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Abstract: The prototype for investigations of formation mechanisms and related geological effects of large impact basins on planetary
bodies has been the Orientale basin on the Moon. Its widespread secondaries, light plains, and near-rim melt flows have been well
mapped in previous studies. Flow features are also widely associated with secondaries on planetary bodies, but their physical properties
are not well constrained. The nature of flow features associated with large impact basins are critically important to understand the
emplacement process of basin ejecta, which is one of the most fundamental processes in shaping the shallow crusts of planetary bodies.
Here we use multisource remote sensing data to constrain the physical properties of flow features formed by the secondaries of the
Orientale basin. The results suggest that such flows are dominated by centimeter-scale fine debris fines; larger boulders are not
abundant. The shattering of target materials during the excavation of the Orientale basin, landing impact of ejecta that formed the
secondaries, and grain comminution within the flows have substantially reduced particle sizes, forming the fine flows. The discovery of
global-wide fine debris flows formed by large impact basins has profound implications to the interpretation of both previously-returned

samples and remote sensing data.
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1. Introduction

Impact basins are the most important geological units on planet-
ary bodies. Planetary surface topography is controlled to the first
order by the distribution of large impact basins (Melosh, 2011).
Many basins have diameters approaching the radius of the parent
body, evidence of collisions that must caused enormous thermal
disturbances to the planetary interiors; e.g., the triggering of the
near-global volcanism on Mercury that occurred ~4.0 Ga has been
attributed to a period of massive basin formation (Marchi et al.,
2013). Giant deep faults formed by the impact basins have
provided weakness zones for subsequent volcanism (Spudis,
1994). Understanding the formation mechanism of impact basins
and related geological effects is one of the scientific priorities in
planetary exploration.

Since its initial identification, the Moon’s Orientale basin has been
regarded as the prototype for understanding large impact basins
on planetary bodies (Hartmann, 1964). Remote sensing data have
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well constrained the morphological, geochemical, and geophysic-
al properties of materials within the basin (Melosh et al., 2013).
Combined with numerical simulation of impact cratering, the
formation mechanism of the Orientale basin has also been well
constrained (Johnson et al., 2016). The ejecta of Orientale,
however, are far less well understood.

During the formation of impact basins, large amounts of materi-
als were excavated from the transient cavity and subsequently de-
livered to large distances around the parent body. Therefore, im-
pact basins and their associated ejecta deposits have long been
used as global stratigraphic markers (Wilhelms, 1987). Recently,
high-resolution imagery, topography, radar scattering, and re-
flectance spectral data have been employed to map the detailed
distribution of ejecta formed by the Orientale basin (Ghent et al.,
2008; Meyer et al.,, 2016, 2020; Guo DJ et al., 2018). Sourced from
the Orientale basin, radial striations that feature high radar re-
turns have been observed to cover most of the southern hemi-
sphere of the lunar nearside. These deposits contain coarse gains
that have been interpreted as ejecta from the Orientale basin. Sec-
ondary craters (“secondaries”) formed by the Orientale basin have
been mapped to a distance of ~2500 km from the basin center
(Guo DJ et al., 2018), and some may even occur globally (Meyer et
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al., 2020). The near global occurrence of light plains formed in the
Orientale basin is also mapped in detail; these plains are com-
posed by a combination of melt-bearing primary ejecta and local
disturbed materials (Meyer et al., 2016). We notice that thick flow
features are commonly developed around secondaries formed by
the Orientale basin, and the flow features have much larger areal
coverage compared to the source secondaries. By definition, the
flow features are distinguishably different from the light plains, as
the flows are relatively thin veneers (but still thick enough to
shade topography), while light plains are smooth plain materials
that were collected in local low topographic areas (Meyer et al.,
2016). Similar flow features are commonly associated with all sec-
ondaries on planetary bodies, but those formed by the Orientale
basin have not previously been discussed.

Considering that flow features can cover surfaces at least as large
as the source secondaries, resolving their physical properties is
necessary to any comprehensive understanding of the formation
of the Orientale basin and also of the surface processes on the
Moon. In this study, we use multi-source high-resolution remote
sensing data to constrain the physical properties of the flows.
Ways in which flow features can elucidate planetary surface evolu-
tion are discussed.

2. Data and Method

Images obtained with large incidence angles by the wide-angle
camera of the Lunar Reconnaissance Orbit Camera (LROC WAGC;
100 m/pixel; Robinson et al., 2010) and the global mosaic ob-
tained by the Chang’e-2 mission (50 m/pixel; Zhao HX and
Magoules, 2011) are used to study the morphology of ejecta de-
posits from the Orientale basin. Flow features formed by Ori-
entale’s secondaries are selected as the research target.

Topography of flow features is derived using the Selene-LOLA-Di-
gital Elevation model (SLDEM) with 59.2 m/pixel spatial resolution
(Barker et al., 2016). Thicknesses of flows are measured based on
topographic profiles that are perpendicular to the flows. The
measured values are lower estimates, considering that the flows
have been degraded after ~3.8 billion years of exposure to grav-
ity and subsequent impact (Spudis, 1994).

Thermophysical properties of the flows are studied using data ob-
tained by the Lunar Reconnaissance Orbiter Diviner thermal ra-
diometer (Paige et al., 2010). Seven of the radiometer’s nine chan-
nels are in the infrared, covering ~8-300 um in wavelength (Paige
et al., 2010). Two global gridded products used in this study, rock
abundance (Bandfield et al., 2011) and H-parameters (Hayne et al.,
2017), are derived from the night-time temperature data ob-
tained by Diviner. These two parameters are calculated based on
the observation that materials with higher thermal inertia (e.g.,
competent rocks) sustain temperatures higher during the lunar
night than do the lower-thermal-inertia fine regolith materials.
The quasi-physical meaning of the rock abundance values is the
areal-fraction of each field of view that is occupied by surface
high-thermal-inertia materials. A rock abundance value of 0.01
means that 1% of the relevant pixel is occupied by exposed high-
thermal-inertia materials (e.g., competent boulders) that have
sizes larger than the diurnal thermal skin depth (~1 m on the
Moon; Bandfield et al., 2011). The rock abundance map covers all
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longitudes and latitudes from 80°S to 80°N, and spatial resolution
is 128 pixels per degree (~236 m/pixel at the equator). The rock
abundance data are available at http://pds-geosciences.wustl.edu/
missions/Iro/diviner.htm. H-value is another expression of the
thermal inertia of lunar surface materials (Hayne et al., 2017); the
Moon'’s global average value of the H-parameter is ~0.68. Larger
H-parameter values indicate more insulating material near the
surface, and smaller values suggest denser, more conductive ma-
terial. The gridded map of H-values (128 pixel/degrees) covers all
longitudes, but its latitude coverage is limited to 60°S to 60°N. It
has been noticed that, for some purposes, H-values are more sens-
itive than rock abundance data to the actual thermal inertia of sur-
face materials. H-value map data are accessible from https://
phayne.github.io/research/.

Radar observations of flow features formed by the Orientale basin
are performed using P-band (f = 430 MHz, or 70 cm wavelength)
and S-band (f = 2380 MHz, or 12.6 cm wavelength) data obtained
by both the LRO Miniature Radio Frequency (Mini-RF; Nozette et
al. 2010) and Earth-based radar images acquired in bistatic geo-
metry from the Arecibo and Green Bank telescopes (Campbell et
al., 2007, 2010). The radar data at different wavelengths are used
together to estimate semi-quantitatively the sizes of particles at
different flow depths (Ghent et al., 2016). A rule of thumb for radar
detection on the Moon is that radar waves are sensitive to scat-
ters that are at least 1/10th of the radar wavelengths, and that the
radar waves can penetrate in lunar materials down to a depth of
~10 times the radar wavelengths (Ghent et al., 2016). The global
gridded map of the Mini-RF data that were collected at S-band
wavelength (12.6 cm) are used in this study. The spatial resolution
is 128 pixels/degree. The spatial resolution of the 12.6 cm
wavelength radar data obtained from Earth telescopes is ~80
m/pixel; that of the 70 cm wavelength radar data is ~400 m/pixel.
Avoiding difficult observation geometries due to unfavorable to-
pography and satellite positions, we use the circular polarization
ratio (i.e., CPR) as the parameter to investigate the bulk roughness
of the flow feature; this technique yields a good estimate of the
abundance of scatters within the flows. The global average value
of CPR values is ~0.4 (Campbell et al., 2006, Carter et al., 2009).

Note that the above datasets have different spatial coverage and
resolutions. Large offsets exist in the radar data compared to the
well-controlled imagery and topography data. Therefore, while
selecting flow features that were formed by the Orientale basin,
we have done careful de-referencing for the different datasets,
and have chosen only obvious flows that have widths of at least
1 km and for which the available data have good signal-to-noise
ratios.

3. Results

We have selected 9 locations of Orientale secondaries on the lun-
ar nearside that have data coverage by Earth-based P-band and S-
band radar (Campbell et al., 2007, 2010). Figure 1 shows the loca-
tions of the selected examples, which are ~800-1500 km from the
center of Orientale. At regional scales, the selected examples con-
tain subareas that have CPR both larger than and comparable to
the global average. Beyond the final topographic rim of the Ori-
entale basin, an annular region that has lower CPR values is vis-
ible in both the 70 cm and the 12.6 cm wavelengths radar data.

Cai YZ and Xiao ZY et al.: Fine debris flows formed by the Orientale basin
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Figure 1. Earth-based 70 cm (a) and 12.6 cm (b) wavelengths of radar data showing the ejecta deposits of Orientale at the southern hemisphere
of the lunar nearside. The base image is the global mosaic obtained by the Chang’e-2 mission. Red arrows denote the radial striations from
Orientale that exhibit a higher CPR. The white boxes outline the interested areas that have been studied in detail and are mapped in Figure 2.

3.1 Morphology and Topography of the Flows Formed by
Orientale’s Secondaries

Flow features are commonly associated with secondaries formed
by the Orientale basin. The flows have rather continuous exten-
sion along the chains or clusters of secondaries, and clear flow
lines are visible along the path (Figure 2). The flows can flow
across local topographies; deposition along the path is not sub-
stantial since the surface elevations along the flows are not obvi-
ously changed if other possible deposition has occurred. Flow
margins are most obvious in directions perpendicular to the flow
paths (Figure 2).

The minimum thickness of the flows is estimated along directions
perpendicular to the flow paths. During this process, complicated
background topography, where the flows have move across, has
been avoided. The topographic profiles shown in Figure 2 reveal
that the flows have different thicknesses, varying from 120-420 m.

3.2 Thermophysical Properties of the Flow Features

The ejecta deposits of the Orientale basin do not exhibit abnor-
mal radial patterns around the crater (Bandfield et al., 2011).
Figure 3 shows rock abundance and H-parameter maps for the
same region shown in Figure 1.The radial dark and bright stri-
ations that are visible in the radar data are no longer obvious in
either the H-parameter or the rock abundance map. Instead, fresh
impact rays, and walls and blocky rims of impact craters are the
most obvious features in the global thermophysical maps (Band-
field et al.,, 2011). This is consistent with the fact that regolith pro-
duction on the Moon was fast enough that lunar surfaces older
than ~1 billion years have been covered quickly by a regolith lay-
er that is thick enough to homogenize the thermophysical proper-
ties (Bandfield et al., 2011). Therefore, as seen in the Diviner data,
the flow features formed by the Orientale’s secondaries are not
expected to exhibit abnormally low or high thermal inertia.

3.3 CPR Values for the Flow Features Derived from Earth-
Based S-Band Radar Data

Earth-based S-band radar data are used to investigate the flow

features shown in Figure 4. Mini-RF S-band data can also be used,

but Earth-based radar data have larger image frames so that geor-

eferencing is not as laborious, compared to use of Mini-RF data

(Fa WZ and Eke, 2018).

The S band CPR values for the flow features show that regions ex-
ist with CPR values both larger and smaller than 0.4. Close inspec-
tion reveals that the majority of the smooth parts of the flow fea-
tures exhibit CPR values less or comparable to 0.4 (Figures 2 and
4). Higher CPR regions are mostly correlated with walls of impact
craters and with topographic ridges in the floor, where coarser
materials are more prone to be exposed due to continuous mass
wasting (Xiao ZY et al.,, 2013).

3.4 CPR Values for the Flow Features Derived from the P-
Band Radar Data
The flows are immediately apparent on the P-band CPR maps
(Figure 5). Compared to the features shown in the S-band CPR
maps, the flows are more homogeneous in terms of CPR values in
the P-band maps. The majority of flow features have CPR values
less than 0.4, suggesting that materials within the flows have sizes
comparable with those of typical lunar regolith. In the P-band CPR
maps, only rims of relative large craters exhibit high CPR values.

4. Discussion

4.1 Physical Properties of Orientale’s Distant Ejecta
Deposits

Integrating the morphological, geometric, thermophysical, and

radar properties of the flow features suggests that the flows are

Cai YZ and Xiao ZY et al.: Fine debris flows formed by the Orientale basin
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Figure 2. Morphology and topography of flow features associated with Orientale’s secondaries. The locations of the flow features are marked in
Figure 1. North is up in all the images. Panels (a)—(i) are LROC WAC mosaics showing the morphology of the flows. White dashed lines denote the
approximate flow boundaries seen in the 100 m/pixel mosaics. Yellow dashed lines are locations along which topographic data were extracted
based on SLDEM. The right-most panels show the topographic profiles derived for each of the flows shown in the same row. The minimum flow

thicknesses are derived along the profile by comparing with the monochrome mosaics.
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Figure 3. Thermophysical properties of ejecta deposits around the Orientale basin. Unlike the radar data, in which the ejecta deposits formed by

the Orientale basin preserve the radial distribution pattern in terms of CPR values (Figure 1), both the rock abundance (a) and H-parameters (b)
show no unambiguous radial deposits from the Orientale basin. Both panels use as basemaps the global mosaic obtained by Chang'e-2.

Figure 4. CPR values of S-band radar data obtained by Earth based radars. The CPR values are restricted to the range of 0-2; the deep blue color
corresponds to CPR values less than 0.4. Most of the smooth parts of the flows exhibit CPR values less or comparable to 0.4. Note that portions of
the flows shown in panels (b)-(d) are not covered by the S-band radar data.
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Figure 5. CPR maps derived from P-band Earth-based radar data for the 9 flows associated with Orientale’s secondaries (Figure 2). The flows
exhibit more homogeneous CPR values, and most the flow materials have CPR values less than 0.4.

composed primarily of grains less than ~7 c¢cm in dimension
(Table 1). While the average rock abundance and H-values are
comparable to the global average (Haverage = 0.68; Hayne et al,,
2017), the flows uniformly exhibit CPR values less than 0.4 at
the P-band radar. The average CPR values for the S-band radar
data can be as large as ~0.72 (Table 2). Controlled comparison
between the CPR map and surface morphology suggests that the
S-band CPR values are strongly affected by the fractions of small
topographies, such as crater walls and scarps. The content of im-
pact melt in the flows should be low considering the low CPR
values.

For the continuous ejecta deposits of Orientale, our observations
here are basically consistent with P-band radar observations. This
region occurs as a radar dark halo around the Orientale basin
(Ghent et al., 2005), and flow features have entirely covered this
region. Based on the radar properties, Ghent et al. (2005) sugges-
ted that the Orientale basin is similar to many complex craters on
the Moon, that a low-radar-return haloed region exists beyond
the blocky ejecta deposits. We suggest that these materials are at

least 7 m thick, and dominated by grains less than 7 cm in dimen-
sions.

4.2 Formation Mechanism of the Fine Debris Flows

The flows observed here are spatially associated with secondaries.
Secondaries of Orientale are as large as ~20 km in diameter (Xiao
ZY and Werner, 2015). While the primary ejecta that formed the
secondaries have contributed a substantial portion of materials in
the flows (Schultz and Gault, 1985; Hawke et al., 2003), locally ex-
cavated materials are entrained in the excavated materials by the
secondaries. Similar observations of secondaries-related flow fea-
tures are widely observed on both the Moon (Lucchitta, 1972),
Mercury (Xiao ZY, 2016), and Mars (Ghent et al., 2010).

During impact cratering, excavated materials are strongly
shattered due to shock, and post-launch fragmentation occurrs if
the residual elastic strain in the ejecta is large enough to over-
come the tensile strength (Melosh, 1984, 1989). Upon impact,
shock or elastic loading occurs depending on the landing velocity,
so that the primary ejecta are further shattered during the forma-

Cai YZ and Xiao ZY et al.: Fine debris flows formed by the Orientale basin
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Table 1. Locations, minimum thicknesses, average CPR values at P- and S-band radar, and average rock abundance and H-parameters for the 9

flow features shown in Figure 2.

Regions  Distances (km)” Longitude (°) Latitude (°) P-band CPR S-band CPR H-parameter Rock abundance  Flow thickness (m)
Figure la 1566.07 -447 -55.9 0.3289 0.6639 0.0718 0.002 160

Figure 1b 1479.08 -47.25 -52.11 0.4069 - 0.0697 0.002 150

Figure 1c 1251.07 -55.74 -46.18 0.3082 - 0.0667 0.003 140

Figure 1d 1192 -60.1 -47.5 0457 0.5356 0.0718 0.002 -

Figure 1e 1286.58 -65.12 -56.13 0.3492 0.6031 0.0707 0.002 220

Figure 1f 1186.37 -65.36 -51.59 0.3541 0.4847 0.0699 0.002 120

Figure 1g 786.789 -70.16 -9.24 0.2115 0.4457 0.0773 0.003 140

Figure 1h 940.701 —62.82 -32.25 0.4417 0.5549 0.0751 0.002 170

Figure 1i 1098.47 -62.18 44 0.3489 0.718 0.0667 0.002 420

* The distances are measured along great circles to the center of Orientale.

Table 2. Locations, minimum thicknesses, and average CPR values at S-band radar for the 9 flow features shown in Figure 2.

Regions Distance (km)" Longitude (°) Latitude (°) Mini-RF S-band CPR Minimum flow thickness (m)
Figure 6b 1969.09 -138.237 29.695 0.5605 200
Figure 6¢ 1797.42 -139.91 19.49 0.5358 260
Figure 6d 1107.05 -128.52 -4.18 0.5118 270
Figure 6e 933.872 -127.02 -29.42 0.5259 150
Figure 6f 1644.89 -153.31 -46.06 0.5148 130
Figure 6g 2631.12 -167.62 31.66 0.5321 80

* The distances are measured along great circles referred to the center of Orientale.

tion of secondaries. However, many impact rays on the Moon and
Mercury exhibit CPR values larger than 0.4 (Neish et al., 2013), so
that the ejecta deposits are not small enough upon landing. Fur-
ther fragmentation occurs when the flows are initiated by the sec-
ondaries. Grain collisions consume the kinetic energy of the flows,
promoting further fragmentation.

4.3 Widespread Farside Debris Flows Associated with
Orientale

Similar flow features associated with Orientale’s secondaries are
also commonly observed at the lunar farside. Figure 6 shows ex-
amples that have radial distances of ~900-2000 km from the cen-
ter of the Orientale basin. The flows feature morphology similar to
those shown in Figure 2 and the minimum flow thicknesses are
~80-270 m.

Similar to the CPR values at S-band for the nearside flow features,
the flows at the lunar farside also exhibit a large range of CPR val-
ues in the Mini-RF S-band data, but the smooth parts exhibit CPR
values lower or comparable to 0.4 (Figure 7, Table 2). This obser-
vation further suggests that fine-grained flows formed by Ori-
entale’s secondaries at both the nearside and farside share similar
physical properties.

4.4 Relationship Between Flows Formed by Secondaries

and Light Plains
Flow features could be sources of at least some of the material

forming the light plains on Orientale (Figure 6). Light plains are
composed of impact breccia, similar to the Cayley Plains visited by
the Apollo 16 mission, which were formed by the Imbrium basin.
Light plains do not have characteristic reflectance spectra in vis-
ible-to-near infrared wavelengths. The general content of melt
within the plains is much lower than that of typical low-reflect-
ance melt ponds (Meyer et al., 2020). The similar distribution
ranges of secondaries and light plains suggest that many second-
aries-initiated flows are partly connected with the light plains
(Figure 6), contributing to material deposition at topographic
lows.

4.5 Challenge to Current Ballistic Sedimentation Models
Blanking and mixing of local materials by secondary impacts have
long been taken as the most important mechanisms in exchange
materials across the Moon (Petro and Pieters, 2006). It is well ac-
cepted now that ballistic sedimentation is not via simple blanket-
ing, since excavation of local material can be a dominant compon-
ent in deposits of secondaries (Oberbeck, 1975). However, consid-
ering excavation by secondaries, the largest depth of homogen-
neous mixing is equal to or less than the thickness of the primary
ejecta (Petro and Pieters, 2006).

A comparison between predictions of primary ejecta thicknesses
based on prevalently-used empirical functions (Pike, 1974; Xie MG
and Zhu MH, 2016) and the observed minimum thicknesses of
ejecta flows suggests that the empirical functions have substan-

Cai YZ and Xiao ZY et al.: Fine debris flows formed by the Orientale basin
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Figure 6. Morphology and topography of flows formed by Orientale’s secondaries at the lunar farside. (a) The distribution of Orientale’s light-

plains, mapped secondaries, and the exemplified flow features that are associated with Orientale’s secondaries at the lunar farside. The
distribution of light plains is referred from Meyer et al. (2016), and the distribution of interpreted secondaries of Orientale is denoted as green
dots. The base mosaic is obtained by Chang’e-2. The white boxes mark locations of the flow features shown in panels (b)-(g), which are based on
the LROC WAC global mosaic. Topographic profiles for thickness estimates for the flow features are shown in the right panels. In panels (b)-(g),

the locations of the profiles are denoted as white dashed lines.

tially underestimated the thickness of ejecta deposits of secondar-
ies. Figure 8 shows the comparison. Flow thicknesses can be as
large as ~15 times the predicted thickness of primary ejecta, sug-
gesting that the flows are dominated by locally excavated materi-
als; currently available ballistic sedimentation models need to
consider the widespread flow features associated with secondary
impacts.

This discovery brings intriguing questions about the provenances

of returned samples. The Apollo samples were believed to be
largely contaminated by the primary ejecta from the Imbrium
basin (Spudis et al., 2011). However, flows formed by Imbrium'’s
secondaries should be abundant across the Moon; such flows are
dominated by materials excavated by the secondaries, and minor
impact melt materials formed by Imbrium should exist in the
flows. A re-interpretation of sample provenances and their indica-
tions regarding the Moon'’s early impact history (Hartmann, 2019)
will be needed.

Cai YZ and Xiao ZY et al.: Fine debris flows formed by the Orientale basin
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Figure 7. Flows formed by Orientale’s secondaries at the lunar farside feature CPR values similar to those of the nearside flows. (a) CPR map for
the lunar farside revealed by the S-band Mini-RF data. (b)-(g) show regional CPR maps for the 6 flows in Figure 6. A close comparison between
morphology and CPR values suggests that the smooth parts of the flows exhibit CPR values of about 0.4.

landing of the ejecta, and subsequent movements of the flows.
Our analysis suggests that secondaries-related flows were an im-

5. Conclusion
We have found that widespread flow features are associated with
the secondaries of the Orientale basin. The thermophysical and portant agent in shaping the lunar shallow crust, and that ana-

radar properties of the flows are compared in detail, together with  lyses of returned samples and design of future missions should
morphology and topography data. Our results suggest that the consider the wide occurrence and importance of secondaries-re-
flows are dominated by centimeter-scale grains, which were lated flows.

formed during the excavation stage of the Orientale basin, the

Cai YZ and Xiao ZY et al.: Fine debris flows formed by the Orientale basin
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Figure 8. A comparison between the predicted ejecta thickness at various radial distances from the center of the Orientale basin using the
empirical function of Pike (1974) and the measured minimum thickness of the flow features shown in Figures 2 and 5. Note that other empirical
models are available, but the results are comparable within an order of magnitude. Our observations here show a strong mismatch between
observation and prediction, especially at areas >1500 km from the basin center. In this plot, the transient cavity of the Orientale basin is referred
from Melosh et al. (2013); the rim-to-rim radius of the transient crater is 234 km.
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