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Abstract In Miniature Radio Frequency (Mini-RF) radar images, anomalous craters are those having a
high circular polarization ratio (CPR) in their interior but not exterior to their rims. Previous studies found
that most CPR-anomalous craters contain permanently shadowed regions and that their population is
overabundant in the polar regions. However, there is considerable controversy in the interpretation of these
signals: Both water ice deposits and rocks/surface roughness have been proposed as the source of the
elevated CPR values. To resolve this controversy, we have systematically analyzed >4,000 impact craters with
diameters between 2.5 and 24 km in the Mini-RF radar image and Diviner rock abundance (RA) map. We first
constructed two controlled orthorectified global mosaics using 6,818 tracks of Mini-RF raw data and then
analyzed the correlations between radar CPR and surface slope, RA, and depth/diameter ratios of impact
craters. Our results show that CPR-anomalous craters are distributed relatively uniformly across the lunar
surface, with no apparent difference in CPR between the polar, potentially icy, and nonpolar, not icy, craters.
Most CPR-anomalous craters are relatively young with a large depth/diameter ratio, and they actually
represent an intermediate stage of crater evolution. Comparison with a two-component radar scattering
model suggests that rocks and surface roughness are major contributors to the observed CPR values. Using
craters of 4.7–22 km in diameter with known ages, we find that craters spend up to 120 Ma with a high
exterior RA, and ∼3 Ga in the CPR-anomalous phase.

Plain Language Summary Both rocky and icy surfaces look bright in radar images.
Crater-producing impacts leave rocks strewn both inside and outside the resulting craters. These rocks are
gradually reduced to dust by micrometeorite impacts and other weathering processes over many millions
of years. Two recent Moon-orbiting imaging radars found a class of craters with radar-bright interiors that
are radar dark on their outer slopes, named as anomalous craters. Also, more anomalous craters were found
near the poles, where regions of permanent shade create regions cold enough for water ice to be stable.
If rocks are broken down at the same rate inside and outside craters, then maybe these polar anomalous
craters contain large ice deposits. We show that the large number of anomalous craters found near the
poles is just a consequence of the imaging radars observing more of these parts of the lunar surface. The
radar signals of well-observed craters do not vary with latitude. Rather than being hosts of ice deposits,
anomalous craters are just an intermediate stage of crater evolution, with mass wasting down the steeper
interior slopes refreshing the rocks for longer than it does on the shallower exterior slopes.

1. Introduction

Impact cratering is one of the most fundamental geological processes shaping the surface of an airless ter-
restrial body like the Moon. Cratering can shatter and fragment the crust, excavate materials from depth to
the surface and transport them laterally, generate steep inner walls and form rugged ejecta blankets, pro-
duce regolith or megaregolith, and modify physical properties of the surface materials (e.g., Melosh, 1989).
The major geological features produced by this process, impact craters, are the most dominant features on
the Moon’s surface. A newly formed crater is usually characterized by well-defined, sharp, and prominent
features (e.g., slope, rim, and continuous ejecta) depending on projectile and target properties during the
cratering process. Over time, a crater degrades and its characteristic features become less prominent as a
result of impact erosion and other weathering processes (e.g., Fassett & Thomson, 2014; Ross, 1968). Conse-
quently, the currently observed impact craters on the Moon exhibit a wide range of size- and age-dependent
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morphologies. Understanding the formation mechanism and evolution of impact craters provides impor-
tant clues about lunar chronology, the surface environment, the interior properties of the Moon, and the
population of impactors in the early inner solar system.

Since 2007, a variety of state-of-the-art remote sensing instruments, operating in the 𝛾-ray, ultraviolet, visible,
infrared, microwave, and high-frequency band, with different principles and techniques, have been used to
investigate the Moon. These instruments have returned a large quantity of data with unprecedented spatial
resolution and quality, providing an opportunity to study impact craters from various aspects. For example,
high-resolution optical images enable studies of the surface morphology, texture, and rocks associated with
individual craters (e.g., Basilevsky et al., 2013; Speyerer et al., 2016) as well as more accurate surface age estima-
tion from the crater size-frequency distribution (e.g., Morota et al., 2011). In contrast, infrared and microwave
radiometer observations contain thermal information about the ejecta and regolith fines of impact craters
(e.g., Bandfield et al., 2014; Ghent et al., 2016; Gong & Jin, 2013). Radar operating in the microwave band gives
us a unique means to study impact craters from their surface down to a depth of several meters, because of
its large penetration depth in the desiccated and porous regolith. In addition, radar has its own illumination,
permitting the study of permanently shadowed craters where water ice could exist.

Impact craters over the lunar polar regions, if permanently shaded from direct sunlight, can act as cold traps
where the physical temperature remains extremely low (for instance, mean temperature ≲50 K in ; Paige
et al., 2010), allowing volatiles such as water ice to remain stable over geological timescales (e.g., Arnold,
1979; Lawrence, 2017; Lucey, 2009). Recent remote-sensing observations have provided multiple lines of evi-
dence for the presence of lunar surface water (H2O) and hydroxyl (OH−) that could originate from solar wind
implantation, impact delivery, and the interior of the Moon (e.g., Li & Milliken, 2017; Lucey et al., 2014; Pieters
et al., 2009). However, these surficial deposits are not volumetrically significant from the viewpoint of resource
usage. Therefore, the detection of a large quantity of water ice delivered by water-bearing debris or meteorites
within the permanently shadowed regions (PSRs) near the lunar poles has been, and remains, a high-priority
challenge in lunar science (for a review, the reader is referred to ; Lawrence, 2017). Recently, two orbital minia-
ture synthetic aperture radars (India’s Chandrayaan-1 Mini-SAR and NASA’s Lunar Reconnaissance Orbiter
(LRO) Miniature Radio Frequency [Mini-RF]) found a class of anomalous craters with high circular polarization
ratio (CPR) only in their interior regions, but not exterior to their rims (Spudis et al., 2010; Spudis et al., 2013).
Spudis et al. (2013) found that most of the anomalous craters they studied contained PSRs, and that anoma-
lous craters were overabundant at the poles. Eke et al. (2009) applied image reconstruction techniques to
neutron spectrometer data and inferred that hydrogen is typically concentrated into polar PSRs with a water
ice equivalent concentration of up to ∼1 wt.%. These observations combined led Spudis et al. (2013) to inter-
pret the anomalously high CPR regions as originating from water ice deposits. A rough estimation (the product
of lateral extension of high interior CPR regions with a thickness of∼10–20 m) suggested that the north polar
region alone could contain 600 million metric tons of water ice (Spudis et al., 2013).

However, radar anomalous craters were also found over nonpolar regions, where water ice cannot be stable on
the lunar surface because of the high temperature (e.g., Williams et al., 2017). Fa and Cai (2013) analyzed more
than 70 impact craters (including both anomalous and fresh craters) across the lunar surface in Mini-RF images
and quantified the influence of the surface slope, roughness, rock abundance (RA), dielectric permittivity,
and regolith thickness on radar echo strength and CPR values. Their statistical analysis of CPR values showed
that there is almost no apparent difference in radar CPRs between polar and nonpolar craters (both fresh and
anomalous). Based on high-resolution optical images and a two-component mixture radar scattering model,
they found that the high CPRs of nonpolar (and most probably polar) anomalous craters are caused by surface
and subsurface rocks. Eke et al. (2014) reprocessed the Chandrayaan-1 Mini-SAR images with rectification of
the parallax effect and analyzed the 42 impact craters in Spudis et al. (2010). Their results showed that the
combined effect of parallax and incidence angle in unrectified radar images can bias the average interior
CPR to larger values. Furthermore, they found no correlation between CPR and surface temperature, but high
CPR regions tend to be located on the steep interior crater slopes. Based on all of these findings, Eke et al.
(2014) concluded that high CPRs in polar anomalous craters are probably caused by factors such as surface
roughness, and not the presence of water ice. To date, no consensus has been reached on the physical agent
for the high CPR values associated with anomalous craters.

Meanwhile, Mini-RF images, in combination with auxiliary information about crater age, were used to inves-
tigate the physical properties and evolution of lunar impact craters. Eke et al. (2014) found that anomalous

FA AND EKE 2120



Journal of Geophysical Research: Planets 10.1029/2018JE005668

craters have a depth/diameter ratio smaller than those of fresh craters, but larger than most polar craters
(diameter range for all the studied craters: 2–20 km). This suggests that radar anomalous craters are of inter-
mediate age. Ghent et al. (2016) investigated the physical properties of impact ejecta and their evolution for
24 craters with diameter between 18.6 and 99.6 km using radar (both Mini-RF and Arecibo) and Diviner ther-
mal infrared observations. Using constraints from radar bright ejecta and dark haloes, they found that rocks
within the upper meter of regolith can remain undisturbed by surface processes for over 3 Ga. According to
the morphological age classification of impact craters in Pohn and Offield (1970), the 24 craters in Ghent et al.
(2016) belong to Classes I (≳45 km in diameter) and II (∼20–45 km in diameter). However, there is no sys-
tematic study of ejecta properties of smaller craters that fall into Class III (∼8–20 km in diameter). Since the
formation mechanism, morphology, and degradation of impact craters depend largely on crater size, investi-
gating ejecta properties for small impact craters provides complementary information to that in Ghent et al.
(2016). This will be of particular relevance for understanding polar radar anomalous craters, which typically
belong to Class III.

In all previous studies, only a subset of impact craters over limited regions were investigated, provoking many
important questions. For example, is there an overabundance of radar anomalous craters over the lunar polar
regions? If so, then does it follow that water ice is producing the radar signal or are other factors responsible for
the enhanced CPR within the interiors of anomalous craters? If radar anomalous craters are overabundant over
the polar regions and if surface rocks are the physical agent for the elevated CPR values, then is this a sign that
the low diurnal temperature variation in PSRs is decreasing the otherwise significant thermal fatigue of rocks?
If rocks are driving the enhanced CPR, then why are rocks only present in the interiors of anomalous craters
and what does this tell us about the weathering process affecting the lunar surface? Under what conditions
is a crater fresh or anomalous? Can this inform us about the size-frequency distribution of rocks associated
with impact craters at different degradation stages? One needs an exhaustive search of anomalous craters in
global Mini-RF imagery and a systematic analysis of potential factors for elevated CPR in combination with
other data sets to answer these questions.

In this study, we analyze more than 4,000 impact craters with diameters between 2.5 and 24 km in the LRO
global Mini-RF image and Diviner RA map to resolve whether or not polar anomalous craters are overabun-
dant and to quantify potential factors for elevated CPRs within anomalous craters. With our findings, we also
combine fresh, anomalous, and old craters within the framework of normal crater evolution. This can inform
us about how impact crater formation and evolution determines the distribution of surface and subsurface
rocks both within a crater and in its ejecta. In addition, such a large population of impact craters enables us
to investigate the role of target (maria versus highlands) in the formation and evolution of impact craters.

Section 2 contains a description of all the data sets used, along with details of how we constructed global
orthorectified Mini-RF mosaics and found a set of 4,030 impact craters by applying an algorithm to a global
digital elevation model (DEM) of the Moon. In section 3, we first answer the question whether or not polar
anomalous craters are overabundant and then investigate the correlations between radar CPR, Diviner rock
abundance, and depth/diameter ratio of impact craters. In section 4, potential factors for high CPR are inves-
tigated using a two-component mixture radar scattering model and the evolution of rocks associated with
impact craters is discussed based on radar and infrared observations. Concluding remarks and remaining
problems for future study are given in section 5.

2. Data Set and Crater Catalogue

In this study, we predominantly use the LRO Mini-RF data and Diviner RA data in our analysis of anomalous
craters. The LRO Lunar Orbiter Laser Altimeter (LOLA) DEM is used for Mini-RF raw image rectification, crater
finding, and crater depth/diameter determination. All of these data are available from NASA’s Planetary Data
System (PDS) Geosciences node (http://pds-geosciences.wustl.edu). This section describes the data and crater
catalogues being used, and the data reduction procedures in the following analysis.

2.1. Mini-RF Global Mosaicking
The LRO Mini-RF system is a synthetic aperture radar (SAR) operating at S- (wavelength: 12.6 cm) and C-band
(wavelength: 4.2 cm; note that this band is often incorrectly called as X-band). The nominal incidence angle
is 49° ± 5°, and the spatial resolution is 150 m in baseline mode and 15 × 30 m (azimuthal × range) for zoom
mode (Nozette et al., 2010). Mini-RF used a hybrid polarimetric architecture, that is, transmitting a left-hand
circular polarized radar wave and receiving two orthogonal linear polarization (horizontal H and vertical V)
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echoes simultaneously (e.g., Raney et al., 2011). The Stokes vector can be constructed from the two received
linear polarization echoes, and then radar backscattering coefficients (e.g., 𝜎oc for the opposite-sense circular
polarization and 𝜎sc for the same-sense circular polarization) and daughter products (e.g., CPR = 𝜎sc/𝜎oc) can
be calculated (Carter et al., 2011; Fa et al., 2011). In this study, we will focus only on S-band zoom data products
because most previous studies of the spatial distribution of CPR-anomalous craters used only S-band data.
In addition, Mini-RF C-band coverage is too sparse to give statistically significant results on the spatial distri-
bution of CPR-anomalous craters (see Figures S1 and S2 in the supporting information for the coverage of
Mini-RF observations). The Mini-RF accumulated in total ∼ 67% coverage of the lunar surface for the S-band
observations with a spatial resolution of 30 m, including ∼ 99% coverage for the two polar regions (Cahill
et al., 2014).

In many previous studies using Mini-RF observations (e.g., Cahill et al., 2014; Fa & Cai, 2013; Spudis et al., 2010;
Spudis et al., 2013), the raw radar data were not rectified. SAR is designed to be side-looking and raw data
are usually mapped into spatial coordinates by assuming a flat surface. Variations in lunar topography cause
a radar parallax effect that is generally larger than the spatial resolution of Mini-RF, distorting the map of
inferred radar echo locations. As an example, for a fresh crater with a diameter of 10 km and a depth of 2 km
(corresponding to a depth/diameter ratio of 0.2), the parallax would be ∼1.7 km (∼58 pixels) for the crater
center (based on equation 4.37 in Campbell, 2002). The combined effect of a side-looking instrument (e.g.,
SAR) and parallax, results in uneven sampling of the crater interior region, with the near walls occupying more
than half of the crater area in an unrectified map. As the near walls are viewed at higher incidence angles
and the CPR increases with increasing incidence angle, this will bias the interior CPR to a larger value if it is
determined using an unrectified map (Eke et al., 2014). Analysis of the eight craters in Fa and Cai (2013) shows
that the parallax effect can change CPR by up to 4% and make a ∼20–60% difference in SC and OC (Table S1
in the supporting information). A case study for a crater of 6 km in diameter with a radar incidence angle of
33∘ (for Chandrayaan-1 Mini-SAR) shows that the combination of incidence angle and the parallax effect can
increase the peak of the CPR distribution from 0.65 to 0.8 from the exterior to the interior of the crater (see
Figure 9 in Eke et al., 2014). Therefore, rectification of Mini-RF raw data using high resolution topography data
is a prerequisite for a statistically fair result (e.g., Eke et al., 2014; Thomson et al., 2012).

In this study, Mini-RF level 1 raw data are used. These are radar signals after range and azimuth compres-
sions, and their pixel coordinates are not georeferenced. In signal processing of the zoom mode, the spatial
resolution is chosen as 7.5 m/pixel to ensure the intrinsic resolution of the instrument is oversampled. The
hybrid polarimetric architecture of Mini-RF means that each level 1 pixel has four observed values (or four
channels): the horizontal polarized intensity, the vertical polarized intensity, and the real and imaginary parts
of the cross-product between H and V polarizations. We processed 6,818 tracks of Mini-RF level 1 raw data
according to the main procedures in Kirk et al. (2010) by using the USGS Integrated Software for Imagers and
Spectrometers version 3 (ISIS 3). The level 1 data were first imported into ISIS using the program mrf2isis and
were then assigned corresponding trajectory data from the SPICE SPK file using the program spiceinit. Each
individual image was orthorectified with the program cam2map using a LOLA DEM with a spatial resolution of
128 pixels/degree. In these three steps, the four channels of each level 1 track were processed individually, and
the output is the orthorectified Stokes vector. The Stokes vector is further used to calculate the orthorectified
same- and opposite-sense circular backscattering coefficients (𝜎sc and 𝜎oc), and then the orthorectified CPR
value (CPR = 𝜎sc/𝜎oc). Finally, all of the individual orthorectified images were mosaicked using the program
automos with a given projection type.

In the mosaicking, the polar stereographic projection is used for both the north (latitude > 70°N) and south
(latitude < 70°S) poles, and the equirectangular projection is used for the nonpolar regions (|latitude| <

70∘). Level 1 data were downsampled to a spatial resolution of 100 m/pixel to be comparable with other data
sets and to reduce data volume. As the Mini-RF system has both east- and west-looking directions and the
radar echo depends significantly on incidence angle (e.g., Fa et al., 2011), we split the data into two groups
based on look direction. We made two controlled global CPR mosaics with east- and west-looking directions,
with a spatial resolution of 100 m/pixel. As an example, Figure 1 shows the east-looking global CPR mosaic.
The west-looking global CPR mosaic is given in Figure S3. From Figure 1, coverage of Mini-RF data for the
polar regions is much larger than that of the nonpolar regions, and hence, craters near the two poles are
well-sampled by Mini-RF. Therefore, for a fair comparison of crater numbers between the polar and nonpolar
regions, the difference in Mini-RF coverage should be considered.
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Figure 1. Global mosaic of the Mini-RF east-looking CPR map. (a) The north pole from 70∘N and (b) the south pole from
70∘S, both in the polar stereographic projection. (c) Cylindrical projection of the nonpolar region with latitudes from
70∘S to 70∘N. Brighter tones indicate higher CPR values. The spatial resolution is 100 m/pixel.

2.2. Diviner RA Data
The difference in the thermal inertia of rocks and fine-grained regolith causes a temperature difference
between rock and regolith during lunar nighttime. This provides a means to estimate rock abundance from
multispectral thermal infrared observations. Based on this principle, the areal fraction of surface rocks with
size ≳1 m, defined as the rock abundance, RA, was estimated using Diviner nighttime brightness tempera-
tures at 13–23, 25–41, and 50–100μm by Bandfield et al. (2011). In deriving RA values, local slopes were taken
into account with respect to modeled temperatures of surface rocks. We use RA values derived from Diviner
observations collected from 5 July 2009 to September 2012. The coverage of the RA data is from 80∘S to 80∘N,
and the spatial resolution is 128 pixels/degree, corresponding to ∼236.9 m/pixel at the lunar equator. Away
from craters, the background RA value is typically only ∼0.004–0.006, with a standard deviation of <0.0015
that can be taken as an indicator of the RA precision. Maria surfaces show slightly higher RA because of the
many rocks associated with numerous small impact craters. In contrast, small craters in the highlands do not
typically have rocks and only larger craters, with diameters greater than several kilometers, show elevated RA.
Due to shadowing at high latitudes, the diurnal temperature range is too low to yield a reliable estimate of
the RA. Consequently, the coverage of the RA map decreases progressively for regions with |latitude| ≥ 60°.

2.3. Impact Crater Catalogue
We use the automated crater-finding algorithm described by Eke et al. (2017) to find impact craters in the
global lunar topographical data. This algorithm simulates the gradual flooding of the topography with vir-
tual water, and crater candidates are found by looking for near-circular virtual puddles. LOLA topographical
data in the cylindrical projection with a spatial resolution of 128 pixels/degree are used for the region with
|latitude| < 75∘, and those in the polar stereographic projection with a resolution of∼240 m/pixel are used for
the two poles. An initial search results in >115000 candidate craters with diameters between 2.5 and 24 km.
The abundance of craters is within 10% of that in the Lunar Crater Catalogue LU78287GT from Salamunićcar
et al. (2014) at all diameters from 30 km up to 100 km, where the results are also similar with those from Head
et al. (2010). This, along with detailed checks in small areas, gives us confidence to extrapolate to smaller
craters using our catalogue. We put in several additional criteria to find well-defined craters, including that the
rim is a local maximum in elevation, that the elevation drops off smoothly to 1.5rc (rc: crater radius), and that
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Figure 2. Global distribution of the 5465 craters (blue) with diameters between 8 and 20 km from the LU78287GT
catalogue and the 4,030 craters (red) with diameters between 2.5 to 24 km. (a) The north pole from 70∘N and (b) the
south pole from 70∘S, both in the polar stereographic projection. (c) Cylindrical projection of the latitudes from 70∘S to
70∘N. The black curves outline the boundary of the mare basalts from the USGS (Laneuville et al., 2013).

the elevation increases approximately monotonically from 0.5rc to rc, with 0.5rc being higher than the crater
center. With these additional criteria, 4,030 impact craters with diameters between 2.5 and 24 km were found
in total, of which 1,099 craters are located over the north pole (> 70∘N), 536 craters are located over the south
pole (<70∘S), and 2,395 craters are located in nonpolar regions (|latitude| < 70∘).

The above algorithm and rules tend to select craters with larger depth/diameter ratios. Thus, this database of
small craters cannot be used to determine crater number densities because it has uncertain completeness. We
use the LU78287GT catalogue to provide a set of craters with diameters > 8 km that samples the lunar surface
more uniformly than the set of 4,030 from our own catalogue. This crater catalogue contains 78,287 impact
craters and is claimed to be complete for craters with diameters >8 km. In our analysis below concerning with
crater number density, we also selected the 5,465 impact craters with diameters between 8 and 20 km from
the LU78287GT crater catalogue.

Figure 2 shows the distributions of all the craters in these two catalogues. Craters with diameters between 2.5
and 24 km are distributed relatively uniformly across the low-latitude regions. In contrast, most craters with
diameter >8 km in LU78287GT are concentrated into the lunar highlands. This reflects the older age of the
highlands relative to the maria. Compared with nonpolar regions, the two polar regions have more abundant
small impact craters (<8 km), but this just reflects the spatially variable completeness in our catalogue.

2.4. Registration of the Data Sets
As LRO Mini-RF, Diviner, and LOLA all use the same spacecraft position information, coregistration between
these data sets should not be a significant problem at the spatial resolution (∼100 m) in our analysis. However,
offsets between the locations of craters in the LOLA DEM and Mini-RF are evident (as an example, see Figure 1
in Fa and Cai (2013)). We have estimated the size of this effect empirically using the 2900, out of 4030, craters
with a difference of at least 0.1 between their median interior and exterior CPR pixel values. This distinction is
sharp enough that these craters can be used to determine the typical shift required to coregister the Mini-RF
and LOLA maps. The median shift required is ∼0.9 km, which is significantly smaller than the typical crater
size we are studying. Consequently, the rectification of the Mini-RF map should not be too inappropriate as a
result of the misregistration that is present in the PDS data sets.
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Figure 3. (a) Exterior (out to 1.4rc) RA versus interior RA and (b) Exterior CPR versus interior CPR for all the well-sampled
craters in the 4030 crater catalogue. The black dots represent median values for the interior and exterior regions. The
red lines represent the best fit linear relations in both cases. The green line represents the interior and exterior median
CPR difference of 0.1, and craters on the right of this line are CPR anomalous. CPR = circular polarization ratio; RA = rock
abundance.

3. Results

This section is split into three main parts, the first of which shows general relations between interior and
exterior regions for RA and CPR. The second part addresses the relative abundance of anomalous craters at
different latitudes and its implication for water ice. The third part considers what the existence of anomalous
craters can teach us about the process of crater evolution.

3.1. General Relation Between Crater Interior and Exterior Regions
In the analysis below, distributions of surface topography, slope, CPR, and RA are associated with each crater.
We will emphasize the differences in these properties between crater interior and exterior regions. For each
crater, the study region goes from the crater center to 1.4 times the crater radius. This choice of outer boundary
makes the surface areas of the interior and exterior regions approximately equal so that noise properties are
similar. Since lunar surface CPR and RA distributions are generally non-Gaussian with long tails (e.g., Bandfield
et al., 2011; Fa & Cai, 2013), their median values are used as a more robust measure than the mean pixel value.

We only consider well-sampled craters with data coverage larger than 90%. For the 4,030 crater catalogue, in
total, there are 2,250 well-sampled craters in the RA map, and 2,268 well-sampled craters by Mini-RF. When
a crater is well-sampled by Mini-RF in both west- and east-looking mosaics, we take the mean of the two
median pixel CPR values. Figure 3 shows the relations between crater interior and exterior median values of
RA and CPR. A linear relation exists for both RA and CPR, with RAext = 0.135RAint + 0.0025 and CPRext =
0.75CPRint + 0.10. 50% of craters have RAint >RAext, and 43% have equal interior and exterior values (the RA
values are discretized to 0.001, as is evident in Figure 3). For CPR, 74% of craters have larger interior values,
with the CPR difference varying from 0 to 0.35, whereas the remaining 26% having interior CPR values that
are less than 0.1 smaller than those in the exterior regions. In general, fresh craters possess large CPR and RA
in both interior and exterior regions, and old craters have small CPR and RA values. Similar results are found
for all the well-sampled craters with diameters of 8–20 km in the LU78287GT catalogue, and details are given
in Figure S4.

3.2. Spatial Distribution of CPR-Anomalous Craters
To study the distribution of radar anomalous craters in the CPR maps, we define CPR-anomalous craters as
those with ΔCPR = CPRint − CPRext ≥ 0.1. While there is disagreement in the literature as to the cause of
CPR-anomalous craters, the issue we seek to address here is how uniformly distributed they are over the
lunar surface. Figure 4 shows the spatial distribution of CPR-anomalous craters for both our sample and the
subset of LU78287GT craters with diameters of 8–20 km. Relative to the LU78287GT subsample, our anoma-
lous craters are concentrated towards the poles. However, this merely reflects the uneven coverage that was
already illustrated in Figure 2.
3.2.1. Are Polar Radar Anomalous Craters Overabundant?
With the distribution of CPR-anomalous craters in Figure 4, it is now possible to quantify whether or not
polar radar anomalous craters are overabundant. Figure 5 shows the number density of craters as a function
of latitude for all LU78287GT craters with diameters of 8–20 km, the subset of those that are well-sampled
with Mini-RF data, and the number density of craters that are both well-sampled and CPR-anomalous. We
use the LU78287GT craters to determine these number densities because this catalogue is more complete
(Salamunićcar et al., 2014).
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Figure 4. Global distribution of the 228 (red) CPR-anomalous craters in the 4,030 crater catalogue and the 182 (blue)
CPR-anomalous craters in the LU78287GT catalogue. (a) The north pole from 70∘N and (b) the south pole from 70∘S,
both in the polar stereographic projection. (c) Cylindrical projection of the latitudes from 70∘S to 70∘N. The black curves
outline the boundary of the mare basalts from the USGS (Laneuville et al., 2013). CPR = circular polarization ratio.

From Figure 5a, the number density of craters with diameters of 8–20 km varies slightly with latitude, having
a maximum at mid-high latitudes of 45∘–65∘ . This is consistent with the relative cratering rate on the Moon
in Le Feuvre and Wieczorek (2011), which predicts only a 20% variation in cratering rate for impact craters
with diameter> 1 km across the lunar surface. However, because of the high-priority for Mini-RF observations
over the polar regions, the number density of radar well-sampled craters increases significantly away from the
equator. As a consequence, the number density of craters that are both well-sampled and CPR-anomalous is
about 7–8 times higher in the polar regions at |latitude|> 80∘ than it is in the equatorial regions. Neverthe-
less, the fraction of well-sampled craters that are CPR-anomalous shows no significant evidence that polar
CPR-anomalous craters are overabundant, as shown in Figure 5b. A constant anomalous fraction of 0.17, inde-
pendent of latitude, represents a good fit to the measurements. The two lunar poles are typical highland
terrain, whereas the nonpolar regions consist of maria and highlands. To exclude the geological target effect
on the spatial distribution of CPR-anomalous craters, Figures 5c and d show the areal density and the ratio of
CPR-anomalous craters as a function of latitude for highlands craters only. Once again, there is no significant
evidence that polar CPR-anomalous craters are overabundant.

The overabundance of polar CPR-anomalous craters found by Spudis et al. (2013) is most probably caused by
the fact that the polar regions are more likely to have been observed by Mini-RF than nonpolar regions (99%
versus 67%), making it easier to find polar anomalous craters. A similar test can be performed using craters
with diameter < 8 km from our 4030-crater sample, by determining the fraction of radar-well-sampled craters
that are CPR-anomalous as a function of latitude. Again, this exercise shows no significant overabundance of
CPR-anomalous craters at the poles (details are in Text S1).

In our Mini-RF image mosaicking, an equirectangular projection is used for the nonpolar region (|Latitude| <
70∘), and polar stereographic projections are used for the two poles (|Latitude|> 70∘). The equirectangu-
lar projection can cause distortion at mid to high latitudes. However, this does not affect any of our results,
because we only consider well-sampled craters (Mini-RF coverage >90%) and account for the differing areas
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Figure 5. (a) Areal density of LU78287GT craters with: 8 ≤ diameter/km ≤ 20 (black), the subset with Miniature Radio
Frequency (Mini-RF) coverage ≥ 0.9 (red), and the subset with Mini-RF coverage ≥ 0.9 and ΔCPR ≥ 0.1 (blue).
(b) Fraction of well-sampled craters that are CPR-anomalous as a function of latitude, folding together both
hemispheres. (c) Areal density of LU78287GT craters over the highlands with: 8 ≤ diameter/km ≤ 20 (black), the subset
with Mini-RF coverage ≥ 0.9 (red), and the subset with Mini-RF coverage ≥ 0.9 and ΔCPR ≥ 0.1 (blue). (d) Fraction of
well-sampled craters over the highlands that are CPR-anomalous as a function of latitude, folding together both
hemispheres. The error bars in (a) and (c) represent 1𝜎 statistical uncertainties assuming a Poisson distribution, and the
error bars in (b) and (d) follow from the straightforward propagation of errors.

of each pixel being used when calculating median pixel CPR values. Also, the pixel areas do not vary much
within the vast majority of our craters, because they all have diameters smaller than 24 km. For example, in
the 4,030 crater catalogue, there are only five craters that cross the ±70° lines where the craters go from cylin-
drical to polar stereographic projections. In these cases the ratio of maximum/minimum pixel areas is 2.7. For
the other 4,025 craters, this ratio is <1.08, that is, the largest pixel is <8% larger than the smallest one.

3.2.2. Implications for Water Ice over the Lunar Polar Regions
At the moment, there is no direct means systematically to obtain the abundance of surface rocks over the
lunar polar regions directly from remote sensing observations. The Lunar Reconnaissance Orbiter Camera
(LROC) Narrow Angle Cameras (NACs) conducted long-exposure observations over a certain number of PSR
craters using the diffuse sunlight reflected from crater walls and nearby massifs around the solstice (Koeber
et al., 2014; Mitchell et al., 2017). Preliminary results revealed that some PSR craters (e.g., Kocher, Sylvester N)
do contain abundant exposed rocks with sizes from 20 to 50 m, but have no detected reflective anomaly (a
signature of water frost). In future, as all the PSRs are imaged at a high spatial resolution, one needs to examine
those CPR-anomalous craters without surface rocks, which could be potential sites for water ice deposits.
Nevertheless, even if polar CPR-anomalous craters were found with no interior surface rocks, there would
still be no means to exclude the possibility of the CPR signal resulting from subsurface rocks (Fa & Cai, 2013).
Furthermore, neutron spectroscopy measurements rule out deposits of ≳10 wt.% water ice within the upper
meter of the Moon that are at least O(10 km) in size (e.g., Lawrence et al., 2011).

Bistatic radar can provide measurements of radar echo as a function of bistatic (phase) angle, which can be
used to search for the coherent backscatter opposition effect (CBOE) that is indicative of the presence of a
weakly absorbing medium (e.g., pure water ice or regolith; e.g., Hapke, 1990; Peters, 1992). The recent Mini-RF
bistatic experiment reported a CBOE-like CPR peak at small phase angle on the floor of Cabeus crater, which is
different from the observed opposition responses from the ejecta of several Copernican-aged craters (Patter-
son et al., 2017). This unique opposition surge at Cabeus is interpreted as possible evidence for near surface
deposits of water ice. While the phase angles of these bistatic campaign are similar, the radar incidence angle
on the floor of Cabeus is much larger than those of the Copernican-aged craters (82.4–86.8∘ versus 41–71∘ ,
Tables 2 and 3 in Patterson et al., 2017). Previous studies show that CPR increases with radar incidence angle,
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and CPR at an incidence angle of 80∘ is ∼2–3 times larger than that at 40∘ (e.g., Fa et al., 2011; Thompson
et al., 2011). Therefore, the CBOE-like CPR peak over Cabeus may result from the large radar incidence angle.
To exclude this possibility, future Mini-RF bistatic observations should compare different geological targets
with the same viewing geometry. Also, the occurrence of CBOE due to volume scattering only indicates the
presence of a weakly absorbing medium (e.g., Hapke, 1990). Pure water ice is not the only such weakly absorb-
ing material. Other materials, such as sulfur and regolith with low ilmenite abundance, are weakly absorbing
as well. Therefore, CBOE alone is not a diagnostic signal for the presence of water ice.

Note that our results exclude the presence of a large quantity of pure water ice over large regions near the
lunar poles. However, our results do not preclude the existence of a few percent of water ice that fills the
pores in the regolith. If there is only a small percent of water ice, or if there is a veneer of water frost with a
thickness much smaller than radar wavelength (Lucey et al., 2014), then the effective dielectric permittivity of
the regolith-ice mixture will differ so slightly from that of typical regolith (see Figure 16 in Fa et al., 2011) that
Mini-RF will not be able to detect its effect on the CPR. This has been verified by both theoretical modeling (Fa
et al., 2011) and Mini-RF observation of the LCROSS impact site (Neish et al., 2011), where the concentration
of water ice is estimated to be 5.6±2.9 wt.% (Colaprete et al., 2010).

In our study, we only analyzed Mini-RF S-band data. There are also C-band observations, though the data cov-
erage (Figure S1) is very sparse. Combined analysis of S- and C-band data products could provide information
from the surface and subsurface to a depth of several meters. For example, C-band observations are sensitive
to surface roughness and smaller rocks (≲cm), but cannot see subsurface scatterers several meters deep. The
Mini-RF S-band can see at least several meters, and therefore provides information on subsurface inhomo-
geneity. To provide quantitative information about the subsurface, one needs to study radar echo behavior
as a function of radar wavelength. In addition, surface roughness is scale dependent and one needs to quan-
tify how roughness differs at the two wavelengths. Using dual-frequency data could be a method for water
ice detection, but more work on scale-dependent scattering modeling and better understanding of surface
properties would be prerequisites for such studies.

3.3. Evolution of Impact Craters
Given that the CPR-anomalous craters are present across the lunar surface, with no intrinsic preference for
polar locations, one is led to wonder what has given rise to such craters. In this subsection, we present results
that suggest these craters are just part of the normal evolutionary sequence for lunar impact craters.

3.3.1. Variation with Crater Depth/Diameter Ratio
As a crater degrades, it becomes shallower and its diameter increases due to the cumulative effect of microm-
eteorite bombardments (e.g., Fassett & Thomson, 2014). Therefore, the depth/diameter ratio of a crater
can be used as a measure of its relative age, with a larger value indicating a younger crater. Figures 6a
and 6b show the differences in CPR and RA between the crater interior and exterior regions as a function of
depth/diameter ratio for all of our well-sampled craters with diameters between 2.5 and 24 km. One can see
that ΔCPR (=CPRint − CPRext) and ΔRA (=RAint − RAext) increase with depth/diameter ratio, especially when
the depth/diameter ratio is larger than ∼0.1.

The crater degradation state, as indicated by the depth/diameter ratio, also depends on diameter. To high-
light the behavior of ΔCPR as a function of crater degradation state, it is better to use a narrower diameter
range of craters while keeping the diversity of degradation state. As the population of larger craters is gener-
ally small, we selected impact craters with diameters of 3–4 km for detailed study. Figure 6c shows ΔCPR as
a function of depth/diameter ratio for these smaller craters. In contrast with the behavior in Figure 6a, ΔCPR
peaks at a depth/diameter of ∼0.17 and decreases at higher depth/diameter. Given the uncertainty in coreg-
istration between the Mini-RF image with topography data, we further shifted the center of each crater to
obtain the maximum ΔCPR. During shifting, the maximum difference in distance between the centers of the
unshifted and shifted CPR maps is set to 1.4 km. Figure 6d shows ΔCPR as a function of depth/diameter for
the shifted craters. The variation is more evident in Figure 6d because anomalous craters, which tend to have
depth/diameter∼0.15, preferentially have theirΔCPR increased during the shifting of the CPR map. Note that
after shifting, the depth/diameter ratio at which ΔCPR is the largest decreases from ∼0.17 to ∼0.15.

The same shifting algorithm can be applied to all the well-sampled craters in Figure 5, and an alternative
result (Figure S5) for the latitude dependence of CPR-anomalous craters can be obtained. Once again, there
is no significant evidence for a latitude dependence in the fraction of CPR-anomalous craters (ΔCPR ≥ 0.1).
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Figure 6. Difference in circular polarization ratio (a) and rock abundance (b) between crater interior and exterior regions
as a function of crater depth/diameter ratio for all of our well-sampled impact craters. Black dots are for individual
craters, and red dots are average values within depth/diameter bins of width 0.02, with the error bars indicating the 68%
confidence interval on the means assuming that the individual crater values in each bin are Gaussian distributed. Panels
(c) and (d) are just for craters with diameters between 3 and 4 km and represent results respectively without and with a
shift of the circular polarization ratio map to try and align it with the Lunar Orbiter Laser Altimeter digital elevation
model.

We found that a constant fraction of 0.25, rather than the 0.17 from before the shift was applied, provides a
good fit.

The dependence ofΔCPR andΔRA on depth/diameter ratio in Figure 6 reflects the evolution of impact craters.
In CPR and RA images, young fresh craters with a large depth/diameter ratio usually have comparably high CPR
and RA values in both their interior and exterior regions, whereas old craters with a smaller depth/diameter
ratio are characterized by low CPR and RA values. Anomalous craters can be regarded as an intermediate class,
where the interior CPR and RA values are larger than the corresponding values in the exterior region. This can
explain the variation of ΔCPR as a function of depth/diameter ratio in Figures 6c and d. Note that there is no
clear drop in ΔRA at larger depth/diameter ratio like that seen in ΔCPR. This may imply that the exterior RA
is smaller than that of the interior region upon crater formation, or it may be that too few sufficiently young
craters exist in our sample to show this trend.

3.3.2. Case Studies of Individual Craters
As the crater degradation state evolves, the crater interior and exterior CPR and RA generally decrease. To
study the evolution of impact craters and to investigate the behavior of craters in the optical, radar, and
infrared RA maps, we selected five impact craters (labeled as craters 1–5, Table 1 and Figure 7) for detailed
analysis. These five craters are located over the highlands and their diameters vary from ∼7 to 10 km. These
two selection criteria can help to minimize the effect of geological target and diameter on the formation and
degradation of impact craters.

In optical images, crater 1 has a sharp, well-defined crater rim, and its exterior region is characterized by “ele-
phant hide” slope textures or regolith ripples (Melosh, 2011; Xiao et al., 2013) that extend more than two
diameters from the rim. Abundant rocks with diameters from several to tens of meters can be found in its
interior and exterior regions. Craters 2–4 have well-defined rims, but they are not as sharp as that of crater 1.
Faint “elephant hide” slope textures can be found in the exterior regions of craters 2 and 3, but not for crater 4.
Sporadic rocks with diameters from several to tens of meters exist on the exterior slopes of crater 2, but no
meter-scale rocks can be found in the exterior regions of craters 3 and 4. The rim and the interior region of
crater 5 are flatter than those of the corresponding regions of craters 1–4. The diameter and number of impact
craters superposed on the exterior regions of their rims increase sequentially from craters 1 to 5. All of these
morphological characteristics indicate that these five craters become older from craters 1 to 5.
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Table 1
Information for the Five Impact Craters Used as Case Studies

CPR RA

Crater Location Diameter (km) Depth/diameter Interior Exterior Interior Exterior

1 30.49∘ N, 84.02∘ E 8.4 0.22 0.96 0.91 0.034 0.017

2 37.92∘ S, 156.67∘ W 7.3 0.19 0.92 0.85 0.012 0.004

3 44.05∘ N, 57∘ E 9.4 0.21 0.78 0.54 0.015 0.002

4 30.94∘ N, 108.08∘ W 7.5 0.19 0.72 0.60 0.005 0.004

5 39.55∘ N, 71.12∘ E 8.1 0.07 0.51 0.52 0.004 0.004

Note. CPR = circular polarization ratio; RA = rock abundance.

Figure 8 shows the surface elevation normalized by crater diameter, bidirectional slope, CPR and RA for these
five impact craters. From left to right, craters become shallower and the inner wall slope decreases. For craters
1 and 2, the interior and exterior CPRs are high and comparable. The interior CPR values of craters 3 and 4
are much larger than their exterior ones, the signature of CPR-anomalous craters. For crater 5, the interior
and exterior CPR are roughly equivalent, and both are low. Note that the high sporadic CPRs near the rim are
contamination by small fresh craters.

In the RA map, crater 1 has both high interior and exterior RA, though the interior RA is about twice that of
the exterior region. Craters 2 and 3 have much higher interior RA values, and low exterior RA values that are
equivalent to the background value. For craters 4 and 5, RA values in both the interior and exterior regions
are similarly low.

Moving from left to right in Figure 8, it is apparent that exterior RA or CPR values can be low while the cor-
responding values for the interiors of the craters are high. Furthermore, using the evolutionary order implied
by the optical images, it is possible to infer that the exterior values of these properties decrease more rapidly
than those for the crater interiors, and that both interior and exterior RA values decrease more quickly than
the corresponding CPR values. As Mini-RF CPR is sensitive to rocks from the surface to a depth of a few meters,
this implies that surface rocks are weathered away more rapidly than subsurface rocks.

Figure 9 shows the radial profiles for the normalized surface elevation, surface slope, CPR and RA for these
five craters. Depth/diameter ratios of the first four craters are large and very similar, while the depth/diameter

Figure 7. Kaguya Terrain Camera (TC) optical images for five selected impact craters in the highlands with different
degradation states: (a) crater 1 (30.49∘N, 84.02∘E; 8.8 km), (b) crater 2 (37.92∘S, 156.67∘W; 6.9 km), (c) crater 3
(Shuckburgh E; 44.05∘N, 57∘E; 9.9 km), (d) crater 4 (30.94∘N, 108.08∘W; 7.9 km), and (e) crater 5 (39.55∘N, 71.12∘E; 7.0 km).
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Figure 8. Normalized surface elevation (top row), slope (second row), CPR (third row) and RA (bottom row) for the selected five craters: crater 1 (the first column),
crater 2 (the second column), crater 3 (Shuckburgh E) (the third column), crater 4 (the fourth column), and crater 5 (the fifth column).

ratio of crater 5 is much smaller. For each individual crater, the largest inner wall slope occurs about 0.5–0.9rc

from the crater center and this maximum slope decreases as the crater is degraded. For the two intermediate
craters (3 and 4), interior CPR values are much higher than those of the corresponding exterior regions. For
crater 4, the largest CPR occurs over the inner wall where surface slopes are the highest, which is consistent
with the finding by Eke et al. (2014). Craters 3 and 4 both have a CPR that decreases rapidly with distance
outside the crater rim. For the fresh crater 1, the exterior RA decreases gradually with distance, whereas RA
decreases rapidly with distance for craters 2 and 3. RA values for craters 4 and 5 are roughly equal to the
background value (∼0.004–0.006) independent of cratercentric distance.

4. Discussion

In this section, we discuss potential factors for the high CPR values and the evolution of rocks associated with
impact craters.

4.1. What is Responsible for the CPR Values?
The results in the previous section suggest that surface rocks as inferred from Diviner measurements are
weathered away more rapidly than the surface and subsurface rocks that give rise to the high radar CPR. Both
theoretical modeling and observations show that surface roughness and rocks either perched on the lunar
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Figure 9. Radial profiles of the (a) normalized surface elevation, (b) slope, (c) CPR and (d) RA for the selected five craters.

surface or buried in the regolith are two major contributors to radar echoes from the lunar surface (e.g., Fa
et al., 2011; Ghent et al., 2016). We now investigate the relative contributions to the CPR of surface and buried
rocks in the context of the two-component mixture radar scattering model in Fa and Cai (2013). Surface or
subsurface rocks with size from a few tenths to tens of radar wavelengths are good scatterers that can produce
high radar echoes. In this model, radar CPR from a lunar surface consists of single scattering from a normal
surface without rocks at meter scales and larger and double scattering from meter-scale rocks that can be
either surficial or subsurface. The single scattering CPR depends mainly on surface roughness and rocks at
wavelength scale and smaller (∼cm) (Fa et al., 2011), whereas that from double scattering depends primarily
on the abundance of rocks at meter scales and larger (Fa & Cai, 2013). Double scattering is modeled as two
successive reflections from a dihedral structure that is much larger than the wavelength, which belongs to
scattering in the optical region (compared to the Rayleigh and Mie regions). Scattering in the optical region
occurs when a scatterer is ∼10 wavelengths in size. This corresponds to a scale of ∼1.3 m for Mini-RF S-band,
which is roughly the same scale as that probed by the Diviner RA. Additionally, both the single and double
scattering CPR vary with radar incidence angle, surface slope, and dielectric permittivity. The total CPR is sim-
ply the weighted sum of the two scattering terms, with a weighting factor of the surface/subsurface fraction
of meter-scale rocks for double scattering and the fraction of normal surface for single scattering.

Requiring that both the Mini-RF and Diviner radiometer fractional coverages exceed 0.9 reduces our sample
of 4,030 craters to 710 well-sampled impact craters. The dots in Figure 10 show the relations between CPR
and RA for the well-sampled 710 impact craters. The two black curves in Figure 10 are the predicted CPR as a
function of RA from the two-component mixture radar scattering model. In the model calculation, the single
scattering CPR is chosen empirically as 0.5, and the double scattering CPR is chosen as 4, corresponding to
a rock with a density of 3.15 g/cm3 and a real part of the dielectric permittivity of 7.8 (Fa & Cai, 2013). As
the single scattering CPR depends on surface roughness, centimeter-scale rocks, surface slope, and dielectric
permittivity and the first three factors vary greatly across the lunar surface (Fa & Wieczorek, 2012; Rosenburg
et al., 2011), the single scattering CPR should vary from place to place. By increasing (decreasing) the single
scattering CPR value, the black curves in Figure 10 simply shift up (down). The grey regions in Figure 10 show
the range of predicted CPR variation with the single scattering CPR changing from 0.3 to 0.7.

As can be seen, a significant number of craters fall into the model predicted grey regions, indicating that rocks
and surface roughness could be the major contributors to their observed CPRs. However, there are craters with
low surface RA but high CPR values (dots above the grey region), and there are also craters with high interior
RA values but only intermediate CPR values (dots right of the grey region). Dots above the grey region indicate
that either the surface or subsurface RA is underestimated. If subsurface rocks are considered in the model
(Figure 10b), then the number of impact craters above the grey region decreases. For impact craters with
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Figure 10. The relation between CPR and RA for 710 well-sampled impact craters (dots) and predictions from the
two-component mixture radar scattering model in Fa and Cai (2013) (black lines): (a) no subsurface rocks are considered,
and (b) both surface and subsurface rocks are included. In the model calculation, the single scattering CPR is chosen to
be 0.5. The lower and upper boundaries of the grey regions correspond to a single scattering CPR of 0.3 and 0.7,
respectively, and the double scattering CPR is chosen to be 4.0. CPR = circular polarization ratio; RA = rock abundance.

interior RA larger than 0.1, double scattering from only surface rocks can overestimate the CPR significantly.
The discrepancy might result from differences in penetration depth and rock size between the S-band Mini-RF
and the Diviner thermal radiometer. Diviner derived RA is for surface rocks at meter scales and larger, whereas
the Mini-RF S-band is sensitive to rocks at scales of ∼10 cm from the surface to a depth of 2–3 m. In addition,
the double scattering CPR could vary across the surface, because it depends on dielectric permittivity and
radar incidence angle and these two parameters could vary laterally.

4.2. Evolution of Rocks Associated with Impact Craters
The Diviner RA quantifies surface rocks at the meter scale and larger (Bandfield et al., 2011), whereas Mini-RF
is sensitive to rocks down to the centimeter scale from the lunar surface to a depth of a few meters (typi-
cally ∼1–3 m). Based on the evolutionary order of craters inferred from the morphological characteristics in
Figure 7, the presence and evolution of meter-scale rocks in the vicinity of impact craters can be tracked in
optical, infrared and radar images (Figures 8 and 9).

A newly formed crater possesses surface and subsurface rocks both inside and outside its rim, and therefore
has a high CPR. Over time, both surface and subsurface rocks break down due to micrometeorite bombard-
ment and other weathering processes. For fresh craters, the inner wall slope is generally much larger than the
outer wall slope (e.g., crater 1 in Figures 8 and 9). As mass wasting depends largely on surface slope, surface
rocks within crater rims are more readily replenished than those in the exterior regions. Consequently, the
exterior RA decreases quickly to the background level, whereas the interior RA remains higher until mass wast-
ing is no longer able to introduce new surface rocks at the same rate at which they are weathering away. Due
to self-shielding by the lunar regolith, subsurface rocks break down more slowly than surface rocks. As radar
waves are sensitive to subsurface rocks down to several meters, a low surface RA could coincide with a high
CPR (e.g., the exterior of crater 2). Subsequently, subsurface rocks in the exterior region eventually break down
while there are still surface rocks in the interior. This leads to craters like crater 3 with high interior RA and CPR
and low exterior values, a defining characteristic for anomalous craters. When mass wasting becomes ineffi-
cient in replenishing the interior surface rocks, the interior RA will decrease while subsurface rocks keep the
interior CPR high. Finally, the subsurface rocks in the interior either become covered by enough fine-grained
regolith (at least 2–3 m) or break down and become much smaller than the radar wavelength (12.6 cm for the
Mini-RF S-band), and the crater looks old in both the CPR and RA images (e.g., crater 5).

The question arises, how long does each crater evolution stage last? Equivalently, what are the survival times
of meter-scale rocks at the surface and within the regolith based on radar and infrared observations? We
selected 113 impact craters with known Absolute Model Ages (AMAs), 100 from Baldwin (1985) and the other
13 from Trang et al. (2015). Absolute model ages of these craters were estimated based on the density of
craters formed on their rims and ejecta, and 92 craters have a relative uncertainty in age <30%. In total, there
are 104 craters in the RA map with interior and exterior RA coverage≥90%, and 62 craters in the CPR map with
interior and exterior CPR coverage ≥50%. Figure 11 shows the surface RA and radar CPR values as functions
of crater age for both the interior and exterior regions. We used an exponential decay function to fit both CPR
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Figure 11. Interior (top) and exterior (bottom) rock abundance (left) and CPR (right) as a function of age for 113
selected craters. Error bars show the uncertainties in the absolute model ages.

and RA as a function of crater age, t, via
F(t) = F0 exp(−kt) + Fb , (1)

where F represents RA or CPR, F0 + Fb is the initial value for fresh craters, Fb is the background value, and k is
a constant indicating how rapidly F(t) decays.

Table 2 shows the best-fitting coefficients for the interior and exterior CPR and RA and their uncertainties.
The interior CPR decays so slowly, presumably as a result of mass wasting on the steep inner slopes, that the
best-fitting F0 and Fb values for this case are individually poorly constrained. These parameters are highly
anticorrelated such that a larger value of one implies a lower value of the other. However, the relative decay
timescales for all quantities can reliably be compared. k values for CPR are much smaller than the correspond-
ing ones for RA, indicating that CPR decays more slowly than RA. This is because radar CPR is sensitive to
both surface and subsurface rocks whereas Diviner RA is only for surface rocks. For the exterior region of an
impact crater, the surface slope is generally small, and hence mass wasting does not significantly refresh sur-
face rocks. Therefore, the rate at which exterior surface rocks break down should be representative of that for
a normal flat surface. From the fitting of the exterior RA, the median survival time of meter-scale rocks is about
20 Ma, and the 99% survival time (99% of meter-scale rocks have broken down) is about 120 Ma. Basilevsky
et al. (2013) counted >1,600 boulders at least 2 m in diameter on the rims of 12 lunar craters (150–950 m
in diameter) with known ages and found that the median survival time of meter-scale surface rocks is about
40–80 Ma and that the 99% survival time is about 150–300 Ma. Our times are generally smaller than those in
Basilevsky et al. (2013), which might result from the difference in the size of surface rocks in the two studies.
Another reason could be that Basilevsky et al. (2013) investigated craters smaller than 1 km, whereas the min-
imum crater in our study is 2.5 km in diameter. Perhaps mantling of rocks by a surface regolith layer could act
differently in different sized craters.

Table 2
Coefficients in the Fitting of the CPR and RA Decay with Age

F F0 k/(Ga−1) Fb

RAint 0.09 (0.05, 0.12) 12.0 (4.4, 19.5) 0.02 (0.01 0.02)

RAext 0.11 (0.10, 0.11) 37.6 (33.9, 41.4) 0.0041 (0.0037, 0.0045)

CPRint 1.96 (−212.8, 216.7) 0.014 (−1.5, 1.6) -1.23 (−216, 213.6)

CPRext 0.25 (0.07, 0.44) 9.3 (1.3, 17.3) 0.55 (0.5, 0.6)

Note. Numbers in bold are the best-fit coefficients whereas those in brack-
ets correspond to the 95% confidence intervals.
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We also examined the impact craters in Trang et al. (2015) and found that the youngest crater (Hainzel L) with
low interior and exterior CPR and no surface rocks is ∼3.8 Ga old. This may imply that craters could spend up
to a few billion years in the CPR-anomalous phase, and that this represents an upper limit on the survival time
of subsurface rocks.

5. Conclusions

In this study, we constructed two controlled orthorectified global Mini-RF mosaics, and systematically inves-
tigated the correlations between radar CPR, surface slope, RA, and depth/diameter ratio for >4,000 impact
craters. Our results imply the following:

1. CPR-anomalous craters are distributed relatively uniformly across the lunar surface. Once the Mini-RF
spatially varying sampling is accounted for, there is no evidence to support the hypothesis that polar
CPR-anomalous craters are overabundant. Hence, Mini-RF CPR data do not provide evidence to support the
existence of a large quantity of pure water ice over the lunar poles.

2. Most CPR-anomalous craters are relatively young with large depth/diameter ratios, indicating that they are
just at an intermediate stage of normal crater evolution.

3. Comparison between a two-component mixture radar scattering model and the observations show that
the model can match the observations for a significant number of craters, indicating that rocks and surface
roughness are the major contributors to the observed CPR values. There are discrepancies for a few craters,
but these may be explained by differences in the penetration depth and rock size being probed by Mini-RF
and the Diviner radiometer.

4. Preliminary results show that crater exteriors spend up to ∼120 Ma with Diviner RA≥0.01 and ∼3 Ga in the
CPR-anomalous phase.

Our results show that the existence and spatial distribution of CPR-anomalous craters on the Moon do not
indicate the presence of large quantities of pure water ice in the polar regions. To find convincing evidence
for highly concentrated deposits of water ice using radar CPR, one would need to exclude alternative expla-
nations as the cause for such CPR signals. With several planned missions focusing on the polar regions (e.g.,
NASA’s Lunar Resource Prospector, China’s Chang’E-P1) in the next 10 years (e.g., Lawrence, 2017), more direct
evidence for water ice deposits should be forthcoming, allowing their locations and amounts to be quantified.

Even though we find that CPR-anomalous craters provide no significant new constraints on polar water ice
deposits, such craters form part of a sequence that can help us to understand the formation and evolution of
impact craters and their ejecta. In future, if the ages of individual craters can be estimated with higher accu-
racy, then the duration of each evolutionary stage can be more tightly constrained. In addition, the behavior
of impact craters <1 km in diameter would be another interesting future topic for providing insight into the
lunar regolith.
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Erratum

In the originally published version of this manuscript, the supplementary spreadsheet containing the crater
data was mistakenly omitted. This error has since been corrected and the file has been added. This version
may be considered the authoritative version of record.
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