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Abstract The lunar maria are the product of extensive basaltic volcanism that flooded widespread
portions of the Moon’s surface. Constraining mare volcanic history therefore provides a window into the
endogenic processes responsible for shaping the Moon. Due to the low magma viscosity and the associated
thin nature of lava units, the majority of mare surface structures are masked and subdued by impact regolith.
Subtle individual mare flow morphologies, coupled with spatial limitations in the use of crater size
distributions to distinguish surface units close in age, restrict our understanding of mare stratigraphy.
Earth-based 70 cm wavelength (P band) radar can reveal features beneath the regolith and highlight very
subtle changes in the ilmenite content of the flows, providing a unique means to map mare units. Here we
map volcanic units in Mare Imbrium using high-resolution (200m/pixel), Earth-based P band data. Situated
within the heat-producing potassium, rare earth element, and phosphorus terrane, Mare Imbrium
experienced some of the most long-lived (and recent) lunar volcanism, and its surface exhibits a significant
diversity of basaltic chemistry. Our investigation identifies at least four distinct stages of volcanic activity,
originating from multiple sources within Imbrium. The most recent of these stages comprises extensive, yet
relatively thin volcanic flow units that left remnant kipukas of older mare material distributed across much of
the basin. From a future mission perspective, it may be possible to collect samples expressing a wide range in
age from small areas of Mare Imbrium. Our map also places important constraints on the interpretation of the
Chang’e-3 Lunar Penetrating Radar measurements.

1. Introduction

The 6.5 × 10�6 km2 of basaltic flows that make up the lunar maria [Head, 1975] represent the most fundamen-
tal exogenic process to have resurfaced the face of the Moon. Samples collected during the Apollo and Luna
missions of the late 1960s–1970s provide a radiometric age range for mare formation of 3.1–4.3 Ga [e.g.,
Taylor, 1982; Taylor et al., 1983; Nyquist and Shih, 1992; Nyquist et al., 2001]. As noted by Morota et al.
[2011], this range is extended by the lunar meteorite collection, which includes a basaltic sample with a mini-
mum age of 2.7 Ga [Borg et al., 2007]. Based on their similar scales, comparisons have been drawn between
terrestrial interplate large igneous provinces and the lunar maria [e.g., Head and Coffin, 1997]. However, the
growing recognition of the>100-fold difference in duration of activity argues that mare formation represents
a form of volcanism distinct from that experienced on Earth [Bryan and Ferrari, 2013] and may represent a
unique volcanic phenomenon within the solar system.

In contrast to the Earth, Venus, and Mars, the majority of individual mare flow morphologies are subdued—
due in part to the low eruptive magma viscosity and the associated thin nature of lunar lava—and thus are
masked by impact regolith. Reconstructing the volcanic history of the maria is therefore problematic. In order
to map the eruptive units that comprise the surface of the mare and investigate the associated stratigraphic
relationships, multiple studies have exploited mineralogical variations inferred from ultraviolet-near infrared
(UV-NIR) spectral data [Soderblom et al., 1977; Pieters, 1978; Hiesinger et al., 2000, 2003; Bugiolacchi and Guest,
2008; Thiessen et al., 2014]. This spectral analysis has shown the lunar sample collection to represent only
a subset of the full suite of basaltic chemistry present on the Moon’s surface [e.g., Pieters, 1978].
Correspondingly, age estimates from various techniques have revealed a significantly extended period of
mare activity, with the youngest flows having potentially been emplaced 100Ma [Braden et al., 2014] and
larger-scale eruptions occurring as recently as ~1.5 Ga [Hiesinger et al., 2000; Morota et al., 2011; Fassett and
Thomson, 2014]. The youngest episodes of mare volcanism have been identified within Ocean Procellarum
and western Imbrium [Hiesinger et al., 2000, 2003]. This region (Figure 1) is situated at the center of the
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potassium, rare earth element, and phosphorus terrain, and the concentration of associated heat-producing
elements is presumed responsible for the extended duration of eruptions [Ziethe et al., 2009]. Lava flows
within Mare Imbrium are particularly unique in that topographically distinct flow fronts are present and easily
identifiable in image and topographic data [Schaber, 1973] (Figure 2). Through the mapping of these flows
and albedo differences, Schaber [1973] provided a first-order investigation of the stratigraphy of volcanic
units (Figure 3a). However, Schaber’s [1973] stratigraphy and crater size-frequency distribution (CSFD)-
derived age estimates [Hiesinger et al., 2000; Morota et al., 2011] show contrasting results, which likely result
from the level of uncertainty within CSFD age estimates. Further refinement of the nature, age, and
stratigraphic relationships of mare emplacement are therefore essential to our continued understanding of
the thermal history of the Moon.

Radar studies using Earth-based P band (70 cm wavelength) radar (Figure 4a) provide additional insights
into the volcanic structure of the maria [Campbell et al., 1997, 2007, 2008, 2009, 2010, 2014]. P band radar
signals can probe well beneath the mare regolith surface to provide information on the rocky transition
zone situated just above the intact bedrock, which comprises the remains of the most recent basaltic flows.
Campbell et al. [2014] demonstrated in a study of Mare Serenitatis that P band radar echoes are highly sen-
sitive to the microwave loss properties of the regolith, which are in turn modulated by the ilmenite content
of the original lava flows from which the regolith originated. Unlike spectral maps of specific mineral con-
centrations, such as TiO2 [Lucey et al., 2000] (Figure 5) or maps derived from the absorption properties of
multiple mafic assemblages [Hiesinger et al., 2000; Thiessen et al., 2014] (Figures 3b and 3c), which are only
sensitive to the upper few microns of the surface, the penetration depth of the P band signal (>10m)
enables the full vertical column of the regolith to be sampled. As a result, the radar echoes are less
influenced by contamination from thin surficial deposits, such as rays and ejecta blankets composed of
highlands or basaltic material of a different composition to that of the local area. Campbell et al. [2014]
were able to identify a host of previously unseen volcanic features, including flow unit boundaries and
channels interpreted to be the collapsed remnants of plumbing systems similar to those of terrestrial
basaltic volcanic fields.

Figure 1. Mare Imbrium. (a) LROC WA camera mosaic highlighting the locations of the three missions to have landed within the basin. (b) LROC WA camera stereo-
derived DTM.

Journal of Geophysical Research: Planets 10.1002/2016JE005041

MORGAN ET AL. RADAR STRATIGRAPHY OF MARE IMBRIUM FLOW 1499



The radar map derived by Campbell et al. [2014] permitted unit delineation within Mare Serenitatis to be
improved and helped to reconcile inconsistencies between regional stratigraphic relationships [Weider
et al., 2010] and crater count age dating [Hiesinger et al., 2000]. P band radar therefore represents a powerful
tool in the determination and refinement of mare unit boundaries. Here we apply the methodology of
Campbell et al. [2014] to map flow units across Mare Imbrium and to explore the nature and stratigraphy
of the extensive volcanism that occurred within the basin. Taking advantage of the presence of topographic
flow boundaries (Figure 2) and previous mapping efforts (Figure 3b and 3c), we apply recently acquired, high-
resolution P band radar data (Figure 4) to further refine the geologic history of Mare Imbrium. We first analyze
the disparities between previous stratigraphic studies, then present, and discuss improvements enabled by
the radar mapping.

Figure 2. (a) Map of topographically raised flow fronts within Mare Imbrium. The white lines highlight the margins of mare
flow fronts, and the red circle denotes their potential source region as proposed by Schaber [1973]. (b) The map was
produced from observations using the low sun angle LROC WA image mosaic. The white arrows highlight the locations of
the flow fronts. Note that the background of Figure 2a is a hillshade image derived from the 100m LROC WA DTM.
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2. Mare Imbrium

Mare Imbrium is over 1100 km in
diameter (Figure 1) and represents
the largest volcanic deposit to have
flooded a lunar impact basin.
Determining the thickness of mare
deposits is problematic due to
uncertainties in the preexisting
basin topography, but multiple
techniques have been employed to
provide constraints. These include
computational experiments, which
synthetically flood the exposed
Archimedes-Apennine bench in
southeastern Imbrium to match
actual mare surfaces [Head, 1982]
and studies of the morphometric
properties of buried craters [De
Hon, 1979; Thomson et al., 2009],
both of which estimate a thickness
of at least 1 km. The Kaguya radar
sounder added further support for
this minimum estimate, through
the identification of multiple sub-
surface reflectors within central
northern Imbrium, the deepest of
which was at an apparent depth of
1050m [Ono et al., 2009]. This value
is consistent with subsurface struc-
tures identified by the Apollo 17
sounder within Maria Serenitatis
and Crisium [Peeples et al., 1978].

The occurrence of topographically
definable flow lobes and large-
scale surface albedo variations
enabled Schaber [1973] to map
the youngest (Eratosthenian) lava
flows within Mare Imbrium from
Apollo 15 and 17 orbital image
data (Figure 3a). This work
identified three different phases
of mare emplacement (flows I–III,
see Figure 3a), each corresponding
to a smaller surface area than the
previous. Based on the apparent

Figure 3. Maps of Mare Imbrium.
(a) Schaber [1973], (b) Hiesinger et al.
[2000], and (c) Thiessen et al. [2014]. Note
that the portions of the Hiesinger map
[2000] highlighted in blue represent
surface units for whichMorota et al.
[2011] also provided age estimates.
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flow direction of the mare units, Schaber [1973] proposed that the source region for the flows was close to the
28 km diameter Euler crater (Figures 2a and 3a). UV-IR spectral data provide an additional means to identify
regions of homogeneous mafic mineralogy [Hiesinger et al., 2000, 2003; Bugiolacchi and Guest, 2008; Thiessen
et al., 2014]. Utilizing Clementine data, Hiesinger et al. [2000, 2011] subdivided Mare Imbrium into 30 units
(Figure 3b), 7 of which (see Table 1) display strong correlations with the Schaber [1973] map (Figure 3a).
The recent availability of higher spectral resolution M3 data has permitted a reclassification of Imbrium into
83 units [Thiessen et al., 2014] (Figure 3c).

Three missions have landed on the surface of Mare Imbrium (Figure 1a). Apollo 15, which explored the
Hadley rille region along the Montes Apenninus, is the only mission to return Imbrium basalt samples.
The Soviet Luna 17 and the recent Chinese Chang’e-3 mission both included rovers and investigated dif-
ferent regions of western Imbrium on the opposite side of the basin to Apollo 15. Both rover missions
landed within a region mapped as part of Schaber’s [1973] flow I unit. The Chang’e-3 rover was the first
mission to deploy a radar instrument on the lunar surface (the lunar penetrating radar, LPR), enabling an
investigation of the subsurface with a higher range and horizontal spatial resolution than is possible from
orbital sounders. The LPR results reveal a complex subsurface structure expressed as multiple reflecting
layers down to a depth of over 300m below the landing site [Xiao et al., 2015; Zhang et al., 2015].
However, disagreements exist regarding the geologic interpretation of these reflectors. Xiao et al. [2015]
argue that the youngest flow unit at the landing site (flow I [Schaber, 1973) is ~40m thick and is situated
above a paleoregolith layer, suggesting that it is temporally separated from the lower flows. In contrast,
Zhang et al. [2015] disregard these potential shallower structures in the radar data and propose that a
deeper reflector (~195m) represents the actual base of the flow. The two studies also disagree on the nat-
ure of the regolith at the landing site. The occurrence of a nearby 450m diameter crater led Xiao et al.
[2015] to suggest that the rover traversed above a several meter thick upper layer of ejecta that overlies
a similarly thick layer of mare impact regolith. Zhang et al. [2015] estimate a similar thickness for the
regolith of ~5m but argued that the ejecta component is negligible. An analysis by Fa et al. [2015] of
the high-frequency channel LPR data provides further support for the existence of an ejecta blanket;
however, additional studies are clearly required to further constrain the thickness of the basaltic flow units
that lie below the surficial regolith/ejecta layers.

Figure 4. Radar maps of Mare Imbrium. (a) P band SC radar coverage. (b) Mosaic of S band SC coverage. Note both data sets are embedded within a LROC WAC
DTM-derived Hillshade image. The highland/mare boundaries were derived from shapefiles provided by the LROC team online at http://lroc.sese.asu.edu/data/
LRO-L-LROC-5-RDR-V1.0/LROLRC_2001/EXTRAS/SHAPEFILE/LUNAR_MARE/.
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3. Limits to Establishing Surface Age Distributions: AMotivation for Radar Mapping

Assuming the UV-IR spectral map units to be representative of distinct eruption episodes, impact crater
populations can be used to derive age estimates and constrain mare stratigraphy. Lunar crater production
functions and crater chronologies which tie the age of a surface to the abundance of craters larger than a spe-
cific size (usually 1 km diameter) per unit area [Neukum, 1983; Neukum et al., 2001; Neukum and Ivanov, 1994]

Table 1. Comparison Between the Topographically Definable Volcanic Flow Stratigraphy Established by Schaber [1973]
and CSFD Age Estimates of Equivalent Surface Units

Schaber [1973] Flows (Oldest to Youngest)
Hiesinger et al. [2000]

Equivalent Units
Hiesinger et al. [2000]

Ages (Ga)
Morota et al. [2011]

Ages (Ga)

I I1 3.57 + 0.07/�0.02 -
I7 3.47 + 0.05/�0.06 -
I22 2.96 + 0.13/�0.17 2.29 + 0.09/�0.10
I30 2.01 + 0.14/�0.14 2.27 + 0.14/�0.16

I, II I4 3.53 + 0.06/�0.08 2.34 + 0.13/�0.13
I20 3.01 + 0.12/�0.16 -
I26 2.70 + 0.17/�0.17 2.29 + 0.11/�0.12

II I20 3.01 + 0.12/�0.16 -
III I29 2.26 + 0.16/�0.15 2.15 + 0.07/�0.07

Figure 5. Clementine Map of TiO2 concentration within Mare Imbrium. The map was generated using Lucey et al. [2000]
methodology.
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can be applied to CSFD to derive absolute surface ages. This approach has proved a powerful means of
assessing the global range of mare surface ages and in determining the youngest volcanic provinces on
the Moon [Hiesinger et al., 2000, 2011]. Such studies provide a surface age range for Mare Imbrium of
2.01–3.57 Ga [Hiesinger et al., 2000].

Error analyses associated with crater count-derived age estimates demonstrate the limitations associated
with distinguishing surfaces close in age [Hiesinger et al., 2000; Morota et al., 2011]. In the case of Mare
Imbrium, on average each of the 30 surface units mapped and dated by Hiesinger et al. [2000] is chronologi-
cally indistinguishable from the age date of 10 of the other 29 units. Establishing stratigraphic relationships
between individual units within a lunar mare based on CSFD is therefore problematic. To highlight this,
Table 1 compares the Hiesinger et al. [2000] crater-derived ages for mare surface units that spatially corre-
spond to the three stratigraphic units mapped by Schaber [1973]. The Schaber [1973] flow units represent
the most recent volcanic activity, but crater-derived ages for the three phases span the full temporal range
exhibited over the entire surface of Mare Imbrium [Hiesinger et al., 2000], and some units have an estimated
age that falls outside of the Eratosthenian age proposed by Schaber [1973]. The crater-derived relative ages
also do not always agree with the Schaber [1973] stratigraphy (Table 1). For example, Hiesinger et al. [2000]
unit I28, which comprises surfaces embayed by all three of the Schaber [1973] flow units (Figure 3), has an
age estimate of 2.62 ± 0.17 Ga, younger than six of the other eight Hiesinger et al. [2000] units that comprise
the Schaber [1973] flows.

These comparisons demonstrate that in the absence of topographically definable lava flow margins, from
which the relative embayment of one unit by another can be directly established, it is difficult or impossible
to reconstruct the local stratigraphic relationships from CSFD alone. As most authors assume there is no error
in the crater chronology, the uncertainty of age estimates is derived from errors in establishing the CSFD of a
predefined area [Neukum, 1983; Hiesinger et al., 2000, 2011]. This in turn is a function of the total sample size:
increasing the size of the count area and/or including craters with smaller diameters will decrease uncertain-
ties in the age difference between two units. Both strategies have fundamental limits. First, the maximum size
of a count area is limited to the physical size of the geologic unit. Second, the resolution of the data being
used and the potential effect of secondaries (see Hiesinger et al. [2011] for a debate on the influence of sec-
ondaries on age estimates) place a minimum on the smallest diameter craters that can be counted. Finally,
despite the lunar production function remaining fixed, the impact flux has varied with time as demonstrated
by the lunar chronologies [Neukum, 1983; Neukum et al., 2001; Neukum and Ivanov, 1994]. The corresponding
rate of impact events per unit time can be approximated as exponential prior to ~3Ga and linear thereafter.
Consequently, for a given count area and crater diameter range, the uncertainty between age estimates for
two areas will be lower for surfaces older than 3Ga than for surfaces that are younger.

For example, using the error analysis applied in the popular CraterstatsII software (methodology outlined
within Michael and Neukum [2010]) and applying the Ivanov et al. [2001] lunar production function and the
lunar chronology of Neukum et al. [2001], counts conducted down to a diameter of 400m would require
count areas >16,700 km2 (in order to accumulate a sufficient number of craters) to differentiate a surface
of 2.1 Ga from one of 2.2 Ga. This criterion would only be ~4600 km2 to differentiate two surfaces that were
3.1 and 3.2 Ga. If we follow the same calculation for crater counts down to D= 200m, those surface areas
would only need to be 2040 km2 and 560 km2, respectively.

The above values were derived by establishing the minimum surface area at which the error bars (associated
with the two ages) ceased to overlap. The length of the bars represent a one sigma error on N(1) relating to
the number of craters (of a given size bin) associated with a given area for each age chosen. Please note, for
simplicity, we have not incorporated the effects crater degradation—which would increase the uncertainty of
the age estimates, especially for the smallest diameter craters on surfaces> 3Ga—within our estimates.
Despite the 1.5 Gyr duration of Imbrium volcanic activity, the majority of the units identified by Hiesinger
et al. [2000] exhibit surface ages corresponding to the later third of this time span, making it difficult to dif-
ferentiate between the associated CSFD in a meaningful way (given the limited size of the count areas).
Regardless of the larger spread of ages within the nine units younger than 3Ga, the linear nature of crater
production since this time leads to wider error bars for these units.

To demonstrate the effect of including smaller crater diameters from high-resolution data sets, Morota et al.
[2011] were able to refine the age estimates of some of the Hiesinger et al. [2000] units that correlate with the
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Schaber [1973] mapped flows (Table 1) using high-resolution (10m) Kaguya Terrain Camera data. A revised
age estimate was conducted for four of the seven Schaber [1973] equivalent units, all of which were found
to have occurred over a much shorter time span, ~2.1–2.5 Ga, than the Hiesinger et al. [2000] results.
Morota et al. [2011] also showed that the embayed western unit I28 was within this age range. Although
the Morota et al. [2011] work is more consistent with the Schaber [1973] results, it still fails to fully agree with
the stratigraphic relationships, demonstrating that even the inclusion of smaller-diameter craters cannot
resolve these issues.

An alternative strategy is thus required to refine our understanding of Imbrium volcanic stratigraphy. The
mineralogical content of mare basalts is not a stochastic process but instead represents the evolution of
the source magma through time. Establishing stratigraphic relationships between mare surfaces that have
contrasting mineralogical properties therefore offers an alternative means to investigate the volcanic history
of the lunar surface. Spectral data sets can of course identify mineralogical assemblages, and indeed, this
methodology is used to constrain crater count areas as discussed above. However, the effectiveness of the
corresponding mapping is modulated by the sensitivity of the method to variations in mineralogy. As dis-
cussed in section 1, spectral data sets are potentially more strongly affected by contamination from ejected
material. Mare Imbrium contains multiple young large craters and rays originating from the Copernicus
impact event, which cover the southern half of the basin (Figure 1a). Such ejecta deposits reduce the ability
to trace boundaries between units. In contrast, radar backscatter from the lunar regolith is a combination of
echoes derived from surface, volume (rock fragments suspended within the finer grain component of the
regolith), and substrate scattering (the fragmented surface of the uppermost mare flow bedrock) and thus
provides important information beyond the skin depth of optical instruments. The following sections demon-
strate how the sensitivity of long-wavelength imaging radar data to subtle variations in TiO2 content, and its
ability to probe meters into the regolith, offers a powerful and complementary tool for mapping mare
lava units.

4. Data Sets

We collected 70 cmwavelength (430MHz frequency) synthetic aperture radar images of Mare Imbriumwith a
spatial resolution of 200m/pixel following the same strategy as Campbell et al. [2007, 2014]. The data were
obtained by transmitting a circular-polarized signal from the Arecibo Observatory and receiving the echoes
from the Moon at the Green Bank Telescope (Figure 4a). This bistatic radar approach enables both senses of
circular polarization to be received. Radar returns in the same sense of circular polarization (SC) as that
transmitted are attributed to diffuse scattering by rocks>10 cm in diameter, at the surface and buried within
the probing depth of the radar signal. In locations where the radar signal can penetrate the full thickness
of the regolith, a component of the SC return will originate from the rocky transitional zone immediately
above the bedrock [Campbell et al., 2014]. This unique property of the radar data provides important spatial
information regarding volcanic structures, physical properties, and flow boundaries. The data sets were pro-
duced from the summation of five looks, and the resulting radar images were georectified and imported into
Environmental Systems Research Institute ArcMap geographical information system database. Additional
orbital remote sensing data sets were integrated, including Lunar Reconnaissance Orbiter Camera wide-
angle camera (LROC WAC) 100m resolution images and associated stereo pair-derived digital elevation
models [Scholten et al., 2012] and Lunar Orbiter Laser Altimeter elevation data. To permit a full comparison
to the Campbell et al. [2014] radar study of Mare Serenitatis, we also incorporated Earth-based S band
(12.6 cm wavelength) data into the investigation (Figure 4b).

5. Interpreting the Spatial Patterns of Radar Backscatter From Mare Imbrium

The P band coverage of Imbrium reveals a complex distribution of radar backscatter signatures that define
units of relatively uniform brightness and exhibits an ~ 18 dB range between the surface of the brightest units
and the darkest (Figure 4a). The scales of these units range from tens to hundreds of kilometers in length and
are distributed throughout the mare. Distinct boundaries, which display lobate and digitate forms, are trace-
able between some of these radar features (Figure 4a), permitting individual units to be mapped (Figure 6).
The radar returns are also influenced by the ejecta blankets of young craters, tens of kilometers in diameter
(Figure. 4). This effect is typically observed within one crater radius of the rim and is due to the transition
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between high-density blocky material close to the crater rim and fine ejecta further out. Scattering from
boulders, both surficial and interspersed within the regolith, causes a strong, central SC return surrounded
by a radar dark halo due to a distal component of powdery ejecta [Ghent et al., 2005].

Excluding the ejecta blankets of the youngest large craters, 38 individual surface units were identified within
the P band data (Figure 6a). Based on the range of radar backscatter and the relative position of the 38 units, it
is possible to group them into four discrete map units (Figure 6b) in a similar manner as one would approach
planetary geological mapping. This marks a contrast to previous Imbrium mapping efforts based on UV-IR
data that have not attempted to group individual units [Hiesinger et al., 2000; Thiessen et al., 2014]. From this
point on in the text, in order to avoid confusion, we will refer to the four groups of units (that share similar
ranges in radar backscatter) as “map units” and the 38 individual units that comprise the groups as “surface
units” (compare Figures 6a and 6b).

The spatial distribution of radar brightness across Imbrium broadly correlates with that of the Lucey et al.
[2000] TiO2 concentration map (Figure 5) derived from Clementine spectral data. The boundaries of map
units 3 and 4 largely correspond with areas of Mare Imbrium with a TiO2 content of> 3%. These map units
display the lowest radar backscatter, a result that is expected due to the high microwave loss associated with
basaltic regolith that has elevated concentrations of ilmenite. This further supports the Campbell et al. [2014]
model of P band mare probing, in which TiO2 induced radar loss restricts the depth of penetration into the
regolith, in turn reducing the backscatter component from the rugged layer above the upper most mare flow.
However, as established by Campbell et al. [2014], there is not always a strong correlation between the radar
and the Lucey et al. [2000] data set, suggesting the radar is more sensitive to variations in TiO2 content. For
example, map unit 4 is delineated due to the near total absence of radar return (Figure 4a), where the
Lucey et al. [2000] method suggests that map unit 3, not 4, contains the highest TiO2 abundance (~10%) in
Mare Imbrium.

Distinct contrasts also exist between the P band data set and orbital camera images (Figure 1a). As was pre-
viously established with Earth-based P band radar data at significantly lower spatial resolutions (tens of kilo-
meters per pixel) [Schaber et al., 1970, 1975], low albedo regions within northwestern Mare Imbrium do
correlate with the boundaries of the darkest radar map units (3 and 4) in this portion of the basin, but this
is the extent of the similarities between the two data sets. Albedo differences across the remainder of the
mare are largely dominated by ejecta material. This is especially evident in southern Imbrium, where the

Figure 6. Radar-based map of Mare Imbrium. (a) Individual surface units overlain above the P band radar data. (b) The same map as shown in Figure 6a except with
surface units shaded to correspond to the map unit with which they belong. The letters highlight features discussed in the text.
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presence of Copernicus rays and distal ejecta hampers studies in both visible (Figure 2a) and UV-NIR spectro-
scopic data due to contamination of the mare surface by highland material. The ability of the P band signals
to probe beneath the thin Copernicus rays permits unobstructed mapping of this quadrant. A lobate feature
of enhanced radar backscatter occurs north of Monte Carpatus (Figures 4, 6, and 7). This feature represents
the strongest 70 cm echoes from any nonimpact landform within Mare Imbrium. In contrast, the visible
and spectrally derived maps do not delineate this feature (Figure 3).

The scale and morphology of the radar-defined units are very similar to those documented within neighbor-
ing Mare Serenitatis by Campbell et al., [2014], and consequently, the units are comparable to Venus and Mars
lava flow fields seen in Magellan and Earth-based radar data, respectively. Based on these similarities and the
broad correlations with the Lucey et al. [2000]-derived TiO2 map (Figure 5), we interpret the Imbrium map
units to represent the boundaries of volcanic flow fields of relatively homogeneous ilmenite content.
However, unlike Mare Serenitatis, where multiple volcanic structures (such as possible collapsed lava tubes)
are apparent within the radar data, similar features do not appear to be present in Mare Imbrium.

In contrast to the P band data, variations in S band radar backscatter across Mare Imbrium are significantly
more modest (Figure 4b). Both data sets show corresponding regions of low backscatter within central
Mare Imbrium that correlate with members of map unit 4 (Figures 4 and 6). However, in a similar manner
to the visible data sets, only a few unit boundaries can be identified with the S band data, and the major var-
iations in backscatter are derived from impact craters and associated ejecta material, including rays from
Copernicus (Figure 1a). The influence of Copernicus ejecta is particularly evident along the Montes
Carpatus, where the radar bright surface unit belonging to map unit 2 is clearly present in the P band data
set but is not observable in the S band data (Figure 4). The inability of the S band signal to penetrate the thin
rays further demonstrates that it is the penetration of the P band signal to significant depths within the mare
regolith that permits a distinction to be made between volcanic features [Campbell et al., 2014].

6. Stratigraphic Relationships

Due to the number and relatively clear boundaries of radar-defined units in Mare Imbrium, it is possible to
identify embayment relationships between the four unit groups and thus provide information on their relative
stratigraphy. This is illustrated where one unit intersects or completely surrounds the boundary of another
(Figure 6). The radar bright surface units in northeastern Imbrium (part ofmap unit 2: Figures 6b and 8) provide
one of the best examples of an embayment relationship. The stratigraphically higher map unit 3 has clearly
bisected the southern portion of a discrete member unit of map unit 2 (see #A on Figures 6b and 8). We trans-
late these relationships as the consequence of embayment of volcanic flows by subsequent eruptions. From

Figure 7. Perspective view comparing (a) LROC WACmosaic with (b) P band SC radar image centered on a radar bright surface unit that belongs to map unit 2. Note
that the Copernicus rays do not influence the radar image. Both data sets are draped over LROC WAC DTM. The white line in each image corresponds to the mare/
highland boundary.
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this we can build up a picture of Mare Imbrium stratigraphy (Figure 9) that can be contrasted with the
original stratigraphic work conducted by Schaber [1973] and more recent efforts [Hiesinger et al., 2000;
Thiessen et al., 2014].

The uniqueness ofMare Imbrium, inwhich it contains topographically definable flows fromwhich embayment
relationships can be directly observed, provides an established stratigraphic framework [Schaber, 1973] for a
portion of the basin in which to test the P band radar mapping. Using the low sun angle LROC wide-angle
(WA)mosaic of Imbrium to emphasize subtle topographic changes, we traced all identifiable lava flow bound-
aries. The resultingmap (Figure 2) further refines the Schaber [1973]work (Figure 3a). Schaber [1973] traced the
source of the flows to a region of Mare Imbrium directly north of Euler Crater, and our flow boundarymapping
finds good agreement with this. Thin, elongated (5 by 100 km) radar dark features are also present in this area
and largely correlate with the topographically defined flow fronts (#B, Figure 6b). The correlation between the
radar- and image-basedmapsdemonstrates the ability of the Earth-based radar to distinguish individual small,
young flows from the surrounding, older surfaces they have embayed. Based on this correspondence with the
youngest of the Schaber [1973] mapped flows (phase III flows), we have incorporated these radar dark units,
along with other units of similarly low radar backscatter, into the stratigraphically highest map unit 4.

Radar map unit 4 extends beyond the Euler source region to the northeast and terminates in the center of the
basin, incorporating all of the Schaber [1973] flowunits (phase III and II flows, see Figure 3a). However, the east-
ernbifurcationof radarmapunit 4 (#C, Figure6b) also incorporates a sectionof the stratigraphically olderphase
I/II flows mapped by Schaber [1973] based on albedo differences alone. Our new analysis of topographic flow
boundaries based on the low sun angle LROC data (Figure 2) reveals that flowmargins are also present along
the eastern bifurcation of radar unit 4, justifying its inclusion as part of the stratigraphically youngest unit.

Figure 8. Portion of the P band SC radar data highlighting the stratigraphic relationships between map units 2 and 3.
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Tracking albedo differences across Mare Imbrium, Schaber [1973] mapped stratigraphically older (phase I)
flows that branch out to the east and west from beyond the northern terminus of the phase II flows
(Figure 3a). The northern boundary of the phase I flows are closely alignedwith the boundaries of ourmap unit
group 3 (#D, Figure 6b), though the associated radar signature extends significantly further south to cover
>50% of Mare Imbrium (Figure 5). Underestimations in surface area are not the only differences between
the radar and Schaber [1973] albedomapping. The configuration of both radarmapunits 3 and 4 appearsmore
complex relative to the Schaber [1973] flows. The two radar map units display examples of bifurcation, reveal-
ing exposures of older, higher radar backscatter terrain belonging to map unit 1 (#E, Figure 6b). Two isolated
patches ofmap unit group 3 are also present along the northern boundary ofMare Imbrium (#F Figure 6b). The
discrepancies between the radar data and Schaber’s [1973] map demonstrate the limitations of albedo map-
ping discussed in sections 1 and 5. The units attributed to map units 1 and 2 and their relationships with
map units 3 and 4 also offer information on the formation of older, pre-Eratosthenian regions of Mare
Imbrium. The embayment of part of map unit 2 by map unit 3 (#A, Figures 6b and 8) and the occurrence of
multiple exposures of the stratigraphically oldest unit 1, surrounded by map units 3 and 4 (#E, Figure 6b),
complete the stratigraphic sequence for Mare Imbrium (Figure 7).

Taking a different approach to characterize the history of Mare Imbrium, Fassett and Thomson [2014] mod-
eled the variation in surface age by mapping the level of degradation expressed by the crater population.

Figure 9. Interpretation of the stratigraphic relationships between the radar map units, showing the development of the
current mare surface.
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Unlike age dating based on CSFD, which first require count areas to be established, Fassett and Thomson
[2014] searched for evidence of clustering exhibited by craters displaying various degrees of maturity. The
resulting map displayed a concentration of pristine craters (<1.5 Ga) relative to older, degraded craters situ-
ated along the western half of Mare Imbrium that correlate with radar map unit groups 3 and 4 (Figure 6b),
supporting our assessment that these are the youngest map units in Mare Imbrium. The resolution of the
Fassett and Thomson [2014] map, like CSFD age estimates, is spatially limited relative to the rate of production
of new craters over a given area. As a result, the Fassett and Thomson [2014] work has a spatial scale of tens of
kilometers, making it impossible to discern the relationship between units smaller than the east-west divide
presented in their map. The fine-scale detail revealed by the radar data in differentiating unit boundaries
therefore provides an important additional tool to establish stratigraphic relationships beyond the work
conducted by Schaber [1973].

7. Discussion

The diversity of radar-defined surface units within Mare Imbrium is greater than exhibited by Mare Serenitatis
[Campbell et al., 2014], though this result is expected given the more extensive range in TiO2 [Lucey et al.,
2000; Prettyman et al., 2006]. As a result, Mare Imbrium can be subdivided into many more map units relative
to Mare Serenitatis, permitting the development of a stratigraphic framework. Interestingly, despite the
complexity of the radar returns from Mare Imbrium, fine-scale volcanic structures, such as lineal features
interpreted to be collapsed lava tubes within Mare Serenitatis [Campbell et al., 2014], are not evident.

The distinct patterns of radar backscatter present within Mare Imbrium provide a means to geographically
investigate the latter stages of volcanic activity responsible for filling the basin with over 1 km of volcanic
materials. Our study provides further support for the stratigraphic relationships initially developed by
Schaber [1973] but also yields important information regarding earlier, pre-Eratosthenian phases of volcan-
ism. Below, we first discuss the volcanic implications of the stratigraphic relationships identified with the
radar data and then we explore how our results can aid the interpretation of the Chang’e 3 LPR data.

7.1. Volcanic Implications of the Radar Stratigraphy

The stratigraphically oldest surfaces are attributed to map unit 1 (Figure 9a). Due to embayment by the three
proceedingmap units, it is not possible to identify any common source region(s). However, as this map unit is
identifiable throughout Imbrium, it likely once covered the entire surface of the basin prior to the formation
of the later map units. In comparison to map unit 1, map unit 2 is significantly limited in spatial extent, with
only two discrete concentrations either adjoining or close to the main ring belt of Mare Imbrium to the north
and south (Figure 9b). It is worth noting that map units 3 and 4 may have buried other occurrences of this
map unit type. The isolated nature of the two surface units that comprise the map unit argues for multiple,
independent source vents, and the location of the surface units may divulge regions in which individual dyke
systems supplied magma to the surface. The association of the surface units with the outer region of Mare
Imbrium argues that basin-wide structural control was responsible for dyke propagation, possibly as a result
of extensional stresses generated by the load of the preexisting mare deposits in central Imbrium. Distinct
flow units have also been identified close to the northern rim of Mare Serenitatis [Campbell et al., 2014].

As described above, the high TiO2 content map units 3 and 4 are equivalent to Schaber’s [1973] phase I, II, and
III flows, though the radar data reveals the older map group 3 to extend over a much greater area of Mare
Imbrium thanmapped from albedo changes alone (Figure 2a). The radar properties are largely homogeneous
over much of western Imbrium, and consequently, this whole area has been mapped as part of map unit 3.
Clementine [Hiesinger et al., 2000] and M3 [Thiessen et al., 2014] studies have both subdivided this western
region into multiple, spatially correlated units.

The P band data reveals a braided pattern in which isolated regions of map unit 1 are completely enclosed by
map unit 3 in western Imbrium and by both map unit 3 and 4 in central Imbrium (#E, Figures 6b, 7c, and 7d).
We argue that these smaller units represent kipukas formed by the emplacement of the high TiO2 flows
within an extensive region of earlier, lower TiO2 flows. The occurrence of kipukas is significant in that despite
the extensive spatial coverage of map unit 3, the associated lava flows must have been relatively thin in order
not to have completely embayed the preexisting TiO2 surfaces. This is also the case for map unit 4, which
appears to have flowed over the central portion of map unit 3, also leaving kipukas of the older mare surface.
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Schaber [1973] argued that the source region of the high TiO2 flows was a now-buried section of Mare
Imbrium close to Euler crater. This interpretation is consistent with P band data in that we observe thin, elon-
gated (~10 km) regions of low radar backscatter (several of which are located within the margins of topogra-
phically distinct flows (see Figure 7d) which originate north of Euler). In agreement with Schaber [1973], we
argue these radar signatures represent the final individual lava flows erupted in Mare Imbrium.

The occurrence of numerous kipukas throughout Mare Imbrium offers an advantageous sampling strategy to
future rover missions. Throughout central and western Imbrium, multiple surfaces exhibiting distinct ages
and chemistry can be easily accessed over relatively short transverses. For example, a rover landing close
to #C in Figure 6b would be able to visit portions of map units 1, 3, and 4. As unit 4 includes some of the
youngest flows recognized on the Moon [Schaber, 1973], such a landing site would potentially permit a rover
to sample an extensive age range of mare volcanism.

7.2. Chang’e 3 Landing Site

The P band map (Figure 6) provides additional context in which to interpret the landing site of the Chinese
Chang’e 3 lander and rover. Preexisting mapping of Mare Imbrium, based on spectral and albedo data, estab-
lished that Chang’e 3 landed close to a distinct boundary in mare TiO2 content in the northwestern branch of
Schaber’s [1973] flow unit I (Figure 3a). The P band data corroborates this interpretation, as the landing site is
clearly located within the relatively dark (hence high TiO2) map unit 3, 4 km to the south of a boundary with
map unit 1. In contrast the S band data set provides little regional context as no broad distinctions can be
identified in backscatter across western Imbrium. However, due to the high spatial resolution of the S band
data, the 450m crater close to the Chang’e-3 landing site is resolvable.

Our interpretation of the radar-based stratigraphy of the Chang’e 3 landing site is more in line with Xiao et al.
[2015], rather than the Zhang et al. [2015] evaluation of results from the LPR. Xiao et al. [2015] suggest the
uppermost stack of Eratosthenian mare flows (labeled vertical unit “d,” within their publication) is thin
(<50m thick) and is vertically separated from lower flows by impact regolith, suggesting a long hiatus
between the two sets of volcanic flows. Our analysis agrees with this in that we argue (1) radar map unit 3
is relatively thin (despite being areally extensive) and (2) at the Chang’e 3 landing site, map unit 3 overlies
the stratigraphically oldest map unit 1, suggesting there was a significant interval between periods of volca-
nic activity. We therefore suggest the putative lower, older flows inferred from the LPR data by Xiao et al.
[2015] (and referred to as vertical unit “f,” within their publication) belong to map unit 1. If the northern ter-
minus of map unit 3 flows were thick (~200m), as suggested by Zhang et al. [2015], it is difficult to reconcile
how kipukas of map unit 1 would not have been fully embayed.

8. Conclusion

We have presented a new view of the volcanic stratigraphy of Mare Imbrium using high-resolution P band
Earth-based radar data. As was established in Mare Serenitatus by Campbell et al. [2014], the penetration of
the P band signal is strongly influenced by small variations in the TiO2 content of the lunar regolith result-
ing in significant shifts in radar backscatter. Consequently, due to the relatively large range in TiO2 content
of the Mare Imbrium basalts, the radar data reveals a diverse pattern of radar backscatter, including the
existence of distinct boundaries between regions of differing radar brightness. Tracing these boundaries
enabled us to identify 38 individual units, which based on radar brightness can be subdivided into four
“map” units.

Mare Imbrium is quite unique in that topographically definable Eratosthenian-aged lava flows are present
within the southwest-center of the basin. Previous mapping of these flows has established a stratigraphic fra-
mework [Schaber, 1973], which serves as ameans to test the radar-based work. We find a strong spatial agree-
ment between the two mapping approaches, which gives us confidence to extend our stratigraphic
framework beyond the southwest-central region of Mare Imbrium to incorporate the whole basin. Through
our mapping, we conclude the following

1. Thin, elongated (~10 km wide) regions of low radar backscatter (several of which are located within the
margins of topographically distinct flows) are situated downslope of Euler crater. This supports Schaber
[1973] assertion that the Eratosthenian flows originated from a now-buried vent close to Euler.
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2. The presence of kipukas within the high TiO2 map units 3 and 4 suggest that although the later phases of
activity in Mare Imbrium resulted in spatially extensive flow units, the associated lava flows must have
been relatively thin in order not to have completely embayed the preexisting low TiO2 surfaces.

3. The radar mapping suggests that pre-Eratosthenian, low TiO2 volcanic emplacement originated from sev-
eral source regions within the Imbrium basin, including the mare surface north of Monte Carpatus. The
radar proved particularly valuable in delineating units within this region because the presence of exten-
sive Copernicus ejecta material prevents effective mapping using visible and UV-NIR spectral data sets.

4. Finally, the radar map places important constraints on the interpretation of the Chang’e-3 lunar penetrat-
ing radar measurements and reveals the locations of regions where a range of mare volcanism could be
sampled over small areas by a future lander/rover.
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