD and
digitization must be inferred for these comparison data.

Crater size-frequency distributions reveal information about surface
evolution through changes in distribution slopes. For example, there is
a downturn in the distribution of craters smaller than about 2 km in
diameter counted on Rheasilvia ejecta and in the heavily cratered ter-
rain, consistent with erasure (Fig. 5, black circles). Sufficient numbers
of accumulating craters at all scales can also obliterate past craters,
resulting in a characteristic “equilibrium” slope. In Fig. 5, we compare
all Vestan crater populations to model crater equilibrium at 2% of

geometric saturation, and 10% of geometric saturation (Gault, 1970;
Costello and Lucey, 2024). At 2% of saturation, craters hundreds of
meters in diameter are observed to reach equilibrium in the lunar
mare (Minton et al., 2019), and equilibrium at 10% of saturation is
where craters tens of kilometers in diameter are observed to reach
equilibrium in the lunar highlands (Xiao and Werner, 2015). As has
been suggested previously, >4 km diameter craters appear to be in
equilibrium on Vesta (particularly in the northern hemisphere (Marchi
et al., 2014a,b)).

We define surface age isochrons by combining a crater production
function (Neukum et al., 2001; Bottke et al., 2020) with a chronology
function (Roig and Nesvorny, 2020). To evaluate the age of Marcia
and other rayed craters, we adopt a singular production function fit.
While the geometric fit to the crater counts is relatively precise, the
absolute age implied by this fit depends upon the calibration of the
Rheasilvia basin anchor. Because the estimated age of Rheasilvia spans
a range of 0.6 to 1.3 Ga (Bottke et al., 2020), the resulting chrono-
logical interpretation of the production function fit shifts according
to the chosen anchor value. Consequently, we report our results as
a systematic age range (10 to 80 Ma), corresponding to the discrete
solutions obtained when the chronology function is anchored at 0.6 Ga
and 1.3 Ga, respectively. This range is consistent with the 12 to 15 Ma
age reported by Williams et al. (2014) and aligns with the 10-20 Ma
ages observed for morphologically similar craters such as Antonia and
Vibidia (Kneissl et al., 2014; Krohn et al., 2014)
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The age derived from the CSFD of the >8 km rayed crater population
yields a range that is consistent with a short ray persistence time on
Vesta (~tens of millions of years; blue dotted line in Fig. 5). This age
is substantiated by the independent dating of individual prominent
rayed craters within the population. Specifically, the population CSFD
age range aligns with the independently determined ages of promi-
nent rayed craters Vibidia (%10 Ma) and Antonia (~20 Ma) (Kneissl
et al., 2014; Krohn et al., 2014). The consistency between the popula-
tion age and the ages of these known-age craters reaffirms the rayed
population’s calculated age and indicates that Vesta’s crater rays are
ephemeral, lasting for only 10 to 80 million years.

4. Discussion
4.1. Space weathering on vesta

Lunar-like space weathering is suppressed on Vesta; however, more
than twenty craters in our catalog appear to have rays only in OMAT,
indicating some nanophase iron (npFe) production may be occurring,
with the caveat that OMAT is a spectral parameter that is neatly
explained by nanophase iron on the Moon, but some other phenomenon
could be effecting it. If OMAT is representative of the presence of
nanophase iron, then our finding agrees with previous observations that
HED meteorites have revealed some grains containing npFe, indicating
limited lunar-like space weathering (Noble et al., 2005).

The majority of Vesta’s crater rays are apparent in CC*-OMAT,
which is tuned to capture darkening by carbonaceous chondrites. The
‘OMAT-only’ subset disappear in this view. If limited lunar-like space
weathering is occurring, it explains this discrepancy. These OMAT-
only rayed craters are rare, iron-dependent maturity rays, formed by
excavating relatively immature (npFe-poor) material and placing rays
over relatively mature (npFe-rich) material. We therefore conclude
that the spectral character of Vesta’s surface experiences limited lunar-
like space weathering, but dominantly ‘weathers’ and, more accu-
rately, ‘evolves’ by the mixing of carbonaceous chondrite-rich with

chondrite-poor background material, as proposed by Pieters et al.
(2012).

Local deviation from global mean values of CC*-OMAT and OMAT
could represent an agnostic maturity index for both light and dark-
rayed craters on Vesta in future analysis. Note the differences in the
magnitude of OMAT and CC*-OMAT between different rayed craters
in Fig. 4. The freshest rays may exhibit a larger difference between a
global mean and OMAT or CC*-OMAT, while older rays may be closer
to the mean. Temporal evolution of the deviation from global mean
values should also differ between light and dark rays because they are
removed by parallel but distinct mechanisms. While mixing is a primary
removal mechanism for both, light rays should be more sensitive to
the addition of dark carbonaceous chondrite material, whereas dark
rays remain relatively unaffected. We show that OMAT and CC*-OMAT
are both dependent upon the Mg#, which we use to capture the
absorption depth for silicate minerals like pyroxene, with the band ratio
defining CC*-OMAT showing a particularly nonlinear relationship in
combination with increasing npFe (Fig. 2).

In future work, with further Hapke modeling to quantify the effects
of the role of pyroxene, analysis of the relative magnitude of OMAT
or CC*-OMAT based on different wavelength choices (e.g., Fig. 4), a
more targeted treatment of the selection of the mature origin, and our
rayed crater catalog, it may be possible to quantify the rates of uniquely
Vestan ‘weathering’, and the specific roles of local material, the input
flux of carbonaceous chondrites, and mechanical material mixing. For
now, we proceed to draw conclusions about the rate and magnitude of
material mixing based on our catalog of craters with apparent maturity
rays.

4.2. Rays forming and fading

Ray evolution begins with formation, which often depends on un-
derlying geology. In our catalog, craters with prominent dark rays
appear unreasonably limited in number to represent a uniform pro-
duction population (i.e., not every crater makes a dark ray; Fig. 5).
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Fig. 5. The number of rayed craters is shown in a cumulative binned plot.
Cumulative crater densities from literature are reported here for comparison
(All craters larger than a kilometer diameter in the northern and southern
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Rheasilvia Basin, and Marcia, Rubria, Antonia, and Vibidia Craters). Age
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that large rayed craters (like Antonia, Rubria, and Vibidia, which are included
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years. Small craters (<5 km diameter) lose their rays more quickly than large
craters (>5 km diameter), as evidenced by a shallow power law slope than
the crater production function. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

This suggests that local geology is a critical factor in the production of
dark rays specifically. Dark rayed craters generally cluster within ejecta
units of large craters like Marcia, Calpernia, and Octavia, as well as
within Vestalia Terra near Cornelia and Numisia; However, the current
geologic map of Vesta does not perfectly explain the production and
retention of all rayed craters (Fig. 3, bottom). Because rayed craters
in general occur independently of established geologic boundaries, we
infer that dark rays form specifically where impacts excavate subsurface
pockets of dark chondritic material.

While local geology and availability of dark material may control
dark-ray formation, age ranges remain useful for establishing a lower
limit to their erasure timescale. We estimate a lower limit for the age
of the dark-rayed crater population by attributing the vertical offset in
Crater Size-Frequency Distributions (CSFDs) entirely to age. This results
in an age range between 9 and 20 Ma. This erasure timescale must be
considered a lower limit because geologic context likely accounts for
some of the vertical offset from which we infer age.
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Evidence supports the conclusion that temporal fading more than
geologic context is the dominant control on overall ray visibility. Unlike
the sub-population of dark-rayed craters, the age range for the total
rayed crater population aligns well with individual craters within that
group (such as Vibidia and Antonia). The cumulative population of
OMAT and CC*-OMAT rayed craters do not appear clustered within
any specific geologic units on Vesta (Fig. 3), and craters with rays
are overall rare. Rayed craters on Vesta account for only about 1% of
the total population of craters (the rayed-to-not-rayed ratio for >5 km
diameter craters is 3.17 x 10~ rayed craters per km? (our catalog) /
2.07 x 1073 craters per km? (Liu et al., 2018) = 0.015).

In our nearly global catalog of Vesta’s rayed craters, there are no
examples of craters whose rays, dark or light, are superposed by the
ejecta of a non-rayed craters. Many craters have rays that superpose
upon nearby or immediately underlying same-size or larger craters that
do not have rays. If dark rays never faded, regardless of crater size or
formation timescale, we would expect to see a deviation in the CSFD
for dark-rayed craters compared to light-rayed craters; however, the
shape of the CSFDs for both light and dark rays and the cumulative
rayed crater population share similar shapes, suggesting they evolve by
similar processes. The evidence, including superposition, the relative
scarcity of rayed craters compared to same-sized non-rayed craters,
and the overall distribution of rayed craters being independent from
geologic units, supports a temporal process controlling ray visibility.
We thus conclude that Vesta’s crater rays characterize relatively fresh,
young craters, and that these rays then fade by homogenization with
the background and over a time interval consistent with the age range
of the rayed crater population, 10 to 80 million years (Fig. 5).

For craters smaller than 5 km in diameter, the population deviates
significantly from production isochrons. The power law slope collapses
from approximately —3 to —1, implying a loss of small rayed craters
from the population (Fig. 5). This size-dependency suggests that Vesta
experiences intense near-surface reworking. Relatively small craters
may fail to retain rays because their rays are thin and reworked
rapidly into the background by a depth-limited mixing process like
secondary impacts, or fail to form rays due to the presence of a thick
homogenized layer (Fig. 1). A thick homogenized layer would prevent
initial ray formation and accelerate ray removal. The downturn from
the production isochron at about 5 km diameters suggests that the
homogenized layer is on the order of hundreds of meters thick. Such
a layer indicates vigorous material mixing that is one to two orders of
magnitude deeper than the reworking zone on the Moon, which has
only mixed regolith a meter deep in the last billion years (e.g., Costello
et al., 2021).

4.3. Vesta’s relatively rapid resurfacing

From the age of the rayed crater population, we found that the
crater rays on Vesta last on the order of tens of millions of years. In
contrast, on Earth’s Moon, OMAT-rayed craters remain apparent and
the lunar upper regolith saturates with nanophase iron after about a
billion years (Grier et al., 2001; Ghent et al., 2024; Jordan et al., 2022;
Tai Udovicic et al., 2021) (Fig. 6). While the global catalog of rayed
craters on the Moon is only complete down to 5 km diameters (Ghent
et al., 2024), it has been observed that the rays of smaller craters on
the Moon also fade more quickly than their larger brethren (Lucey
et al., 2000). At any size on Vesta, crater rays are up to two orders of
magnitude more ephemeral than rays on the Moon (tens of millions of
years versus a billion years). They also form more frequently, following
the relatively high impact rate on Vesta. Craters with rays therefore
both form and disappear at a rate much higher than the Moon.

The rapid erasure of rays on Vesta suggests Vesta experiences much
more intense near-surface maturity-homogenizing processes than the
Moon. Rays that last a billion years on the Moon are obliterated by the
combined effects of nanophase iron accumulation and material mixing;



E.S. Costello et al.

Vesta
2 1 ¢ All Craters
¢ OMAT Rayed
---- 10 - 80 Ma
Moon
'NE g O All Craters
X 3 o m  OMAT Rayed
z 5 1 Go
=3
]
£ L
g
S
T ¢ O
g 4. i
[a)
A Y -
— [N
@ .
Py ¢
: 4 -
2 A
5 + .
__é, _5 I . \\ % g
- .
3 . * |
“m
o N
6 : - - .
5 10 100

crater diameter (km)

Fig. 6. A comparison of the crater size-frequency distributions of lunar high-
lands and Vestan craters and OMAT-rayed craters. Both backgrounds are near
or in equilibrium (craters are sufficiently numerous and overlapping to erase).
Isochrons and age ranges are defined for Vesta here as they were in Fig. 5.
Note the dramatic difference in chronology, driven by the higher recent impact
rate on Vesta. A 100 million year-old surface on Vesta is more cratered than
a 1 billion year old surface on the Moon. Background craters on Vesta are
from Liu et al. (2018). Background craters on the Moon are from Robbins
(2019), normalized to the count area of the lunar highlands. Lunar OMAT-
rayed raters are from the catalog by Ghent et al. (2024), also normalized to
the lunar highlands count area.

however, Vesta experiences limited lunar-like space weathering. On
Vesta, intense material mixing must explain the majority of ray erasure.

Boulders on Vesta (10 m scale) have surface lifetimes of approx-
imately 300 My (Schroder et al., 2021), which is comparable to 1
m-scale boulders on the Moon (Basilevsky et al., 2015). These similar
lifetimes at different spatial scales do not imply equivalent surface evo-
lution. Because smaller, catastrophic impacts are exponentially more
frequent than larger ones, 10 m boulders should persist much longer
than 1 m boulders. Similar degradation rates therefore suggest that
Vesta’s size-normalized breakdown is significantly faster: it requires a
high frequency of large-scale impacts to match the Moon’s small-scale
impact rate. While we refrain from calculating a precise relative impact
rate, noting that breakdown may also depend on thermal stresses (Mo-
laro et al., 2017) and distinct material properties (e.g., Riisch and
Aussel, 2024; Chertok et al., 2023), the observed rock breakdown rate
supports the hypothesis that Vesta undergoes rapid surface evolution
driven by intense impact bombardment.
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4.4. The mechanisms of mixing

Mass movement can be driven by impact gardening or mass wasting,
both of which likely contribute to the erasure of rays on Vesta. Vesta
is known to have high regolith mobility driven by relatively steep
topography and local gravity gradients (Pieters et al., 2012). Mass
wasting features, such as slumps and landslides, are widespread on
Vesta, particularly at steep scarps and crater rims (Kneissl et al., 2014;
Krohn et al., 2014). Further, smooth, flat dust pond deposits have been
observed on Vesta, indicating the movement of fines by seismic shaking
or volatile-induced fluidization. If mass wasting is the dominant driver
of the homogenization of Vesta’s surface and fading of rays, we should
observe fewer rayed craters in regions with dramatic topography, like
the Divalia Fossae region around the equator; however, the spatial
distribution of rayed craters appears independent of previously defined
geologic units (Fig. 3), and we observe rays to follow radial patterns
seemingly independent from local slopes (Fig. 7). Mass wasting is
locally intense (e.g., slumps and landslides), and may more quickly
destroy portions of individual craters’ ray systems, resulting in asym-
metrical craters and ray systems; however, craters were included in our
catalog even if their rays were asymmetrical. Thus, we can conclude
that while local mass wasting likely contributes to local ray erasure, it
cannot explain the erasure of widespread ray systems globally.

The global, pervasive destructive processes necessary to remove
craters’ entire ray systems on Vesta is therefore likely impact-related
mixing. Impacts contribute to mass movement on asteroids through the
stochastic process of impact gardening. However, modeling this process
accurately has proven challenging. For instance, a theoretical model for
Vesta’s neighbor, Ceres, predicted much shallower and less intense gar-
dening than what is observed on the Moon (Costello et al., 2021). This
prediction contradicts observations of near-surface ice and the mixing
of organics on million-year timescales, which both suggest significantly
more intense, larger-scale gardening is occurring (e.g., Prettyman et al.,
2021; De Sanctis et al., 2024). The primary limitation of the model of
gardening on Ceres was its chosen crater production function. The pro-
duction function was extrapolated from the distribution of all craters on
Ceres, a population likely in equilibrium, similar to Vesta’s, and used
high-error estimates for the production of secondary craters. Equilib-
rium masks a true, larger impactor population, as equilibrium is defined
to occur when craters are actively removed from a crater population.
To accurately model impact gardening on either Ceres or Vesta, a more
realistic crater production function and a corresponding chronology
function are required, particularly for the smallest sizes which drive
gardening (<1 km diameter). These models must also be validated
against cumulative crater size-frequency distributions on smaller scales
and younger surfaces, such as the CSFDs we collected from the ejecta of
Marcia, Antonia, and Vibidia (Fig. 5). Further, although Ceres’ surface
features rayed craters (e.g., Stephan et al., 2019; Nathues et al., 2016),
no Ceres-specific catalog of rayed craters collected from an optical
maturity dataset or albedo map yet exists for direct comparison to our
Vesta catalog.

While a suitable production function for dating craters on asteroids
like Vesta is available (Bottke et al., 2020), a reliable chronology
function to scale the impact rate over time is also necessary. Impact
gardening is a function of time and must follow the cratering rate,
which itself changes. Existing studies of crater chronology on Vesta are
not suitable for this purpose, as they focus on primordial events like the
Late Heavy Bombardment rather than the recent impact rate relevant
to surface evolution over tens of millions of years (e.g., Schmede-
mann et al., 2014; Marchi et al., 2014b; de Elia and Di Sisto, 2011).
Compounding this problem, analytic forms of chronology functions for
Vesta are not publicly available. A valuable future step would be to
extract analytic forms for both production and chronology functions
from numerical models of bodies in the asteroid belt. This would
be analogous to the widely used 12th-order polynomial production
function and chronology functions that are standard for the Inner Solar
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Fig. 7. Radial ray patterns appear independent of slope, as is demonstrated in these three named crater examples. The top row is a slope map derived from the
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in our catalog, even if their rays were asymmetrical, mitigating the effects of local mass wasting on our analysis of ray erasure.

System (Neukum et al., 2001). Developing such analytical forms would
enable consistent, comparable age-dating methodologies, drastically
improving models and interpretations of the rates, drivers, and effects
of surface processes on asteroids. Understanding chronology and crater
production functions is particularly important, as the relatively high
rate of impact bombardment on Vesta compared to the Moon is likely
a direct driver of the relatively high rates of impact gardening.

Tied to the primary impact rate and chronology is secondary crater
production. Secondary impacts may be prolific on Vesta, mixing the
uppermost surface over tens of million year timescales with sufficient
vigor to homogenize the light and dark contrasts of rays. Crater dis-
tributions interpreted to be shaped by secondaries have been widely
observed (see, for example, the steep slopes of the CSFD of hundred-of-
meters diameter craters in Fig. 5, Williams et al. (2014), Schmedemann
et al. (2014), Krohn et al. (2014) and Marchi et al. (2014a)). The
secondaries of Rheasilvia basin have been hypothesized to have scoured
the troughs of Divalia Fossae (Hirata, 2023), although recent work
points towards a tectonic origin (Cheng et al., 2025).

Secondaries may be more abundant than previously thought, and
rays may also be thinner on Vesta than on higher-gravity bodies like the
Moon, both of which contribute to rapid ray fading. Although Vesta’s
relatively low escape velocity suggests more secondaries might be lost
to space compared to the Moon, its primary impact velocities are also
lower (Blewett et al., 2016). This lower primary impact energy means
fewer ejected particles reach escape velocity, allowing more to re-
impact the surface. The balance may therefore result in more numerous
widespread secondaries. If rays are uniformly thinner, perhaps due to
Vesta’s low gravity and secondary dispersion causing longer ejecta run-
out distances, we would likely see more rapid erasure overall, as thin
layers are more vulnerable to disruption and mixing by exponentially

more numerous small impacts. However, uniformly thinner rays alone
cannot explain the accelerated, size-dependent erasure we observed for
the rays of craters smaller than 5 km in diameter. Ongoing and future
work on the retention of secondary crater-forming debris and ejecta
mobility on Vesta will be illuminating (e.g., Zeilnhofer, 2025), partic-
ularly regarding how secondaries contribute to both the formation and
subsequent rapid erasure of crater rays.

5. Conclusions

We investigated the surface evolution of asteroid 4 Vesta, as re-
vealed by the abundance of rayed craters and optical maturity. Two
new maps of optical maturity (OMAT and CC*-OMAT) revealed hun-
dreds of craters with prominent rays. All rays apparent in CC*-OMAT
are also apparent in OMAT, and a limited number of rays are apparent
only in OMAT, indicating that limited but non-zero lunar-like space
weathering occurs and some nanophase iron-related maturity contrasts
exist on Vesta. Using the catalog of rayed craters, we assessed the age
of the rayed crater population and interpreted the shape of the crater
size-frequency distributions to determine the likely drivers of surface
evolution on Vesta.

The rays of large craters (>5 km diameter) on Vesta only persist
for tens of millions of years. This lifespan is dramatically short, making
Vesta’s rays up to two orders of magnitude more ephemeral than those
on the Moon, where rays can remain apparent for about a billion
years. This rapid rate of erasure necessitates the conclusion that surface
processes at the scale of crater rays on Vesta are much more intense
than on the Moon, despite relatively limited nanophase iron production
and lunar-style space weathering.
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Pervasive, global erasure of rays, especially the dark rays that
cannot be erased by admixture with in-falling carbonaceous material,
points strongly to random mass transport/mixing as the dominant
mechanism over the long term. Mass wasting may act as an intensifier,
but since localized mass wasting features cannot explain the globally
random ray distribution, the most probable pervasive, stochastic mixing
mechanism must be intense impact gardening, which is highly effective
at shallow depths.

To fully understand the rate and actors in the apparent rapid
and random mass transport on Vesta, be they primary or secondary
impacts, we must better constrain and communicate understanding
of the recent and relatively small impact rate (the last billion years,
and less than 10 km crater diameter scales). As a foundational step,
developing analytic forms for both the production and chronology
functions, analogous to the standard Inner Solar System models, will be
critical for enabling consistent, comparable age-dating methodologies
and accurately interpreting the rates of surface processes on asteroids
and dwarf planets.
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