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a b s t r a c t

Radar provides a unique means to analyze the surface and subsurface physical properties of geologic
deposits, including their wavelength-scale roughness, the relative depth of the deposits, and some
limited compositional information. The NASA Lunar Reconnaissance Orbiter’s (LRO) Miniature Radio Fre-
quency (Mini-RF) instrument has enabled these analyses on the Moon at a global scale. Mini-RF has accu-
mulated !67% coverage of the lunar surface in S-band (12.6 cm) radar with a resolution of 30 m/pixel.
Here we present new Mini-RF global orthorectified uncontrolled S-band maps of the Moon and use them
for analysis of lunar surface physical properties. Reported here are readily apparent global- and regional-
scale differences in lunar surface physical properties that suggest three distinct terranes, namely: a (1)
Nearside Radar Dark Region; (2) Orientale basin and continuous ejecta; and the (3) Highlands Radar
Bright Region. Integrating these observations with new data from LRO’s Diviner Radiometer rock
abundance maps, as well Clementine and Lunar Prospector derived compositional values show multiple
distinct lunar surface terranes and sub-terranes based upon both physical and compositional surface
properties. Previous geochemical investigations of the Moon suggested its crust is best divided into
three to four basic crustal provinces or terranes (Feldspathic Highlands Terrane (-An and -Outer),
Procellarum KREEP Terrane, and South Pole Aitken Terrane) that are distinct from one another. However,
integration of these geochemical data sets with new geophysical data sets allows us to refine these
terranes. The result shows a more complex view of these same crustal provinces and provides valuable
scientific and hazard perspectives for future targeted human and robotic exploration.

! 2014 Elsevier Inc. All rights reserved.

1. Introduction

An important shift in our understanding of the lunar crust was
the recognition that the regional-scale structure and distribution of
materials on the Moon are dominated by lateral heterogeneities
rather than on gross vertical stratigraphy (Jolliff et al., 2000;
Wieczorek and Phillips, 2000). Our current understanding of the
lunar crust suggests that it is divisible into distinct geologic terr-
anes based primarily on compositional grounds. Yet physical

properties of these same surface materials provide an independent
means to help unravel lunar geologic history and assess their
exploration potential. Due to limited amounts of data available
prior to this point, these characteristics have not been fully inte-
grated into our global view of the lunar crust. However, surface
physical properties often play a determining factor in the distribu-
tion of volcanic and impact materials ultimately influencing spatial
differences in surface and subsurface composition. In this context,
synthetic aperture radar provides valuable insights regarding the
surface and near subsurface physical character of lunar terranes.
Here, we use radar data to more tightly integrate physical and
compositional factors in global lunar geologic perspective.
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Earth-based radar studies have focused on determining the
physical character and depth of the lunar regolith for interpreta-
tion of lunar geologic history, resource characterization, landing
site hazards, and evaluation of physical properties of the lunar
surface (e.g., Thompson et al., 1974a; Ghent et al., 2005;
Campbell et al., 2007). However, these data sets are limited by
spatial resolution, changing observation geometries, and most
importantly, to the lunar nearside, given the synchronous rotation
of the Moon about the Earth. As a result, analyses of the lunar
surface have been limited to relatively regional nearside localities.
While there is significant merit to these studies, a more global
analysis can bring to bear significant insight and additional context
to these local analyses. In this regard, the suite of instruments
carried aboard NASA’s recent Lunar Reconnaissance Orbiter (LRO)
are providing much needed global information regarding lunar
surface physical properties such as surface roughness and rock
abundance at both the surface and at modest depths into the reg-
olith (Figs. 1–3). One of these instruments, and the dominant focus
of this study, is the Mini-RF hybrid polarization synthetic aperture
radar. Mini-RF has built upon its predecessor, Chandrayaan-1’s
Mini-SAR (which observed almost exclusively the lunar poles
(Spudis et al., 2010)), by observing !67% of the lunar surface at
S-band (12.6 cm), including !99% of the North and South polar
regions (±70" to ±90") (McAdam et al., 2011; Cahill et al., 2012;
Spudis et al., 2013) (Figs. 2 and 3). This includes never before
observed radar coverage of western Orientale, the farside
Feldspathic Highlands Terrane (FHT), and the South Pole Aitken
Terrane (SPA). These regions are at best only partially visible from
Earth-based radar observatories (e.g., Campbell et al., 2007; Ghent
et al., 2008). As a result, Mini-RF offers the first global radar
perspective of the lunar surface and subsurface physical properties
to integrate with other global lunar data sets.

In this work, we present an analysis of the Moon’s global phys-
ical properties in the context of S-band radar and compare our
results to optical and thermal data sets (e.g., the LROC Wide Angle
Camera (WAC), the LRO Diviner Lunar Radiometer, Clementine
near-infrared, and Lunar Prospector gamma-ray data products).
The combination of these data sets impart additional insight
regarding the surface properties of the various terranes defined
based on composition (Jolliff et al., 2000). In general, individual
lunar terranes represent a rock formation or group of rock forma-
tions that predominate and are discrete from adjacent groups of
rock units. In this context, Jolliff et al. (2000) defined the three
dominant lunar terranes: the Procellarum KREEP Terrane (PKT),
the Feldspathic Highlands Terrane (FHT), and the South Pole-
Aitken Terrane (SPAT). The Procellarum KREEP Terrane (PKT) is
delineated on the basis of having thorium concentrations generally
exceeding 3.5 ppm (Fig. 4a). For the most part, this coincides with
the large volcanically resurfaced area on the nearside of the Moon.
South Pole-Aitken Terrane is divided into (1) the inner topographic
depression with the highest FeO concentrations (generally >8 wt.%)
(Lucey et al., 2000a), and (2) the outer extent of the mafic anomaly
corresponding to ejecta and degraded rim deposits (Fig. 4b and c).
The Feldspathic Highlands Terrane (FHT) is defined as (1) the FHT-
Anorthosite (-An), which consists of the FeO-poor (<5 wt.%) region
on the northern-central farside of the Moon, and (2) the outer-FHT,
which has been modified by volcanic deposits and basin impacts
and their ejecta deposits (Jolliff et al., 2000).

Here, global observations of the Moon’s S-band radar scattering
properties are first examined independently from previous lunar
geochemical terrane designations. We do this by simplifying
Mini-RF scattering observations in much the same way the
initial lunar terranes were classified, by de-emphasizing local
effects in order to examine larger-scale variability. This broader
perspective, in turn, is used to constrain regional-scale crustal
differences that suggest the lunar surface can be differentiated

into a modest number of regional terranes dominated by specific
surface scattering regimes. We then integrate these observations
(in addition to observations of rock abundance, maturity, and
titanium) with Jolliff et al.’s (2000) initial compositional view of
the lunar crust, and suggest specific refinements to these crustal
divisions.

2. Mini-RF instrument and its analysis capabilities

Mini-RF is a hybrid-polarized, side-looking, synthetic aperture
radar (SAR) that transmits in either S-band (12.6 cm) or X-band
(4.2 cm) wavelengths and operates in either ‘‘baseline’’ mode
(150 m resolution) or ‘‘zoom’’ mode (15 " 30 m resolution)
(Raney, 2006; Chin et al., 2007; Nozette et al., 2010). Here, we con-
centrate our analysis on S-band zoom data products. These data are
sensitive to centimeter to meter-sized scatterers (!0.1 to !1.25 m
in size) on the surface or in the near subsurface (roughly meters
deep depending upon regolith composition). Mini-RF is unique in
its capability to collect radar data from the entire lunar globe at
a consistent and nearly unrestricted viewing geometry (Raney,
2006; Raney et al., 2012). This is a perspective that Earth-based
imaging surveys cannot achieve due to the synchronous motion
of the Moon about the Earth. This data is used to compute several
additional parameters that provide complementary information
about the lunar surface and near subsurface and are commonly
utilized by ground-based radar astronomers.

3. Mini-RF derived data products and analysis method

Mini-RF transmits a circularly polarized signal, and measures
returned signals in two orthogonal linear polarizations (H and V)
allowing for the calculation of all four Stokes parameters S1, S2,
S3, and S4 (Raney, 2006; Raney et al., 2012) (Fig. 5a). These are
calculated by,

S1 # hjEHj2 $ jEV j2i %1&

S2 # hjEHj2 ' jEV j2i %2&
S3 # 2RehEHE

(
V i %3&

S4 # '2ImhEHE(
V i %4&

where E is the complex voltage in the subscripted polarization.
These products are collected in strips consisting of 7.5 " 15 m pixels
from an optimum LRO orbit of 50 km from the surface; this enables
an effective resolution of 30 m/pixel. Global maps are constructed
by down sampling and boxcar averaging these strips to an effective
resolution of 100-m/pixel, to reduce speckle noise. Data strips are
then orthorectified to a 128-pixel/deg Lunar Orbital Laser Altimeter
(LOLA) digital terrain model (DTM) with a simple cylindrical projec-
tion. Orthorectified and projected strips are then combined to con-
struct a 100-m/pixel global mosaic of each Stokes parameter. These
global products are then down sampled and boxed car averaged
once again to 30 pixels/deg consistent with other optical (e.g.,
Clementine, LROC WAC) and thermal infrared (i.e., Diviner) global
!1 km/pixel data products.

Decreasing our higher resolution data products to lower
resolution products substantially reduces the multiplicative noise,
which is determined by the number of statistically independent
looks figured into the same scene. This is an inherent trait of
synthetic aperture radar data sets and applies to all of Mini-RF’s
data products. Mini-RF has an effective multiplicative noise (Neff)
of 6.7, and reducing the spatial resolution by averaging reduces
the error of the products used substantially (100 m/pix ! 2.5%;
30 pix/deg < 2%).

The four Stokes parameters can be used to compute additional
parameters that are commonly used for the analysis of radar data.
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Fig. 1. LROCWAC global 8 pixels/deg monochrome maps of the lunar surface. Data are presented in four oblique orthographic projections centered on (a) 0"E, 45"N; (b) 90"E,
45"N; (c) 180"E, 45"S; and (d) 270"E, 45"S. OP – Oceanus Procellarum; IM – Imbrium; S – Serenitatis; Trq – Tranquilitatis; Cr – Crisium; Hu – Humorum; SPAT – South Pole
Aitken Terrane; Mo – Moscoviense; Tsi – Tsiolkovsky.

Fig. 2. Mini-RF global 8 pixels/deg CPR maps of the lunar surface. Data are presented in four oblique orthographic projections centered on (a) 0"E, 45"N; (b) 90"E, 45"N; (c)
180"E, 45"S; and (d) 270"E, 45"S. OP – Oceanus Procellarum; IM – Imbrium; S – Serenitatis; Trq – Tranquilitatis; Cr – Crisium; Hu – Humorum; SPAT – South Pole Aitken
Terrane; Mo – Moscoviense; Tsi – Tsiolkovsky.
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There are several relevant child parameters leveraged here for
analysis. The most common product derived for analysis is the
circular polarization ratio (CPR). This value is defined as the ratio
of the backscattered power in the same-sense (SC) polarization
that was transmitted relative to the backscattered power in the
opposite-sense (OC) polarization returned to the instrument
receiver (Fig. 5b). The SC and OC products can be expressed,
respectively, as

CPR # S1 ' S4
S1 $ S4

# SC
OC

%5&

Since radar returns change polarization upon backscattering,
single-bounce echoes from areas of the lunar surface that are
smooth at wavelength scales will return low CPP values, while
multiple-bounce scattering from rough surfaces generate CPP val-
ues approaching one or greater. However, this is a simplification
and exceptions can occur (Campbell, 2012; Raney et al., 2012).
Therefore, it is important to consider other available perspectives
as well.

The Stokes parameters also support matrix decomposition
techniques that are a well established analysis tool for Earth-
observing radar instruments (e.g., Cloude and Pottier, 1997) but,
until recently (Raney et al., 2012), have not been applied to
planetary radar analyses. Decomposition depends on identifying
two (or more) variables that together classify the backscattering
characteristics of the observed scene. The Mini-RF team has

adopted the m-chi decomposition for this purpose. In this formula-
tion the key inputs are the degree of polarization, m,

m # %S22 $ S23 $ S24&
1=2

=S1 %6&

and the degree of circularity, v,

sin 2v # 'S4=mS1 %7&

The m-chi decomposition is expressed through a color-coded
image with,

R # )mS1%1$ sin 2v&=2*
G # )S1%1'm&*
B # )mS1%1' sin 2v&=2*

%8&

where R represents the double-bounce component, G represents the
random-polarized (volume scattering) component, and B represents
the single-bounce component of backscatter in an observed scene
(forward scattering in weakly absorbing media like water; Fig. 5c).

3.1. Mini-RF radar as an analytical tool

Radar is dominantly sensitive to the size of surface scatterers,
their roughness within the context of their surroundings, and
composition (e.g., TiO2 and FeO). An advantage of radar data is
its sensitivity range to these properties that extends to near
subsurface scatterers as well. While this is an advantage over
optical and thermal instrumentation it also introduces a degree

Fig. 3. Mini-RF global 8 pixels/deg m-chi maps of the lunar surface. Data are presented in four oblique orthographic projections centered on (a) 0"E, 45"N; (b) 90"E, 45"N; (c)
180"E, 45"S; and (d) 270"E, 45"S. OP – Oceanus Procellarum; IM – Imbrium; S – Serenitatis; Trq – Tranquilitatis; Cr – Crisium; Hu – Humorum; SPAT – South Pole Aitken
Terrane; Mo – Moscoviense; Tsi – Tsiolkovsky.
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of complexity to radar interpretation that often leads to multiple
possible interpretations without additional data (Carter et al.,
2011). Therefore, radar analysis and interpretation is enhanced
with additional complementary data sets.

In more specific terms, the sensitivity of radar to surface and
subsurface scattering is dependent upon the wavelength transmit-
ted and observed, the dielectric constant (e0 + ie00) and the loss
tangent (tand = e00/e0) of the regolith, where e0 and e00 are the real
and imaginary component of the regolith dielectric constant
(Campbell, 2002; Carter et al., 2009). These values are in general
dependent upon the composition and porosity of the regolith
(Campbell et al., 2009). In the case of the Moon, lunar highlands
regolith has a reported average dielectric constant of 2.8, and loss
tangent range of 0.01–0.001 (Hagfors, 1970; Carrier et al., 1991). In
contrast, loss tangents for terrestrial volcanic materials are higher
and range from 0.001 to 0.1 with e0 values ranging between 5 and 9
(Campbell and Ulrichs, 1969). This difference is primarily because
lunar highlands typically consist of anorthositic-rich materials that
have low iron and titanium contents. In contrast, areas with high-
titanium abundances, dominantly housed within ilmenite (FeTiO3),
are described as high-loss tangent materials (i.e., low radar
returns) (Carrier et al., 1991; Campbell et al., 1997). However,
fine-grained materials such as pyroclastic, ash, or dark halo ejecta

deposits will have dielectric constants between 2 and 4 (Campbell
and Ulrichs, 1969). Penetration depth, Lp, is described as the depth
to which radar power has decreased by e'1,

Lp # k=%2p%e0&1=2 tan d& %9&

where k is the radar wavelength (Carter et al., 2009). Unlike optical
data sets that only observe the upper microns of a surface, radar can
generally probe 0.1–10 times its wavelength and perhaps more if
large cross-sections of low-loss tangent materials (e.g., anorthosite)
are present (Campbell and Hawke, 2005).

3.2. LRO and Clementine data products

We analyze the Mini-RF data in concert with the Lunar
Reconnaissance Orbiter Camera (LROC) Wide-Angle Camera
(WAC) (Robinson et al., 2010), the Diviner Lunar Radiometer Exper-
iment (Paige et al., 2010), and Clementine derived data products
(Nozette et al., 1994). The LROC WAC data products include the
monochrome imagery and stereo-derived topography for analysis
of mare/highland and global-scale terrane boundaries (Robinson
et al., 2010; Scholten et al., 2012). The Diviner data products include
rock abundance (RA) maps derived from channels 6 (13–23 lm),
7 (25–41 lm), and 8 (51–100 lm) following the procedures

Fig. 4. Global, 8 pixels/deg, orthorectified, and simple cylindrical projections of (a) Lunar Prospector-derived thorium (ppm) maps, (b) Clementine-derived iron (wt.%) and (c)
LROC WAC stereo-derived topography. Boundaries are an interpretation of Jolliff et al. (2000) geochemical designations based upon thorium and iron abundances.
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outlined in Bandfield et al. (2011). For clarity, PDS archived rock
abundance maps are multiplied by a factor of 100 for percentage
units; most of the lunar surface rock abundances are <2% or a
0.02 concentration. We also consult iron, titanium, and surface
optical maturity (OMAT) maps derived from the Clementine near-
infrared camera using the methods of Lucey et al. (2000a) as well
as thorium maps derived from Lunar Prospector Gamma Ray
Spectrometer (Binder, 1998; Lawrence et al., 2000a, 2000b). Optical
imagery and related data products are most often used to deter-
mine compositional information regarding the upper microns of
surfaces. Thermal infrared data sets offer sensitivities to material
physical properties in the upper centimeters of a surface. And

finally, S-band radar and gamma ray data enables a view of the
lunar surface that ultimately probes the lunar regolith at centime-
ter to 1–2-m depths, depending upon regolith characteristics.

4. Observations

4.1. Global surface scattering regimes

Among the immediately apparent observations made in optical
data sets is the difference between mare and highlands surfaces
(Fig. 1). This observation is also apparent in Mini-RF’s S-band maps
but for much different reasons (Figs. 2 and 3). Highland areas show

Fig. 5. Global, 8 pixels/deg, orthorectified, and simple cylindrical projections of (a) LROC WAC, and (b) Mini-RF total power S1 (c) CPR, and (d) m-chi maps.
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elevated CPR values due to an increase in surface or subsurface scat-
terers, suggesting more coarse and/or rough surfaces at the S-band
wavelength. In contrast, mare basaltic surfaces show low CPR val-
ues. These radar dark surfaces on the nearside extend far beyond
the PKT geochemical province boundaries in what is usually desig-
nated as Outer-FHT surfaces and non-PKT basaltic surfaces on the
eastern limb (compare Figs. 4 and 5). What is also readily apparent
is that SPAT and FHT are nearly indistinguishable; showing very
similar elevated surface CPR values (Table 1 and Fig. 5). This sug-
gests that Mini-RF is detecting an increase in radar scatterers in
the surface to near subsurface (1–2 m depth). These materials must
be at least centimeter- to meter-scale cobbles and boulders on the
surface or near subsurface of both SPAT and the FHT. These partic-
ular characteristics have led us to divide the lunar surface into at
least two dominant surface scattering regimes, the Nearside Radar
Dark Region and Highland Radar Bright Region (Fig. 5). The
Orientale impact basin is the only large regional-scale feature on
the Moon that appears to depart from this visually distinct surface
scattering dichotomy. Its inner regions between Montes Rook and
Cordillera exhibit some of the highest regional CPR values (0.69)
on the lunar surface. The extended ejecta of Orientale is also unique
relative to its surroundings showing lower CPRmaterials in the east
as noted in previous Earth-based studies (Campbell and Hawke,
2005; Ghent et al., 2005) and higher CPR in the west as observed
by Mini-RF. These characteristics have led us to consider Orientale
impact basin a unique region of the Moon and to consist of a third
dominant surface scattering regime (Fig. 5).

4.2. Radar bright features

4.2.1. The Highlands Radar Bright Region
The Highland Radar Bright Region of the Moon is not uniformly

bright, but is the result of many surface features, large and small,
that combine to raise the overall radar backscatter of the region.

Among the more readily apparent features in Mini-RF S-band maps
(both S1, CPR, and m-chi) are radar-bright features associated with
impact structures. Consistent with previous ground-based obser-
vations (e.g., Thompson et al., 1974b; 1978, 1981; Zisk et al.,
1974; Ghent et al., 2005; Campbell et al., 2007; Bell et al., 2012;
Campbell, 2012) the strongest radar returns are found in the walls,
floors, and proximal ejecta blankets of fresh impact craters. Radar-
bright returns around fresh craters are caused by three separate
but related elements. First, radar returns of proximal ejecta facies
are enhanced due to the rough surface texture compared to the rel-
atively smoother surfaces of more mature regolith. Second, the
presence of subsurface scatters in the form of an increased abun-
dance of centimeter- to meter-sized rocks contributes to diffuse
scattering. Third, the presence of coherent bodies of impact melt
also contributes to the higher than average backscattered energy
(although are often only relatively minor physical contributions
in smaller craters). The expected lifetime of each element differs:
textures < rocks < impact melts (Bell et al., 2012; Thomson et al.,
2013). Impact gardening rapidly and readily erases surface texture
effects; rough textures are quickly restored to background average
values via meteoroid bombardment. The persistence of rocks on
the lunar surface has been modeled experimentally and numeri-
cally; the median lifetime of a 1 kg rock on the lunar surface is
!10 Ma (Hörz, 1977). Buried rocks (that are still within the pene-
tration depth of the radar) take accordingly longer to be further
comminuted via impact gardening and turnover. The third contrib-
utor to radar-bright halos is impact melt (e.g., Carter et al., 2012).
Melts are present both as large quantities of smaller collective
blebs or droplets disseminated in a more weakly shocked clastic
matrix and as more extensive coherent flows, pools, and ponds.
It is this latter type of thick accumulation of impact melts that
remains detectable with radar, even in relatively old impact struc-
tures such as Tsiolkovskiy (e.g., Greenhagen et al., 2013; Neish
et al., 2013; Thomson et al., 2013).

Table 1
Terrane average composition, radar scattering, and rock abundance characteristics.

Th TiO2 FeO CPR OMAT % RA

Mean d Mean d Mean d Mean d Mean d Mean d

Nearside Radar Dark Terrane
PKTa 5.5 1.7 2.4 2.0 15.3 4.5 0.46 0.10 0.18 0.03 0.48 0.63
Inner-PKT 5.2 1.4 3.3 1.9 18.5 3.0 0.46 0.08 0.18 0.03 0.50 0.72
Humorum 2.1 0.5 3.1 1.4 17.8 4.2 0.52 0.11 0.17 0.03 0.77 1.20
Imbrium 5.1 1.4 2.9 1.3 18.6 2.6 0.45 0.08 0.18 0.03 0.51 0.64
Nubium 4.9 1.2 3.7 1.8 16.1 2.7 0.49 0.10 0.16 0.04 0.49 0.66

Intra-PKT 6.2 2.2 1.9 1.5 12.8 3.3 0.46 0.11 0.16 0.03 0.38 0.42
Serenitatis 2.3 0.8 4.3 2.8 17.3 3.5 0.46 0.09 0.15 0.03 0.47 0.61

Outer-PKT 4.9 1.1 0.5 0.4 9.5 2.7 0.49 0.12 0.18 0.03 0.40 0.59

KBTb

Inner-KBT 2.0 0.8 3.2 2.5 15.1 4.5 0.47 0.10 0.15 0.03 0.46 0.53
Crisium 1.3 0.2 2.8 1.2 16.0 2.6 0.52 0.14 0.15 0.02 0.50 0.38
Fecunditatis 1.7 0.2 3.2 1.6 15.9 2.9 0.45 0.09 0.14 0.04 0.46 0.56
Smythii 1.4 0.2 1.6 1.2 11.1 3.1 0.48 0.09 0.10 0.06 0.43 0.40

Outer-KBT 1.8 0.8 1.6 1.6 10.3 3.1 0.48 0.11 0.14 0.04 0.39 0.34
Marginis 1.3 0.2 1.7 1.2 11.4 3.0 0.49 0.08 0.12 0.06 0.42 0.34
Nectaris 1.6 0.2 2.2 0.9 11.6 2.4 0.43 0.08 0.15 0.02 0.39 0.33

Highlands RDTc 1.2 0.8 0.4 0.3 6.7 1.9 0.49 0.12 0.17 0.04 0.35 0.34

Highlands Radar Bright Terrane
SPAT 1.8 0.5 0.9 0.6 12.0 2.3 0.60 0.12 0.18 0.03 0.32 0.30
FHT 0.6 0.5 0.1 0.1 4.4 0.5 0.56 0.13 0.18 0.03 0.34 0.25
Moscoviense 1.0 0.2 1.8 1.7 9.8 3.9 0.54 0.09 0.14 0.02 0.36 0.22

Orientale Terrane
Mare Orientale 0.6 0.2 2.4 1.5 11.1 3.1 0.57 0.09 0.15 0.02 0.44 0.27
Inner-Orientale 0.3 0.2 0.3 0.3 5.7 1.2 0.69 0.12 0.18 0.02 0.46 0.34
Outer-Orientale 0.5 0.6 0.4 0.4 6.5 1.5 0.55 0.12 0.16 0.03 0.36 0.28

a PKT – Procellarum KREEP Terrane.
b KBT – KREEP Bearing Terrane.
c HRDT – Highlands Radar Dark Terrane.
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4.2.2. Radar bright impact basins
The characteristics of multiple impact basins produce amongst

the highest radar scattering returns on the lunar surface. In this
regard, the Orientale impact basin is particularly unusual relative
to optical imagery, maturity, and thermal infrared derived RAmaps
(Fig. 6). The western portion of the Orientale impact basin proxi-
mal ejecta readily stands out from its surroundings in S-band radar
data products with enhanced CPR values greater than !0.7 partic-
ularly on its rings west of the limb (!95"W). These radar bright
areas were previously denoted as the Maunder Group, smooth
intensely fractured planes, and the Montes Rook Formation,
knobby facies between and mantling Montes Rook and Cordillera
and perhaps extending just beyond the topographic high of Montes
Cordillera (Scott et al., 1977; Spudis et al., 1984). M-chi analyses
(Fig. 6f) suggest the western side of Orientale is consistent with a
combination of double- and volumetric-scattering. Higher CPR
(>0.7) and double-bounce regional measures are also consistent
with dihedral scatterers (i.e., rockier materials), likely on the scale
of centimeter- to meter-sized gravels to boulders and blocks. These
measures are typical of Lowell crater and the Orientale rings. Mate-
rials with more modest CPR values (!0.55–0.7) and higher degrees
of volumetric scattering are observed between the Orientale rings
and moving west of Montes Cordillera. In some cases, Clementine-
derived OMATmaps are consistent with these higher CPR andm-chi
double-bounce and volumetric-scattering characteristics by show-
ing more immature (OMAT of 0.23–0.3) materials inside the basin.
However, these measures are largely due to fresh impact crater
(e.g., Lowell crater) walls and the inner-Rook ring topographic
scarps of Orientale. A spatially disproportionate amount of these
materials characterize western vs. eastern Orientale proximal
basin and near-basin continuous ejecta and may contribute to
some of the rugged characteristics observed by Mini-RF. Observa-
tions from Diviner-derived RA maps show a western Orientale
region largely devoid of boulder- and block-sized materials
(P1 m diameter; RA < 0.5%) with the exception of Lowell crater
and southwestern Orientale, which show modestly more dense
RA concentrations of !1.0% and greater. This suggests western Ori-
entale materials are likely consistent with either smaller surficial
gravels and cobbles at the lower end of the wavelength scale
(>0.06 to <1 m scale), or potentially more coarse boulder and
blocky materials (!0.25–1.25 m scale or greater) in the near sub-
surface, blanketed by a relatively thin layer of regolith; neither sce-
nario is detectable by Diviner RAmaps. Interestingly, as soon as the
outer threshold between basin and continuous ejecta is met on the
Cordillera ring and regional topography increases to 3–4 km
moving into the northern, western, and southern highlands, CPR
and m-chi double-bounce and volume-scattering characteristics
drop and become more subdued although still elevated relative
to eastern Orientale ejecta deposits. This suggests a transition to
thinner and more mature Orientale continuous ejecta deposits of
the Hevelius Formation.

Another CPR bright area is SPAT (Fig. 5). SPAT is the second
brightest region on the Moon in S-band radar, and brighter than
the core of the FHT-An on the farside (although it is difficult to dif-
ferentiate from the scattering measures of the FHT visually)
(Table 1). However, SPAT and western Orientale are distinct from
one another in terms of their surface scattering properties. This
is more apparent in the m-chi child parameter (Fig. 5) that shows
western Orientale to be dominated by a combination of volume-
and double-bounce scattered materials. In contrast, SPAT shows
primarily single-bounce (blue) characteristics suggestive of at least
a 1–2 m regolith layer containing smaller than wavelength-scale
(<12.6 cm) scatterers, which is consistent with the low RA values,
and therefore lack of >1 m sized materials, observed by Diviner
(Fig. 6). The only exceptions are Copernican craters within SPAT
that also show a combination of volumetric and double scattering

characteristics similar to Orientale. The radar bright yet single-
bounce characteristics of SPAT are intriguing especially since
portions SPAT contain ilmenite-bearing materials as interpreted
from Clementine TiO2 maps that are highly absorbing in radar
wavelengths (Fig. 7). Also unusual, is the observation that most
regions within SPAT that have enhanced TiO2 (1–4 wt.%) also have
high radar backscatter (CPR) relative to mare areas on the nearside.

4.3. Radar dark features

4.3.1. The Nearside Radar Dark Region
One of the more immediately apparent observations to be made

from Mini-RF’s global S-band maps is the difference between mare
and highlands geologic units. Mare areas show lower total back-
scatter and CPR values relative to highlands areas, suggesting that
basaltic surfaces consist of materials that are less coarse and/or
rough than highland surfaces at the scale of the S-band radar
wavelength. As viewed by Mini-RF there are some exceptions;
for example, some maria have CPR values that are relatively high
and consistent with surrounding highlands (e.g., Mare Moscov-
iense, Humorum, and mare regions within the SPA basin). But,
for the most part, mare basaltic terranes are characterized with
an overall low total backscatter and CPR values. This initial obser-
vation may suggest that highland terranes have rockier surfaces, or
subsurface scatterers in a thick, low-loss regolith play a more
prominent role than surface materials in the highlands. However,
as discussed further in Section 6, these observations may also be
a result of mare consisting of higher TiO2 content, which can
decrease CPR, or less large-scale roughness that would create spec-
ular echoes at 48 deg incidence.

The caveat with these radar interpretations of mare regions is
Diviner-derived RA maps show them to be potentially incomplete
by suggesting larger quantities of surficial meter-scale boulders
and blocks in mare relative to highlands areas (Fig. 7; Bandfield
et al., 2011). Highlands areas are for the most part devoid of con-
centrated RAs except for younger Copernican-aged craters
(Bandfield et al., 2011). While Mini-RF is sensitive to a range of
centimeter to multiple meter-sized materials within modest centi-
meter to meter depths of the surface, including finer weathering
products that Diviner RA maps are not sensitive to, actively trans-
mitted radar signals are absorbed by Ti-bearing ilmenite mineral-
ogy resulting in low radar returns. This makes the normally crisp
boundary division between mare and highlands units in optical
observations to appear more diffuse. Similar diffuse boundaries
are observed around the basins making up the PKT (e.g., Oceanus
Procellarum, Imbrium, etc.) and basaltic flows east of the PKT in
the outer-FHT mare regions (e.g., Mare Serenitatis, Tranquilitatis,
Crisium, etc.; Fig. 5).

One prominent example with a low CPR lunar surface is western
Oceanus Procellarum and eastern Orientale region. Oceanus Pro-
cellarum has very low CPR values that stay low when moving out
of the basin and into the eastern Orientale continuous ejecta. In
this region of eastern Orientale basin, the Maunder Formation
and the eastern continuous ejecta of the Hevelius Formation, sur-
face materials off ring scarps are characterized with relatively uni-
form single bounce (Bragg) scattering. This suggests a regolith with
a high abundance of less-than-wavelength-scale scatterers (centi-
meter diameter materials) blanketing most features. Volumetric
scatterers of this hemisphere dominantly reflect regolith depth
and maturation that suggests thin, smooth wavelength-scale, and
Ti-bearing mare-like scattering characteristics. These characteris-
tics reach beyond normal western-Oceanus Procellarum bound-
aries and into eastern and southern Orientale basin Hevelius
Formation continuous ejecta. Previous studies of this region have
been done with Clementine near-infrared and 70-cm Earth-based
radar and suggest it is influenced in part by subsurface cryptomare
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deposits (Mustard and Head, 1996; Campbell et al., 2007) as well
as a radar dark halo region of fine-grained ejecta (Ghent et al.,
2005).

Radar dark halos are thought to be distal fine-grained ejecta
deposits that begin and extend beyond the blocky, continuous
ejecta that appear brighter than average surrounding radar returns.
Ghent et al. (2005) noted that radar-dark ejecta haloes are present
for Lower Imbrium craters and younger (<3.7 Ga). As Ghent et al.
(2008) interpreted with a partial view in Earth-based radar, the
Orientale impact exhibits many of these same characteristics.
However, Mini-RF observes the Orientale halo as incomplete mov-
ing from east to west (Fig. 6d and e). The reason why eastern Ori-
entale proximal and extended ejecta has low total backscatter and
CPR values may be the result of a combination of factors, including
finer-wavelength scale materials (e.g., Ghent et al., 2005, 2008),
subsurface cryptomare (e.g., Campbell and Hawke, 2005), and/or
large-scale mixed highland/mare of different material composi-
tions and sizes material (Fig. 6d and e). However, none of these
characteristics appear to be prevalent on the western-side of

Orientale within Montes Cordillera as well as proximal and
extended ejecta deposits. Titanium maps suggest no cryptomare
influence, and if finer-scale Orientale continuous ejecta deposits
are present they are thin enough relative to the eastern side that
Mini-RF is viewing through them to more coarse subsurface
cobbles to boulder-size materials.

5. Refinement of lunar terranes

Because the physical properties of the Moon vary substantially
from the boundaries of geochemical provinces suggested by Jolliff
et al. (2000), here we re-evaluate and refine the existing lunar ter-
rane divisions in terms of their physical properties. Jolliff et al.
(2000) acknowledged an argument for further divisions may be
possible even on the basis of composition alone, yet avoided doing
so in part for simplicity. Here, in general, the previous geochemical
divisions delineated by Jolliff et al. (2000) remain largely intact.
However, additional physical property information returned by

Fig. 6. Orthographic projections (16 pixels/deg) of Orientale impact basin as observed from (a) LROC WAC monochrome image, (b) LROC WAC stereo DEM, (c) Clementine
derived OMAT, (d) Mini-RF CPR, (e) Diviner derived rock abundance (RA), and (f) Mini-RF derived m-chi where red – double bounce backscattering (db), green – volumetric
scattering (vs), and blue – single bounce backscattering (bs). HF – Hevelius Formation; Mt. C – Montes Cordillera; Mt. R – Montes Rook; S – Schluter; MG – Mare Grimaldi; OP
– Oceanus Procellarum; C – Cruger; F – Focus; W – Wright; MO – Mare Orientale; E – Eichstadt; Sch – Schickard; L – Lowell. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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LRO as well as previous orbiters enable and suggest refinement.
These refinements are suggested not for the sake of refinement
alone, but in order to make the existing geochemical provinces
even more relevant for future exploration of the lunar surface by
connecting scientific relevance with hazard assessments.

In Fig. 8 we submit our analysis of discrete regions easily divis-
ible by composition (as before), physical properties, or both. These
divisions show fundamental, large, regional-scale, and relatively
systematic differences in surface physical properties (Fig. 9). These
regions include the FHT and SPAT, as before, and the PKT although
nested within a more spatially expansive physical property con-
text. We also argue that the Orientale impact basin is a fundamen-
tally unique terrane in much the same way SPAT is. Physical
property information visually suggests SPAT and FHT are not easily
distinguishable from one another based upon S-band radar, RA, and
OMAT. However, the combination of physical and chemical prop-
erty data sets suggest the FHT and SPAT are indisputably discrete
geologic terranes (Fig. 9).

We subdivide the traditional PKT region of the Moon primarily
on the basis of physical properties (Fig. 9); however, composition
does seem to vary somewhat systematically with these divisions
(Fig. 10). The Inner-PKT is characterized with all the typical charac-
teristics of the original PKT (e.g., between 3.5 and 5.8 ppm Th, and
an average of 18.5 wt.% FeO and 3.3 wt.% TiO2), with the added
refinements of >0.5% average RA, a low mean CPR (0.46), and

perhaps one of the least mature (OMAT ! 0.18) iron-rich regions
on the surface on the Moon. This region also has the highest
standard deviation in RA (!0.72) as a result of Mare Humorum,
which has anomalously high RA (!0.77%) relative to the rest of
the nearside mare regions and perhaps the entire lunar surface.
As one moves from the center of the Inner-PKT outward into what
we designate as the Intra-PKT, which is characterized with basaltic
surfaces that become gradually lower in rock abundances
(RA ! 0.38%) and are gradually more mature (OMAT ! 0.16) on
average, but have very similar CPR values (0.46). Iron and titanium
abundances also decrease, however thorium abundances (6.2 ppm
mean Th) are the highest on the Moon. The Outer-PKT, an area
mostly north of Imbrium and Oceanus Procellarum and encom-
passing Mare Frigoris, is unusual as it still has enriched Th and
FeO abundances, but is depleted in TiO2 (0.5 wt.%). The Outer-PKT
is also characterized by a similar meter-scale boulder concentration
(0.40%) relative to the Intra-PKT, but is the most immature area
on average (OMAT ! 0.19), and has a higher mean CPR value (0.49).

Moving out of the traditional PKT (>3.5 ppm Th), other regions
within the Nearside Radar Dark Terrane are not devoid of KREEP
influence. While these regions do not fit within the Th abundance
constraints of Jolliff et al. (2000), they still have 1–2 ppm Th
abundance on average (Fig. 10). These regions consist of the
Inner-KREEP Bearing Terrane (Inner-KBT), which consists of Mare
Serenitatis, Tranquilitatis, and several other eastern limb maria

Fig. 7. Global, 8 pixels/deg, orthorectified, and simple cylindrical projections of (a) Clementine-derived TiO2, (b) Clementine-derived OMAT, and (c) Diviner-derived RA maps.
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that have higher FeO and TiO2 abundances (15.1 and 3.2 wt.%,
respectively) as well as elevated concentrations of meter-sized
boulders and blocks (0.46%). However, interestingly this region is
also among the most mature regions on the Moon. The Outer-
KREEP Bearing Terrane (Outer-KBT) contains the highland regions
bordering eastern limb maria regions and is characterized by lower
concentrations of meter-scale boulders and blocks (0.39%), as well
as lower FeO and TiO2 (9.5 and 1.6 wt.%, respectively). The High-
lands Radar Dark Terrane (HRDT) is the outer-most region of the
Nearside Radar Dark Terrane and consists dominantly of the
portions previously designated as outer-FHT areas. However, it still

has greater than 1 ppm mean Th, higher FeO and TiO2, modestly
higher RA concentrations, and lower CPR values relative to the FHT.

6. Analysis of apparent lunar terrane physical and chemical
property trends

6.1. Trends between physical properties and age

A few of the surprising observations collected during the anal-
ysis of Jolliff et al.’s (2000) terrane designations and the one
reported here are modest trends between RA, CPR, and OMAT

Fig. 8. Physical and chemical terranes proposed for the lunar surface. FHT – Feldspathic Highlands Terrane; SPAT – South Pole Aitken Terrane; PKT – Procellarum KREEP
Terrane; OT – Orientale Terrane; KBT – KREEP Bearing Terrane; NRDT – Nearside Radar Dark Terrane; HRDT – Highlands Radar Dark Terrane.

Fig. 9. Lunar terrane physical property comparisons for (a) CPR relative to RA; in (b) CPR relative to OMAT; and (c) RA relative to OMAT.
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(Fig. 9). Bandfield et al. (2011) examined the lunar surface RA and
regolith fines at a global scale and also compared Diviner-derived
RA estimates of selected regions (e.g., Aristarchus, Tycho, Coperni-
cus, and King craters) with visually counted boulders using the
LRO’s Narrow-Angle Camera (NAC) data and CPR maps derived
from the Mini-RF instrument. The results of Bandfield et al.’s
(2011) comparison suggest qualitative and quantitative similari-
ties between Diviner RA and LROC NAC-derived results, while
qualitative comparisons with Mini-RF CPR display similarities but
also clear differences in the relative magnitude and areal extent
of rocky signatures. However, here in the context of broad-scale

lunar surface terranes, CPR and RA exhibit a negative trend
(Fig. 9a). A positive trend between CPR and OMAT and the lack of
an overall trend between RA and OMAT reinforce this observation
and suggest that, in the context of large-scale surface processes,
CPR and RA are collecting information about fundamentally differ-
ent aspects of the lunar surface and subsurface regolith. Either CPR
is much more sensitive to subsurface scattering than surface
scattering in this context or, <1 m boulders do not exist where
1 m blocks do. The latter is highly unlikely.

Smaller spatial-scale analysis of mare regions of interest
discerned by Hiesinger et al. (2000, 2003, 2011) from Clementine

Fig. 10. Analysis of Mini-RF CPR and Diviner RA relative to Clementine near-infrared and Lunar Prospector derived composition products (a and b) TiO2; (c and d) FeO;
(e and f) Th.
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visible and near-infrared color suggest these large-scale trends do
not hold at more local scales (Fig. 11). This may be due in part to
the exclusion of highlands regions for a similar contextual analysis,
however there is enough scatter that additional data from the
highlands may not prove that useful. More than likely the
increased scatter can be attributed to local heterogeneities (indi-
vidual craters, impact melts, etc.) overprinted on larger spatial
scale trends; smaller scale feature induced variability will tend to
be averaged down or up due to more widespread spatial character-
istics. What does appear to be a factor is surface age; in Fig. 12,
absolute model age (AMA) is shown relative to CPR, RA, and OMAT
of the lunar surface. Mare surface CPR values increase for surfaces
with older model ages; whereas RA and OMAT decrease for surfaces
with older model ages. These observations are apparent for all
physical property data values of surfaces until !3 Ga and greater.
At that point, physical property values significantly increase in
scatter relative to younger basaltic color unit trends. Multiple
aspects are peculiar about these results. Previous crater halos
analyses suggest with time halos fade and disappear and CPR
subsequently diminishes (Ghent et al., 2005), but the reverse is
implied for larger spatial regions with model ages in Fig. 12a. This
may imply older surfaces within thicker regolith have increased
concentrations of not fully comminuted subsurface scatterers.
Alternately, composition may be playing an obscuring role, how-
ever in younger regions (<3 Ga) the relationship between CPR
and AMA appears more certain. What is also peculiar is that some
of the oldest modeled mare surfaces on the Moon also have some
of the highest RA concentration characteristics as shown by Divi-
ner. Mare Humorum is one such region of the Moon where RAs
approach 0.8% on average (its model age is !3.9 Ga). Again, CPR
is perhaps reflecting different characteristics of this surface; while
Mare Humorum has an elevated CPR, it is not unusually different in
composition relative to other maria.

6.2. Trends with composition

Because large portions of our analyses are focused on mare
basaltic regions, we also examine composition due to its known
influence on radar wavelengths. Previous work examining the rela-
tionship between radar and composition have focused on smaller
regional areas (e.g., within Mare Serenitatis, Orientale, Crisium,
etc.) and shown negative trends with titanium and iron abundance
(Campbell et al., 1997, 2007, 2009; Campbell and Hawke, 2005).
Campbell and Hawke (2005) also reported a model relationship
between Earth-based 12.6- and 70-cm radar wavelength scattering
characteristics with composition (i.e., TiO2 and FeO) that showed
the variation between these two parameters to also be a function
of radar wavelength (trends are shown in Figs. 10 and 13).
However, despite rigorous modeling and some general systematic
relationships being documented for several mare regions, the rela-
tionship between these two parameters is seemingly more com-
plex when considered on a global scale. Campbell et al. (2009)
examined low- and high-titanium terrains within Mare Serenitatis,
Crisium, and Imbrium and found an offset of basaltic deposits in
70-cm CPR trend relative to TiO2 abundance. However, even with
this difference in continuum, selected sample sites maintain a con-
sistent CPR–TiO2 slope with the Nearside Average (Campbell et al.,
2009 – Fig. 2). These include some of the oldest units within Mare
Serenitatis showing counter-intuitively high CPR values (!2 dB).
Campbell et al. (2009) has suggested that a plausible explanation
for this is an unknown mineral or chemical constituent(s) being
inadequately accounted for in TiO2 estimates derived from
Clementine. However, this interpretation is yet to be verified and
the component responsible has yet to be identified in both remote
and sample collection contexts.

Here, we revisit lunarmare scattering properties relative to com-
position using Mini-RF data (Figs. 10 and 13). Clementine-derived

Fig. 11. Analysis of Hiesinger et al. (2000, 2003, 2011) discrete regional scale color units with Mini-RF CPR, Diviner RA (Bandfield et al., 2011), and Clementine OMAT (Lucey
et al., 2000b) derived physical parameters.
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iron and titanium abundances as well as thorium abundances were
collected for the lunar terranes detailed earlier and examined
relative to average Mini-RF CPR values. These regions also show
and corroborate previous reports of a negative sloping trend
between CPR and TiO2 abundance aswell as CPR and FeO abundance
(Figs. 10 and 13). Here we also report a negative trend between CPR
and thorium abundances as well (Fig. 10). This has not been
reported before, but it is not necessarily surprising given the trends
with TiO2 and FeO of the regions sampled. As thorium is only pres-
ent at the ppm level, we do not expect it to have a controlling influ-
ence on observed radar scattering properties of the lunar surface as
do iron and titanium. Instead,we interpret this trend as evidence for
thorium varying systematically with iron and titanium abundance.

Mini-RF CPR observations relative to TiO2 show a significant
degree of scatter, especially with decreasing TiO2, during analysis
of Hiesinger et al.’s (2000, 2003, 2011) more spatially discrete
basaltic flows observed with Clementine VIS and NIR color maps
(i.e., comparing Fig. 13a). This increased scatter may be due to
uncertainty in Clementine-derived TiO2 estimates as suggested
by Hiesinger et al. (2001) and Campbell et al. (2009) and may be
part of the reason Hiesinger et al. (2001) did not find a correlation
between AMA and TiO2. Yet, here we observe a negative overall
trend is still observed between CPR and composition (TiO2 and
FeO). Interestingly, Mini-RF CPR values plot between Earth-based
12.6- and 70-cm wavelength observations of Campbell and
Hawke (2005) and has a more shallow, negatively-trending slope.
The difference in amplitude and slope between Mini-RF and
Earth-based S-band data is likely due to several factors including
a difference in regions selected for analysis, Earth-based data sets
variance in incidence angle relative to Mini-RF’s relatively constant
viewing geometry, or a difference in the polarization basis (circular
vs. vertical) of the measurements.

Preliminary comparison between Earth-based and Mini-RF CPR
values suggests that differences in CPR between the two data sets
do not fit a linear relationship in all cases (e.g., areas with higher
CPR values often show the greatest differences) (Carter et al.,
2014). The Mini-RF Team is presently working on publication dis-
cussing these differences (Carter et al., in preparation). However,
even if the absolute CPR values are somewhat different, this does
not change how the terrane types are classified in the remainder
of this study, nor does it fundamentally change the trends observed
between CPR and other physical and compositional parameters.

A surprising observation reported here is an apparent trend
between RA and composition (Figs. 10b, d, f and 13c, d). The frac-
tion of the surface consisting of meter-scale boulders and blocks
exhibits a weak positive trend with FeO, TiO2, and Th in these same
areas. Similar to CPR, as the spatial area becomes more localized to
discernable differences in color, the scatter in these trends increase
substantially (Fig. 13c and d).

7. Discussion

7.1. Implications and use of refined terrane designations

Previous lunar terrane designations are primarily determined
based upon Clementine and Lunar Prospector derived composition
(iron and thorium) and topography (Jolliff et al., 2000; Wieczorek
and Phillips, 2000). While most of the data sets used to define these
provinces are surficial, some, like Lunar Prospector data, collected
empirical observations to !1 m vertical cross-sectional depths
within the lunar sub-surface (e.g., Lawrence et al., 2000a). As a
result, interpretations of lunar terrane relationships are extrapo-
lated from a combination of relatively surficial (!<1 m) analyses

Fig. 12. Analysis of Mini-RF, Diviner, and Clementine derived physical parameters relative to Hiesinger et al. (2000, 2003, 2011) absolute model ages for mare color units. (a)
Mini-RF derived CPR; (b) Diviner derived RA (Bandfield et al., 2011); (c) Clementine derived OMAT (Lucey et al., 2000b).
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combined with some additional data from central peaks and ejecta
blankets. LRO’s Mini-RF, Diviner, LROC, and LOLA-derived data
products (e.g., Bandfield et al., 2011; Rosenburg et al., 2011;
Kreslavsky and Head, 2012; Scholten et al., 2012) enable a cross-
sectional view of depths similar to or greater for physical parame-
ter characteristics of these same surfaces that were analyzed with
Clementine and Lunar Prospector data.

Here we have examined global surface scattering properties of
the Moon, and then integrated these observations with other
new LRO and pre-existing Clementine physical property measure-
ments to refine previous interpretations of lunar terrane divisions
(PKT, FHT, and SPA). The merged information provides compelling
and useful information that (1) more actively connects our com-
bined knowledge of compositional and physical property informa-
tion about lunar surface petrology and weathering, and (2) enables
a more direct connection between exploration hazard planning
and intrinsically interesting scientific targets on a global scale.
These refined designations better describe the physical emplace-
ment of the crust, or what remnants remain, and the subsequent
imprint of post-emplacement modification processes (i.e., space
weathering and small and large scale impact modification).

One of the most important initial implications of these refine-
ments includes the addition of a new discrete terrane, Orientale

impact basin. At first glance, compositionally the Orientale impact
basin is relatively unremarkable showing low FeO, TiO2, and Th
with the exception of Mare Orientale. This, in addition to Orien-
tale’s relatively young age for an impact basin (P3.72 Ga, Stöffler
and Ryder, 2001), dissuaded previous researchers from designating
it as a unique geologic province despite its expansive influence on
the lunar surface (Jolliff et al., 2000). However, new data sets sug-
gest the Orientale impact basin and surrounding ejecta deposits
are unique in the context of many of the physical parameters
examined. While OMAT and RA concentrations are low and reflec-
tive of Orientale’s relatively ancient Late Imbrian age, S-band radar
CPR andm-chi characteristics are the highest regional values on the
Moon and combined with OMAT and RA data, suggest expansive
small-scale (centimeter- to meter-scale) roughness in the near
subsurface. The only exception to these characteristics is the east-
ern-Orientale Hevelius Formation that shows low CPR and RA char-
acteristics similar to an impact basin radar dark halo in both orbital
Mini-RF and Earth-based S-band and P-band radar data sets
(Campbell and Hawke, 2005; Ghent et al., 2005). Interestingly,
recent LOLA roughness studies by Kreslavsky and Head (2012)
and Rosenburg et al. (2011) reported low concavity values that
suggest not just western Orientale, but the entire basin and ejecta
of the Hevelius Formation have uniquely high kilometer-scale

Fig. 13. Analysis of lunar surface Hiesinger et al. (2000, 2003, 2011) mare color and terrane units reported by Jolliff et al. (2000) and herein for physical properties including
CPR (top) and RA (bottom) relative to Clementine derived composition: (left) TiO2 and (right) FeO. In (a) the upper doted line denotes Campbell et al.’s (2010) approximation
for TiO2 variation relative to CPR for 12.6 cm Earth-based radar of Mare Imbrium at 35–55 deg incidence angles; the lower coarsely spaced dotted line denotes 70 cm
Earth-based radar of nearside maria at a 45 deg incidence angle. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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roughness characteristics. This is not contradictory to radar find-
ings but reflective of how roughness and the size of material
scatterers vary when measured at multiple wavelength scales.
Results from GRAIL also show Orientale to be one of the least dense
and highly porous geologic substrates on the lunar surface
(Wieczorek et al., 2013). All of these physical factors plus the
detection of near pure anorthosite (>90 vol.%) emplaced upon its
rings suggesting excavation of anorthosite from significant depth
in the crust (Hawke et al., 2003; Ohtake et al., 2009). These compo-
sitional characteristics combined with their geologic context are
unique even in light of recent work on central peaks by Cahill
et al. (2009) and Song et al. (2013) in which highly anorthositic
(60–85 vol.% plagioclase) lithologies are interpreted to have been
exhumed from depths near the crust–mantle boundary.

Other implications of our effort are varied and not all of the
implications have immediately apparent interpretations. The Near-
side Radar Dark Terrane exhibits many characteristics that directly
contradict observations of other instruments. For example, Diviner
RA maps show a marked increase in the concentration of meter-
scale boulders and blocks within much of the maria, but especially
Mare Humorum, Oceanus Procellarum, Imbrium, and Frigoris
which make up the Inner-, Intra-, and Outer-PKT, as designated
above. Since rough, rocky surfaces typically have higher CPR values
(e.g., Bell et al., 2012; Campbell, 2012), one might reasonably
expect these relatively boulder- and block-rich regions to have
higher CPR values. Yet the opposite is observed as most of these
regions exhibit a trend of decreasing CPR with increasing RA. This
apparent discrepancy is likely attributable, at least in part, to the
increased attenuation due to TiO2 and FeO which are at their high-
est abundance levels where CPR is observed to be the lowest. This
also results in CPR increasing and RA decreasing as mare basaltic
units increase in AMA (Fig. 12). However, this is not a uniform

trend. Basalts in Mare Humorum have some of the oldest AMA of
the lunar maria, yet are characterized by modest to elevated CPR
and the highest RAs of all studied mare surfaces analyzed by
Hiesinger et al. (2000, 2003, 2011) (Fig. 14). While the origin of this
observation remains unclear a plausible explanation may be that
surface modification exhumed more course subsurface materials
to the surface as has been suggested as a possible explanation for
Tsiolkovsky (Greenhagen et al., 2013). Another is that Mare Humo-
rum is interpreted to have one of the thinnest (median thickness of
2.5 m) mare basaltic regoliths (Bart et al., 2011) and boulders and
blocks may have less vertical regolith in which to settle within over
time. This may lead to larger boulders and blocks concentrating at
the surface and near subsurface regolith. These observations,
sometimes complimentary, sometimes contradictory, demonstrate
the non-univariate nature of radar data, and serve to highlight the
interplay of both composition (e.g., TiO2, FeO) and physical prop-
erty characteristics (e.g., RA, OMAT).

In Fig. 15 this concept of non-univariate surface property
variations is demonstrated for the mare color regions of
Hiesinger et al. (2000, 2003, 2011) in a ternary diagram that plots
TiO2, RA, and CPR parameters at each apex. A few things are
apparent in this diagram. First, as lunar surface TiO2 increases,
CPR rapidly decreases (i.e., moving toward the TiO2 apex, CPR val-
ues decrease). In contrast, RA increases non-uniformly with TiO2.
This shows that TiO2- (and FeO-rich) basaltic materials tend to
be rockier and suggests composition may be playing a factor in
the rockiness of these surfaces. On Earth, Rowland and Walker
(1990) show in the context of Kilauea and Mauna Loa volcanoes
that an increase in the volumetric flow rate to >5–10 m3/s will
induce a transition from pahoehoe flow morphology to a more
rough and rockier a’a flow morphology. This is due to a rapid flow
contributing to rapid heat loss causing a rapid increase in viscosity.

Fig. 14. Orthographic projections (30 pixels/deg) of Mare Humorum as observed from (a) LROC WAC monochrome image, (b) Clementine OMAT, (c) Diviner RA, and
(d) Mini-RF CPR.
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Any previously formed surface crust will tear by differential flow,
and the underlying lava is unable to move sufficiently fast to heal
the tear.

In the context of the Moon, Neish et al. (2011) has noted a sim-
ilar situation with a Tycho impact melt where a decrease in topo-
graphic slope induced a decrease in average flow speed resulting in
a transition from a more roughened a’a surface to a smoother
pahoehoe-like surface. In the case of nearside maria, remote anal-
yses suggest basaltic flows are often Fe, Ti-rich and Si, Al-poor and
are interpreted to have erupted with much higher temperatures
leading to very low viscosity lava flows (Spudis, 2000). These flows
are likely to have been more fluid than terrestrial lavas and flow far
more rapidly plausibly resulting in rockier morphologies similar to
what we observe in RA maps of several lunar maria. However,
while we do know this process would form rockier surfaces, we
do not know for certain that large populations of meter-scale rocks
would be the ultimate outcome. Shortened length of space weath-
ering and impact comminution are generally interpreted to be the
dominant factor toward creation of high RA concentrations. How-
ever, Fig. 12b does suggest increased RA is not exclusive to younger
mare regions. Fig. 15 also shows that there is no direct correlation
between RA and CPR, and any positive trends tend to be localized
and not globally universal. This is apparent as well as TiO2

decreases and the scatter between RA and CPR increases substan-
tially. This highlights the mare units where both CPR and RA are
in relative agreement and where they contradict each other telling
us fundamentally unique information about the surface rock
density and subsurface properties.

The Orientale impact basin is an example of highland terrain
where CPR and RA often agree in some localities and often disagree
in others. Western Orientale shows high CPR values and a combi-
nation of high volumetric- and double-bounce scattering. In con-
trast, Diviner RA concentrations are very low and suggest much
lower concentrations of boulder- and block-sized rocks. Within
the context of lunar highlands regolith, which is suggested to be
from !8 to 31 (Wilcox et al., 2005) or 6 to 8 (Bart et al., 2011) m
thick, this suggests that the western Orientale regolith consists of
coarser materials, dominantly cobbles to blocks, buried within

modest 1–2 m depths from the lunar surface despite the ancient
age of the basin. In contrast, the eastern Orientale continuous
ejecta blanket shows both low CPR and RA values, suggesting a
complete lack of meter-sized boulders and blocks.

8. Conclusions

New S-band radar data collected by the Mini-RF instrument
allow a unique opportunity to examine the physical properties of
the lunar surface. Here we present uncontrolled orthorectified glo-
bal S-band radar maps of the Moon. These maps can be used for
global analyses of lunar surface/subsurface roughness, rock
abundance, and compositional inferences. The lunar surface can
be divided into three dominant scattering regimes based upon
the 12.6-cm radar wavelength circular polarization ratios and the
m-chi parameter. These include the (1) Nearside Radar Dark
Region, (2) Radar Bright Orientale Impact Basin and continuous
ejecta, and the (3) Highlands Radar Bright Region (encompassing
the FHT and SPA). These regions are complex within themselves
but visually and quantitatively distinct from one another in terms
of their average large-spatial scale scattering properties.

Here, and integration of Mini-RF surface scattering regions with
LRO’s Diviner RA, pre-existing Clementine OMAT, FeO, and TiO2,
and Lunar Prospector Th maps to refine the current lunar terrane
relationships and conventions (i.e., FHT, SPA, and the PKT) was
undertaken. Our analysis suggests the lunar surface has four dis-
tinct regions based upon both physical and chemical data sets.
These include (1) Nearside Radar Dark Terrane (2) Orientale Impact
Basin Terrane consisting of the inner- and outer-Orientale sub-
terranes, the (3) Feldspathic Highlands Terrane, and (4) South
Pole-Aitken basin Terrane. The Nearside Radar Dark Terrane con-
sists of the traditional PKT and the sub-terranes of the Outer-
PKT, Inner-PKT, Intra-PKT, Inner-KREEP-Bearing Terrane, Outer-
KREEP-Bearing Terrane, and the Highlands Radar Dark Terrane.
These regions and sub-regions represent discrete regional-scale
differences in topography, small and large-scale roughness, RA,
and composition on the Moon.
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