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ABSTRACT

We present a new empirical constraint on the rate of breakdown of large ejecta blocks on
the Moon based on observations from the Lunar Reconnaissance Orbiter (LRO) Diviner ther-
mal radiometer. We find that the rockiness of fresh crater ejecta can be quantified using the
Diviner-derived rock abundance data set, and we present a strong inverse correlation between

the 95" percentile value of the ejecta rock abundance (RA
ters with published model ages derived from crater counts on their continuous ejecta, RA

o5s) and crater age. For nine cra-

95/5

decreases with crater age, as (age [m.y.])4. This result implies shorter rock survival times than
predicted based on downward extrapolation of 100 m crater size-frequency distributions, and
represents a new empirical constraint on the rate of comminution of large rocks not previously
analyzed experimentally or through direct observation. In addition, our result provides a new

method for dating young lunar craters.

INTRODUCTION

Understanding the regolith of the Moon and
other planetary bodies is a central goal of plan-
etary science because, in most cases, the regolith
is what we sense with remote observations, and
it thus shapes our understanding of the underly-
ing body. A planet’s regolith contains a record
of bombardment at all scales, as well as materi-
als implanted by solar wind and cosmic radia-
tion, and therefore has much to tell us about the
sources of those materials (Lucey, 2006). In
addition, space weathering processes, which
profoundly influence interpretations of remote
observations, are intimately tied to regolith pro-
duction and evolution. Fundamental questions
surrounding regolith production and overturn
on small Solar System bodies remain to be
answered, and the rate of new regolith produc-
tion from breakdown of fresh rock surfaces is
an important example. The dominant process by
which lunar ejecta blocks are transformed into
low density, fine-grained regolith material is
mechanical breakdown resulting from bombard-
ment by small meteoroids (e.g., Horz and Cin-
tala, 1997). Despite the existence of radiomet-
ric dates for a small number of lunar rock and
regolith samples from known locations, current
understanding of the rate at which this process
occurs is, for large rocks, limited by the diffi-
culty of replicating it experimentally.

In this work, we present a new empirical
estimate for the time-dependent rate of rock
breakdown on the Moon based on data from the
Lunar Reconnaissance Orbiter (LRO) Diviner
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thermal infrared radiometer. Specifically, we
investigate the age-dependent characteristics of
crater ejecta as a measure of this process.

The properties of crater ejecta blankets have
been studied using images and other data for 50
years, but quantifying ejecta rock abundances
(and thus, analyzing the time evolution of rocki-
ness) has involved a laborious process of man-
ual rock counting that is dependent on image
availability, quality, and illumination, all of
which have limited the data available for analy-
sis. Earth-based and orbital radar data have pro-
vided an independent means for ejecta analysis;
for example, the elevated radar backscatter and
circular polarization ratio signatures associated
with rocky ejecta have been used to character-
ize impact craters and processes (Thompson et
al., 1979, 1981; Ghent et al., 2005; Bell et al.,
2012; Neish et al., 2013). In addition, radar pro-
vides information about the shape distribution
of ejecta blanket rocks (e.g., Campbell, 2012).
However, radar signatures originate from depths
ranging from the surface to tens of meters in
depth, and so we cannot at present distinguish
between diffuse scattering arising from blocks
on the surface and that from blocks buried
beneath a thin layer of regolith. This is important
because rocks partially or wholly buried under
even a thin layer of regolith are shielded from
the constant bombardment by small impactors
that is experienced by exposed rocks.

Nighttime observations by LRO’s Diviner
instrument allow an independent estimate of the
surface rock population (Bandfield et al., 2011).
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Here, we investigate the Diviner-derived surface
rock abundance for ejecta blankets associated
with craters with model ages (derived from size-
frequency distributions of superposed small cra-
ters) ranging from ca. 10 to 1000 Ma. We estab-
lish a quantitative relationship between surface
rockiness and model age that represents a new
empirical estimate for the time-dependent rate
of large ejecta breakdown, and provides a new
method for dating young lunar craters.

METHOD

Rock Abundance

Diviner-derived rock abundance estimates
are calculated using the discrepancy between
nighttime brightness temperatures reported by
Diviner’s thermal channels for fields of view
that contain mixtures of warm rocks and cooler
regolith. Diviner’s short-wavelength thermal
infrared detectors measure higher tempera-
tures than do the longer-wavelength detectors
for a given scene containing both rocks and
fine-grained materials. Using this discrepancy,
Bandfield et al. (2011) solved simultaneously
for: the areal fraction of each scene occupied by
exposed rocks ~1 m and larger (hereafter called
rock abundance, or RA); and the temperature of
the fines, using modelled rock temperatures as
inputs. Here, we use RA values calculated using
Diviner observations spanning 46 monthly
mapping cycles covering the period from 5 July
2009 through 2 September 2012, and sampled
at 128 pixels per degree (~240 m/px at the equa-
tor). We investigate characteristic RA values as
a function of crater model ages for the ejecta
blankets of nine large craters with published
ages (Table 1). All craters used in this study are
sufficiently large to have penetrated the entire
regolith, so that variations in regolith thickness
do not influence the results.

In order to understand the time evolution of
characteristic ejecta RA values, we first exam-
ine RA values for the background regolith away
from crater ejecta. We find that the regolith
generally shows low RA values (e.g., Fig. 1;
Table 2) with little variation globally (cf. Band-
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TABLE 1. STUDY CRATER LOCATIONS, SIZES, AND AGES

Crater Lat Lon Diameter  Model age Reference
(°N) (°E) (km) (Ma)

Aristarchus 23.7 312.5 40.0 175 -9.1/+8.8 Zanetti et al., 2011
Byrgius A —24.6 296.2 18.7 47 + 141 Morota et al., 2009
Copernicus 9.6 339.9 97.0 797 -52/+51  Hiesinger et al., 2012
Giordano Bruno 36.0 102.9 221 412 Morota et al., 2009
Jackson 221 196.7 721 147 + 3.8 van der Bogert et al., 2010
King 4.9 120.5 77.0 992 —89/+87  Ashley et al., 2012
Moore F 37.3 185.0 23.3 41 £ 12.3 Morota et al., 2009
Necho -5.3 123.3 33.0 80 =24 Morota et al., 2009
Tycho —43.3 348.8 86.0 85-18/+15  Hiesinger et al., 2012
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Figure 1. Lunar craters Giordano Bruno (A) and Byrgius A (B) (see Table 1). Diviner-
derived rock abundance (RA; areal fraction occupied by exposed rocks) in color is
overlain on Lunar Reconnaissance Orbiter Wide-Angle Camera mosaic.

TABLE 2. ROCK ABUNDANCE DISTRIBUTION CHARACTERISTICS FOR STUDY CRATERS

Crater Ejecta rock abundance Background rock abundance
Mean Median RA,, . Mean Median s RA,.
Giordano Bruno | 0.033 0.011 0.1244 | 0.0049  0.0049  0.0025  0.0067
Moore F 0.020 0.012 0.0580 | 0.0041 0.0041 0.0011 0.0059
Byrgius A 0.018 0.013 0.0468 | 0.0043  0.0042  0.0017  0.0065
Necho 0.014 0.010 0.0369 | 0.0045  0.0044  0.0012  0.0063
Tycho 0.014 0.010 0.0370 | 0.0037  0.0035  0.0027  0.0060
Jackson 0.011 0.010 0.0202 | 0.0041 0.0040  0.0014  0.0058
Aristarchus 0.014 0.011 0.0309 | 0.0056  0.0045  0.0056  0.0109
Copernicus 0.006 0.006 0.0117 | 0.0039  0.0034  0.0050  0.0061
King 0.006 0.006 0.0103 | 0.0044  0.0042  0.0025  0.0063
Rock abundance is areal fraction of each Diviner pixel covered by exposed rocks. RA . is 95" per-

centile value of ejecta rock abundance.

field et al., 2011); mean values for the highland
terrains used in this study are 0.004-0.005 (i.e.,
0.4-0.5% of each pixel area covered by exposed
rocks), and 0.004-0.006 for mare terrains
(Fig. 2; Table 2). These characteristics indicate
that most of the Moon’s surface has a negligible
population of meter-scale rocks.

By contrast, rocky ejecta blankets show a
significant number of Diviner pixels with high
RA values, leading to RA distributions that
are strongly skewed to the right, with long
tails reflecting characteristically higher values
(Fig. 3; Table 2). Unlike the background rego-
lith values, ejecta RA values are not normally
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or lognormally distributed. Therefore, statistical
parameters used to represent the central ten-
dency of a population or sample (mean, median)
do not adequately represent the characteristics
of the ejecta RA distribution. In order to quan-
tify the rockiness of crater ejecta as a function of
age, we need to capture the variation that occurs
in the right-hand tail of the RA distribution.
Therefore, for each ejecta blanket we use the
95" percentile value as a measure of the popu-
lation maximum. This value, denoted RA,, is
the threshold value separating the highest 5% of
a given crater’s ejecta RA values from the lower
95%. This measure has been used in analysis

of populations with similar properties in other
fields, such as organismal body size variations
with temperature (Chapelle and Peck, 1999), or
novelty detection for mechanical damage analy-
sis (Sohn et al., 2005). RA,, values for the
study craters and the surrounding regolith are
shown in Table 2.

For each crater and its surrounding terrain,
we calculated mean and median RA values (and
standard deviation for the background terrain)
and RA_, excluding all terrain inside the cra-
ter’s topographic rim, where mass wasting from
steep slopes is likely to refresh the surface rock
population (e.g., Fig. 1). We omitted large melt
ponds, as discussed below.

Crater Ages

The craters used in this study (Table 1) have
published model ages derived from counts of
small craters superposed on their ejecta, per-
formed using new, high-resolution images from
the SELENE Terrain Camera onboard the Japa-
nese Kaguya orbiter, and the LRO Wide-Angle
Camera (WAC) and Narrow-Angle Camera
(NAC). For some craters (notably, King crater),
counts of small craters on melt ponds yield ages
that are widely discrepant from those obtained
from counts on ejecta blankets, due at least
in part to variations in mechanical strength of
the target (regolith versus impact melt; van der
Bogert et al., 2010). To avoid possible compli-
cations associated with including these terrains
in our analysis, we removed large melt deposits
from our data set.

The errors on the ages reported in Table 1 are
associated with inherent uncertainties in crater
count chronologies (e.g., Hiesinger et al., 2012).
The regression we present in the next section
was calculated independently of these errors;
however, to account for their potential influence,
we calculated the 95% confidence belt on the
regression (Fig. 4), which represents the range
in which 95% of regressions calculated using
repeated samples of nine hypothetical craters
spanning this age range would fall. We discuss
this further in the next section.

RESULTS AND DISCUSSION

Figure 4 shows the log-log regression of
RA,, versus age for our study craters; the
regression yields the relationship

RA,; =0.27 % (age [m.y.])) 1)
with an R? value of 0.96. This indicates a strong
inverse power-law correlation between crater
ejecta rockiness and age for craters younger
than ca. 1 Ga. Removal of the isolated point
representing Giordano Bruno yields a slope
of —0.51 (R? = 0.95), indicating that this point
does not exert undue influence on the regres-
sion. With increasing age, crater ejecta RA dis-
tributions narrow, becoming less strongly right
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Figure 2. Histograms of rock abundance (RA) values for background regolith at lunar
craters Giordano Bruno and Byrgius A; mean RA, median RA, and RA,, (95" percen-
tile value of ejecta rock abundance) values are indicated. Here, mean and median are
equal. Dashed curves represent normal distributions centered at the mean values. N

is number of pixels represented.
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Figure 3. Histograms of rock abundance (RA) values for lunar craters Giordano Bruno
and Byrgius A ejecta; mean RA, median RA, and RA, . (95" percentile value of ejecta
rock abundance) values are indicated. Dashed curves represent normal distributions
centered at the mean values. N is number of pixels represented.

Figure 4. Log-log regression of
95t percentile value of ejecta rock
abundance (RA,,) versus crater
age for craters with published
model ages used in this study;
data (including errors on crater
ages) are given in Tables 1 and 2.
95% confidence intervals on the
regression are shown. Calculated
RA values and corresponding
ages for craters North Ray and
South Ray at Apollo 16 landing site
are also shown. Because these
two ejecta blankets are so small
4 (N =231 and 191 pixels, respec-
1 tively), ages for these two craters
were calculated using maximum
RA values rather than RA,_.. Cra-

1 ter abbreviations: A—Aristarchus;
s BA—Byrgius A; C—Copernicus;

RA,,, = 0.27 age(m.y.) %4
R?=0.96
GB
10+ ]
<C7)
o
1021 South Ray
6.8-17.5 Ma
North Ray
45.9-79.8 Ma
10° 10! 102 10°

Model age (Ma)

skewed and closer to normal, until they become
indistinguishable from the background regolith
(compare Figs. 2 and 3).

Equation 1 implies much shorter survival
times for rocks >1 m in diameter than predicted
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GB—Giordano Bruno; J—Jack-
son; K—King; MF—Moore F; N—
Necho; T—Tycho.

by extrapolating estimates derived for smaller
rocks from earlier studies (e.g., Shoemaker et
al., 1970; Gault et al., 1972; Horz et al., 1974,
1975). Those previous estimates were derived
from extrapolation of the observed 100 m—1 km

crater size-frequency distribution down to mil-
limeter sizes (e.g., Shoemaker et al., 1970), to
calculate the probability of destruction of a rock
by sandblasting by much smaller impactors and
by catastrophic rupture by impactors compara-
ble to the size of the target rock. Consistent with
our result, experiments have shown that large
rocks are effectively weaker in collisions with
projectiles than small rocks (e.g., Housen and
Holsapple, 1999; Housen and Voss, 2000), but
the underlying cause of this phenomenon is not
completely understood, and few experiments on
rocks as large as those reflected in the Diviner
RA data set have been performed. In addition to
variations in effective rock strength, other pro-
cesses, such as weakening by thermal stresses
arising from diurnal heating and cooling (Delbo
et al., 2014), should contribute as well. Meter-
sized rock survival times presented by Basi-
levsky et al. (2013) for Apollo and Lunakhod
landing site craters with diameter <1 km and up
to 300 m.y. in age, estimated via morphologi-
cal analysis from Lunar Reconnaissance Orbiter
Camera (LROC) NAC images and using cosmic
ray exposure ages, are also shorter than those
predicted by, e.g., Horz et al. (1975). Basilevsky
et al.’s (2013) results are thus qualitatively con-
sistent with the quantitative model presented in
this paper.

An important implication of our result is that
it provides a completely new and independent
method for dating young lunar craters. Compar-
ison of cosmic ray exposure ages for North and
South Ray craters at the Apollo 16 landing site
(50 Ma and 2 Ma, respectively; Arvidson et al.,
1975) with ages predicted by our method (46—
80 Ma for North Ray and 7-18 Ma for South
Ray; Fig. 4) support this idea. Although North
and South Ray craters are much smaller than
the large craters used in our study, and there-
fore probably started with fewer and smaller
ejecta blocks, our calculated ages are broadly
consistent with the cosmic ray exposure ages.
This demonstrates the potential for applying our
method, given a crater size—appropriate calibra-
tion curve, to determine ages for even small
lunar craters. Future work will build on this
result to evaluate its implications for the lunar
impact rate.
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