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a b s t r a c t 

Lunar Reconnaissance Orbiter (LRO) Diviner Radiometer, Mini-RF, and LRO Camera data were used to 

identify and characterize rocky lunar deposits that appear well separated from any potential source crater. 

Two regions are described: 1) A ∼18,0 0 0 km 

2 area with elevated rock abundance and extensive melt 

ponds and veneers near the antipode of Tycho crater (167.5 °E, 42.5 °N). This region has been identified 

previously, using radar and imaging data. 2) A much larger and more diffuse region, covering ∼730,0 0 0 

km 

2 , centered near 310 °E, 35 °S, containing elevated rock abundance and numerous granular flow deposits 

on crater walls. The rock distributions in both regions favor certain slope azimuths over others, indicating 

a directional component to the formation of these deposits. The spatial distribution of rocks is consistent 

with the arrival of ejecta from the west and northwest at low angles ( ∼10–30 °) above the horizon in both 

regions. The derived age and slope orientations of the deposits indicate that the deposits likely originated 

as ejecta from the Tycho impact event. Despite their similar origin, the deposits in the two regions show 

significant differences in the datasets. The Tycho crater antipode deposit covers a smaller area, but the 

deposits are pervasive and appear to be dominated by impact melts. By contrast, the nearside deposits 

cover a much larger area and numerous granular flows were triggered. However, the features in this 

region are less prominent with no evidence for the presence of impact melts. The two regions appear to 

be surface expressions of a distant impact event that can modify surfaces across wide regions, resulting 

in a variety of surface morphologies. The Tycho impact event may only be the most recent manifestation 

of these processes, which likely have played a role in the development of the regolith throughout lunar 

history. 

© 2016 Elsevier Inc. All rights reserved. 

 

 

 

 

 

 

 

 

 

a  

n  

D  

e

 

g  

f  

f  

a  

e  

s  

p  

c  
1. Introduction 

1.1. Previous work 

Recent spacecraft measurements have revealed new details

about lunar processes that have built on the wealth of information

returned from the Apollo and Luna programs. The systematic and

global collection of radar, thermal infrared, and high-resolution im-

ages by the lunar reconnaissance orbiter (LRO) has provided a new

perspective on the nature and variety of lunar surface materials

(e.g., Paige et al., 2010; Robinson et al., 2010; Nozette et al., 2010 ).

In particular, impact related processes exhibit a greater diversity

than has been previously understood. Impacts and impact gener-
∗ Corresponding author. Tel.: + 1 2083317998. 
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ted melts have been characterized at a level of detail that could

ot be achieved prior to these recent datasets ( Bray et al., 2010;

enevi et al., 2012; Carter et al., 2012; Neish et al., 2014; Stopar

t al., 2014 ). 

These new datasets have been used to identify an unusual re-

ion on the lunar far side, centered near 167.5 °E, 42.5 °N. Sur-

aces in this area display numerous features that appear to have

ormed via flows and ponding. The large-scale morphology of this

rea appears typical of heavily cratered lunar highlands. How-

ver, radar, thermal infrared, and high-resolution imaging mea-

urements display properties that, in some ways, resemble melt

onds and rocky surfaces typically associated with young impact

raters ( Robinson et al., 2011; 2015; Carter et al., 2012; Bandfield

t al., 2013 ). The surface materials are highly heterogeneous and

istributed over a large area ∼100–150 km in diameter. In addition,

here is no associated source crater of the appropriate size and age

earby. 

http://dx.doi.org/10.1016/j.icarus.2016.05.013
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2016.05.013&domain=pdf
mailto:jbandfield@spacescience.org
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Fig. 1. LRO NAC image M1100101542L, centered near 167.6 °E, 43.1 °N. The numerous flat areas in local depressions are interpreted by Robinson et al. (2015) as melt ponds 

that are pervasive throughout the region. 
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Robinson et al. (2011, 2015) first described the morphology of

hese deposits based on LRO Camera (LROC) high-resolution im-

ges and associated digital elevation models, focusing on the dis-

inctive features that appear to be melt ponds. These deposits

ll local topographic lows and are extremely flat, coinciding with

quipotential surfaces. Rough, rocky surfaces and flow features are

ypically located on slopes adjacent to these ponds. In addition,

hat appears to be veneers of impact melts coat the preexisting

errain in a heterogeneous pattern throughout the region. Robinson

t al. (2015) suggested impact melt as the most likely source of

hese materials and total melt volume is estimated to be 8 km 

3 ,

hich would require a source crater > 20 km in diameter. How-

ver, they also noted that the distribution over such a large area

n hundreds of discrete occurrences is not typical of impact melts,

hich tend to form discrete melt ponds and veneers within and

djacent to the source crater ( Fig. 1 ). 

Carter et al. (2012) also noted the presence of features with

adar properties similar to impact melts in this region. Numerous

idely distributed ponds and flows display high circular polariza-

ion ratio (CPR) values in LRO Mini-RF S-band (12.6 cm wavelength)

adar images, consistent with rocky materials. As with the high-

esolution visible wavelength images, the Mini-RF data show no

ign of a potential source crater nearby. Carter et al. (2012) also

oted the presence of similar impact melt features without an ob-

ious nearby source near Keeler Crater (157 °E, 11 °S). In this case,

he associated morphological impact melt features appear sub-

ued, perhaps indicating an older formation. 

The numerous melt ponds and veneer surfaces near 167.5 °E,

2.5 °N are distributed across an area that nearly coincides with the

ntipode of Tycho crater. For slowly rotating bodies, axisymmetric

odels of ejecta emplacement predict enhanced accumulation of

jected material at the antipode ( Moore et al., 1974 ). In addition,

rater-size frequency distributions yield a model age of ∼26 Ma for

he melt ponds, consistent with a late Copernican formation age

 Robinson et al., 2015 ). This age is consistent with similar analy-

es of Tycho crater impact melts (22–74 Ma; Hiesinger et al., 2012;

anetti et al., 2015 ), is too young for Jackson Crater, and is too

ld for Giordano Bruno ( Robinson et al., 2015 ). Although there are

arge uncertainties in the derived ages, they are all derived from

rater size-frequency distributions of impact melt surfaces. These

urfaces presumably have similar crater formation and retention
 t
roperties that allow for a precise comparison of relative forma-

ion age. The similarity in derived age and antipodal location rel-

tive to Tycho crater suggests that the Tycho impact event is the

ource of the melt ponds. However, the mechanisms required for

he emplacement of such large volumes of impact melt at such

arge distances are not well understood and are contradicted by

tudies completed prior to the LRO mission ( Robinson et al., 2015 ;

.g., Hawke and Head, 1977 ). 

The presence of such a large number of widely distributed im-

act melt features at such a distance from any potential source

s remarkable and unexpected. Although the remote sensing ob-

ervations have provided significant clues, the specific event and

echanisms of the formation of these features is currently poorly

nderstood. 

.2. Scope of this work 

In this work, we use the Diviner Radiometer along with Mini-

F synthetic aperture radar and LROC imaging data to identify and

haracterize rocky lunar deposits that appear to be well separated

rom any potential source crater. Our focus here is the exposed

ocky surfaces, rather than the melt ponds that are described in

etail in Robinson et al. (2015) because the melt ponds quickly

orm a veneer of regolith that hides their rocky signatures in the

iviner data ( Bandfield et al., 2011 ). The source of the rocky mate-

ials includes solid and perhaps molten ejecta from a distant, large

mpact. 

Although the deposits near the antipode of Tycho crater are the

ost prominent of these deposits, other potential distal deposits

re possible and an additional region on the lunar nearside is also

escribed here. From the perspective of the three LRO datasets, we

how that the rocky deposits have a strong dependence on slope

rientation and it is possible to estimate incoming trajectories of

jecta material. We also show here that the limited azimuth range

f the influx of material places constraints on its origin and is

nconsistent with an azimuthally symmetric antipodal focusing of

jecta material. The impact that formed Tycho crater was likely an

blique impact, resulting in a distinct pattern and range of ejecta

aunch azimuths and elevations. We find that the distribution of

he deposits is consistent with the restricted ejecta orientations. 
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2. Data and methods 

2.1. Diviner Radiometer 

The Diviner Radiometer has 7 thermal infrared spectral chan-

nels; 3 spectral filters are near 8 μm wavelengths and separate fil-

ters cover ∼13–23, 25–41, 50–100, and 10 0–40 0 μm wavelengths

( Paige et al., 2010 ). Each channel consists of a 1 by 21 element de-

tector array and data are collected in a pushbroom configuration.

The spatial sampling of Diviner is ∼160 by 320 m from a 50 km

polar orbit. The local time of Diviner observations migrated across

the full diurnal cycle throughout the primary LRO mission. The or-

bit was changed to ∼40 by 170 km for the LRO Extended Science

Mission starting in 2011 ( Keller et al., 2015 ). More complete de-

scriptions of the Diviner instrument characteristics and operations

are given in Paige et al. (2010) . 

The data used for the analysis of individual craters were derived

from the Level 2 Gridded Data Products available at the Planetary

Data System ( Paige et al., 2011 ). These data are constructed from

the calibrated Diviner Reduced Data Record (RDR) and resampled

to 128 pixels per degree (ppd). The true resolution of the data is

variable and can be lower by a factor of 2–3 because of the high

spacecraft altitudes in the elliptical orbit during the Extended Sci-

ence Mission. 

We used data collected from Diviner channels 6–8 (with full

width half maximum bandpasses of 13–23, 25–41, and 50–100 μm

respectively) acquired between July 5, 2009 and September 2,

2012, as well as gridded maps of the local time of each observa-

tion. Each of the maps covers a single lunar cycle ( ∼28 days), re-

sulting in 46 separate maps. Each pixel of each map essentially cor-

responds to a single location and acquisition time, though it may

represent an areally weighted average of measurements acquired

by several detectors ( Williams et al., 2016 ). 

These data were used to produce updated rock abundance and

rock-free regolith temperature data products that were derived us-

ing the methods described in Bandfield et al. (2011) . Because lu-

nar rocks are typically much warmer than the surrounding regolith

during the lunar night, mixed surfaces with both rocks and regolith

will contribute variable amounts to the measured radiance at the

different measured wavelengths. For the algorithm used here, rock

temperatures are modeled a priori using the properties for vesic-

ular basalt described by Horai and Simmons (1972) and the one-

dimensional thermal model described by Vasavada et al. (1999) .

Diviner measured radiance at three wavelengths (channels 6–8) is

then fit using a non-linear least-squares algorithm with rock frac-

tion and rock-free regolith temperature as the free parameters used

for the optimization. Data were restricted to local times of 1930–

0530 H to avoid anisothermality effects due to solar heating and

shading on sub-pixel local slopes. 

Rock concentrations retrieved from this technique represent the

areal coverage of ∼1 m diameter rocks from 0 to 1 (0–100%).

This technique is not sensitive to smaller rock sizes, and cover-

age of smaller rock size fractions is predicted to be much higher

( Cintala and McBride, 1995 ). For example, typical scaling relation-

ships indicate that a surface with 10% areal coverage of ≥ 1 m

diameter rocks would be nearly completely covered with rocks

≥ 0.1 m. The ∼1 m rock size sensitivity of the Diviner data falls

between that of LROC ( ∼2–3 m) and Mini-RF S-band ( ∼0.1 m)

data. 

Several improvements were made to the rock abundance re-

trieval algorithm used here over that described by Bandfield et al.

(2011) . First, we accounted for regional slopes to predict the mod-

eled rock temperatures using the LROC global digital terrain model

(DTM) sampled at 128 ppd ( Scholten et al., 2012 ). The slope and

slope azimuth at each location was used to adjust the appar-

ent local time and latitude of the modeled rock temperatures
or each measurement. For example, a rock at the equator on a

0 ° south-facing slope would be modeled using rock temperatures

or 10 °S. 

This approximation for local slopes results in an improvement

n the retrieved rock abundance and rock-free regolith temper-

ture values of Bandfield et al. (2011) . The previous data prod-

cts showed systematic errors of 0.1–0.2% in rock abundance val-

es that were highly correlated with surface slopes. In general,

quatorward-facing slopes had slightly elevated rock abundance

alues relative to poleward-facing slopes, because the rock temper-

tures were under- and overestimated for equator and pole-facing

lopes respectively. These systematic errors are no longer present

fter accounting for the local slopes in the rock temperature mod-

ling. This improvement in the data reduces the uncertainty in the

esults presented here, particularly because of our focus on rock

istributions with respect to surface slopes. 

In addition the rock abundance and regolith temperature data

roducts were extended to 80 °N/S latitude, though these high lat-

tude data are not used in the work described here. No retrieval

s performed where the local slope exceeds the equivalent of 80 °
atitude. For example, a 10 ° north-facing slope at 75 °N does not

eet the necessary criteria and no rock abundance value would be

etrieved at this location. 

.2. Mini-RF radar 

We included Mini-RF radar data to support the Diviner obser-

ations. Mini-RF is a synthetic aperture radar utilizing X-band and

-band frequencies ( ∼4.2 and 12.6 cm wavelengths respectively) at

5 and 75 m sampling ( Nozette et al., 2010 ). We used the S-band

otal power (S1), circular polarization ratio (CPR), and M-chi de-

omposition ( Raney et al., 2012; Cahill et al., 2014 ) data products

o identify both flow and melt pond features. 

Total power (Stokes parameter S1) images were used to iden-

ify melt features using Mini-RF data. Although these images are

eavily influenced by topography, they also contain less noise, al-

owing for easier identification of less prominent features. CPR is a

imensionless parameter that is the ratio of the same sense circu-

arly polarized return (S1–S4) to the opposite sense circularly po-

arized return (S1 + S4). This parameter is highly sensitive to scat-

erers (such as rocks) of roughly the same size as the wavelength

f the signal (e.g., Campbell et al., 2010 ). In addition, M-chi decom-

osition images were used to help distinguish the type and source

f radar scattering objects ( Raney et al., 2012 ). The M-chi decom-

osition separates the returned radar signal into three parameters:

dd and even-bounce polarized signatures and depolarized signa-

ures ( Raney et al., 2012 ). These different radar return signatures

re sensitive to different aspects of the lunar surface and subsur-

ace. For example, the odd bounce image represents the strength of

he polarized return that has reflected off a single surface or sub-

urface (or any odd number of surfaces). Most commonly, a strong

dd-bounce signal represents either surface scattering or layering

resent between materials of different properties. By contrast, the

ouble bounce polarized signal represents the strength of the po-

arized return that has reflected off of two (or any even number)

urfaces. A typical example with rocky surfaces occurs when the

ransmitted radar signal is bounced off natural corner reflectors,

uch as the ground and the face of a rock before returning back to

he receiver. This type of signal can also result from interaction of

ultiple interfaces within the subsurface, such as rocks within a

egolith matrix. Lastly, the depolarized signal image primarily rep-

esents volume scattering. This is sensitive to heterogeneities (such

s rocks within a fine regolith matrix) within the upper ∼1–2 m of

unar regolith. 

The Mini-RF S-band data are sensitive to the presence of rocks

nd heterogeneous materials in the upper ∼1–2 m of regolith,
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epending on its dielectric properties (e.g., Carter et al., 2012;

eish et al., 2014; Cahill et al., 2014 ). This allows for the detec-

ion of melt flows and pond features, even if buried in the shal-

ow sub-surface. This data complements the Diviner data, which

s only sensitive to rocks at or within a few centimeters of the

urface. It has been shown that rocky materials persist in the lu-

ar subsurface after a regolith covering quickly develops on the

urface, masking their thermophysical signature ( Bandfield et al.,

011; Ghent et al., 2014; Neish et al., 2014 ). 

.3. LRO Camera 

We also used LROC data for this study, including both wide and

arrow angle camera datasets. As described in Section 2.1 , eleva-

ion derived from the LROC Wide Angle Camera (WAC) was used

o determine the slope and azimuth of surfaces to model rock tem-

eratures. Details of the generation of elevation data are provided

n Scholten et al. (2012) . The elevation data was also used to iden-

ify correlations between the rock abundance and the slope and

zimuth of surfaces. 

LROC narrow angle camera (NAC) images were used to iden-

ify meter-scale surface morphologies and textures associated with

istinct surfaces identified in the Diviner rock abundance data. We

ocus here on the relationship between the high resolution images

nd the thermophysical properties. A more detailed study with a

ocus on morphological characteristics, crater densities, and other

eatures identified in LROC NAC images near the antipode of Tycho

rater is described in Robinson et al. (2015) . 

. Results 

.1. Tycho antipodal region rock distributions 

Elevated rock concentrations are present within an irregular

rea roughly 150 km in diameter, covering ∼12,0 0 0 km 

2 , and cen-

ered near 167.5 °E, 42.5 °N ( Fig. 2 ). Outside this region, surfaces are

argely free of rocks, with areal coverages typically ∼0.2–0.3% and

arely exceeding 1%. We use the terms “areal abundance” and “con-

entration” interchangeably here and express the surface coverage

f rocks in terms of percentage (i.e., 10 m 

2 rock coverage within a

otal surface area of 100 m 

2 is described as 10% rock areal abun-

ance). Within the region of 164–170 °E, 40–46 °N (encompassing

he surfaces with anomalous rock concentrations), the maximum

ock areal coverage is 29.7%, though few surfaces exceed 8%. The

otal area with elevated rock concentrations ( ≥ 1%) is 5121 km 

2 .

he region of elevated rock concentrations lacks a distinct bound-

ry, and the transition to typical background rock concentrations

an be diffuse. However, this boundary appears relatively sharp

long its southern margin ( Fig. 2 ). 

The spatial distribution of rocky surfaces is highly variable

ithin this region, with many contiguous areas ∼1–10 km across

ither having elevated rock concentrations or being similar to typ-

cal low rock concentration lunar highlands surfaces. There also ap-

ears to be two distinct regions separated by a wedge of low rock

oncentration surfaces toward the northwest ( Fig. 2 ). 

Elevated rock concentrations occur on both level and sloped

urfaces and both within and outside craters. Within craters, el-

vated rock concentrations occur on both the crater walls and

oor. However, elevated rock concentrations are highly asymmetri-

al with regards to the azimuth orientation of the crater wall. This

lope azimuth asymmetry appears to be common and is not re-

tricted to an isolated group of craters. 

We defined two regions of interest within the area antipodal to

ycho to better illustrate and quantify the asymmetry in rock con-

entrations on slopes of particular azimuths ( Figs. 2 and 3 ). These

egions each appear to have high rock concentrations favoring a
istinct and limited range of slope azimuths. The regions were sep-

rated by visual inspection of the relationship between rock abun-

ance and slope azimuth within local craters and depressions. Al-

hough the regions of interest are defined subjectively, together

hey encompass the full area containing elevated rock concentra-

ions. We also assumed that the two regions are geographically ex-

lusive. Despite the somewhat arbitrary definition of the extent of

hese two regions, it enables quantification of the relationship be-

ween slope azimuth orientations relative to rock concentrations. 

Within each region, slopes with elevated rock concentrations

re prevalent on both shallow and steep slopes, but are concen-

rated within a limited range of azimuth angles ( Fig. 3 ). The major-

ty of sloped surfaces (slopes > 15 °) with azimuth orientations to-

ard the west have elevated rock concentrations of ( Table 1 ). Sim-

lar patterns are present in the southern region of interest ( Fig. 3 ).

n this case, the majority of sloped surfaces with azimuth orienta-

ions to the north have elevated rock concentrations of ( Table 1 ).

o summarize, within the northern region, rocky surfaces domi-

ate west-facing slopes and rocks are largely absent from east-

acing slopes. Within the southern region, rocky surfaces domi-

ate northwest-facing slopes and are absent from southeast-facing

lopes. 

We observe similar orientation patterns within each region of

nterest by isolating rock distributions on slopes protected from

ebris falling from a restricted azimuth and elevation angle. In this

ase, we assume material is impacting the lunar surface. Slopes

here the angle between the direction of falling debris and the

ector normal to the local slope is greater than 90 ° will be pro-

ected. For example, debris falling from the north at an elevation

f 9 ° above the horizon cannot impact a south facing surface with

 slope of 10 °. If the falling debris is the source of rocks in the

egion, then the protected surfaces should be free of rocks. Be-

ause of the significant computational requirements, this simpli-

ed model only takes the local slope into account and does not

onsider “cast shadows”. For example, a level surface adjacent to

 steep slope may be in reality protected from incoming material,

ut would not be considered by the model to be protected. How-

ver, as a check on the validity of this assumption, we have in-

luded a ray-tracing model that does account for these cast shad-

ws. We found that (as would be expected) the ray-tracing model

ncludes a greater proportion of protected surfaces for a given ele-

ation angle. 

Rock concentration distributions were calculated for surfaces

rotected from falling debris every 5 ° of azimuth and 2 ° of eleva-

ion from 0–30 ° above the horizon ( Fig. 4 ). In the northern region,

he greatest proportion of rock-free surfaces would be protected

rom debris traveling to the east and southeast for elevations of

–20 ° above the horizon ( Table 1 ). In the southern region, rock-

ree surfaces would be protected from incoming debris traveling to

he southeast for elevations of 0–20 ° above the horizon ( Table 1 ).

he modeled protected surfaces from other azimuth angles show a

oor match to the data. At these other azimuth angles, many exist-

ng rocky surfaces would be shielded from the modeled incoming

ebris and many rock-free surfaces would not ( Fig. 4 ). 

There is also a strong dependence of protected surface rock

bundance distributions on the elevation angle of incoming debris.

t higher angles above the horizon, only the steepest slopes re-

ain protected. As a result, above elevation angles of ∼20 °, few

urfaces would remain protected from incoming material. The frac-

ions of rock-free and rocky protected surfaces becomes more ex-

reme (both high and low) as the elevation angle of incoming ma-

erial is increased. There is no apparent peak or plateau with re-

pect to elevation angle ( Fig. 4 ). 

We mapped the distribution of protected surfaces for various

ncoming debris azimuth/elevation combinations ( Figs. 4 and 5 ).

hese maps, which include the “cast shadow” ray-tracing model,
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Fig. 2. Diviner rock abundance maps (color) with the LRO WAC DEM (shading). The top image, centered near 168 °E, 43 °N, shows rock distributions, which are typically 

associated with relatively fresh craters. The anomalously rocky Tycho crater antipode region is located near the center of the top image and is shown in detail in the bottom 

image. The antipode of Tycho crater is denoted by the white “X”, and the northern and southern regions of interest are outlined in the bottom image. In the bottom image, 

the white square indicates the location of the image shown in Fig. 6 and the white rectangle in the bottom image indicates the location of the radar data shown in Fig. 13 . 
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show that a greater proportion of rock-free surfaces are protected

relative to rocky surfaces at higher elevation angles. However, there

are also large swaths of rock-free surfaces that would not be pro-

tected. At lower elevation angles, more rock-free surfaces are pro-

tected, but small rocky areas are also included within the pro-

tected areas. Although the correlation is not perfect, the maps

show numerous local protected surfaces that largely coincide with
ock-free surfaces for certain azimuth and elevation combinations

 Fig. 5 ). 

As noted by Robinson et al. (2015) , there are several distinc-

ive surface textures and morphologies present in the region, in-

luding several that appear spatially correlated with areas of ele-

ated rock concentrations. As an example, we investigated surfaces

ithin and near a ∼10 km diameter crater in this region, centered
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Table 1 

Preferential orientations of rocky and rock-free surfaces near the Tycho crater antipode and nearside 

regions of interest. 

Surfaces with elevated rock concentrations: 

Region Surface slope azimuth Surface slope angle Rocky surfaces ( > 1% rocks) 

Antipode North 180 °–350 ° > 15 ° 60% 

Antipode South 240 °–60 ° > 15 ° 69% 

Nearside 240 °–330 ° > 15 ° 43% 

Nearside 330 °–240 ° > 15 ° 18% 

Surfaces protected from falling material: 

Region Incoming azimuth Incoming elevation Rock-free surfaces ( < 1% rocks) 

Antipode North 75 °–115 ° 0–20 ° > 70% 

Antipode South 115 °–165 ° 0–20 ° > 70% 

Nearside 55 °–150 ° 0–20 ° > 80% 

n  

6  

e  

c  

w  

s  

d  

o

 

h  

T  

r  

t  

b  

s  

f

4  

r  

O  

p  

p  

f  

(

3

3

 

w  

c  

c  

B  

n  

w  

t

 

∼  

r  

t  

r  

M  

o  

v  

t

 

s  

t  

s  

9  

t  

i  

g  

n  

s  

i  

s  

t

 

c  

t  

t  

t

h  

a  

o

 

t  

t  

a  

p  

e  

s  

t  

d  

T

f  

f  

s  

g  

s  

s  

t  

a  

i  

a  

w

3

 

c  

c  

l  

h  

u  

e  

a  

i  
ear 41.95 °N and 167.85 °E (Designated by the white circle in Figs.

 and 7 ). This crater is located within the southern region of inter-

st, discussed in Section 3.1 , and shows a distinct variation in rock

oncentration with respect to slope azimuth ( Fig. 6 ). North and

est facing slopes have elevated rock concentrations, and east and

outh facing slopes are nearly rock-free. This is consistent with the

ependence of rock concentrations on slope orientations through-

ut the southern region of interest. 

Areas with elevated rock concentrations have surfaces that are

ighly fractured and interspersed with relatively smooth surfaces.

he fractures typically run perpendicular to the downslope di-

ection and are spaced several meters apart ( Fig. 7 ). Dense frac-

ure networks appear to grade into areas dominated by individual

locks on the surface. These textures commonly appear on sloped

urfaces. Near the floor of the crater, surfaces appear smooth and

ractures are much less common. Sinuous rubble piles (about 10–

0 m in width and up to ∼2 km long) are present that break the

elatively rock-free smooth surfaces into separate sections ( Fig. 7 ).

ther smooth surfaces that are present in local topographic de-

ressions (interpreted by Robinson et al., 2015 as melt ponds) ap-

ear to be relatively free of rocks ( Figs. 1 and 7 ). Additional rock-

ree areas have textures similar to typical lunar highlands surfaces

 Fig. 7 ). 

.2. Nearside region rocky deposits 

.2.1. Rock distributions 

We searched for other regions of elevated rock concentrations

ith properties similar to those located near the antipode of Ty-

ho crater. Most rocky surfaces are clearly associated with adja-

ent craters or rilles and are especially prevalent within maria (e.g.,

andfield et al., 2011 ). However, we identified one region, centered

ear 310 °E, 35 °S, that appears to have elevated rock concentrations

ith some properties similar to the rock distributions found near

he Tycho crater antipode ( Fig. 8 ). 

The region of elevated rock concentrations covers

730,0 0 0 km 

2 , and is diffuse with no clear boundary. Several

elatively smooth mare and cryptomare areas are present within

he region. These areas have numerous small craters with elevated

ock concentrations, similar to other mare surfaces across the

oon. Other rocky surfaces are present in the region, appearing

n slopes within highlands terrain. Outside of fresh craters, ele-

ated rock concentrations are rare within the lunar highlands, and

hese rocky slopes are not common elsewhere on the Moon. 

The rocky highlands surfaces in this region are present on

lopes with a preferential orientation. In order to better quantify

hese trends we defined several regions of interest in a manner

imilar to our analysis of the Tycho antipode region ( Figs. 8 and

 ). In this case, we defined three regions of interest, but combined
he analysis of data because all three regions appear to show sim-

lar trends. As discussed in Section 3.1 , the boundaries of the re-

ions of interest are somewhat arbitrary. In this case, the diffuse

ature of the region and the presence of more typically rocky mare

urfaces make a precise spatial definition of this anomalous region

mpossible. Instead, our three regions of interest encompass rocky

urfaces within highlands terrain that show strong orientation pat-

erns based on visual inspection. 

West and northwest-facing slopes tend to have elevated rock

oncentrations relative to east-facing slopes ( Fig. 9 ). In this case

he asymmetrical distribution is not nearly as pronounced as with

he Tycho crater antipode deposits, but the trend is still clear. In

his case, the majority of surfaces of any azimuth with slopes > 15 °
ave low rock concentrations. However, 43% of slopes facing west

nd northwest have elevated rock concentrations of, compared to

nly 18% of slopes facing north, east, and south ( Table 1 ). 

As before, we also observe similar orientation patterns within

he regions of interest by isolating rock distributions on slopes pro-

ected from debris falling from a restricted azimuth and elevation

ngle ( Fig. 9 ). In this region, > 80% of rock-free surfaces would be

rotected from debris incoming toward the east and southeast and

levations of 0–20 ° ( Table 1 ). The fraction of rock-free protected

urfaces becomes more extreme (both high and low) as the eleva-

ion angle is increased ( Fig. 9 ). Again, although the asymmetrical

istribution is clearly present, it is not as pronounced as with the

ycho crater antipode deposits. 

High-resolution images show surface morphologies distinct 

rom those present at the antipode of Tycho crater. Rock-free sur-

aces appear to have textures similar to typical lunar highlands

urfaces. Melt ponds, indicated by level surfaces filling local topo-

raphic depressions, and melt veneers appear to be absent. Rocky

urfaces are present on slopes of preferential slope orientations,

imilar to those present at the antipode of Tycho crater. However,

hese surfaces lack the fractured textures and flow features present

t the Tycho crater antipode site ( Fig. 10 ). Instead, boulders of var-

ous sizes are present that have a diffuse boundary with rock-free

reas. These rocky surfaces also have a higher albedo compared

ith surrounding rock-free areas. 

.2.2. Granular flows 

Within the larger nearside region, granular flow features are

ommon on crater walls ( Figs. 11 and 12 ). Granular flows are

last-supported, where grain-to-grain collisions result in a fluid-

ike behavior of the bulk material. These features commonly ex-

ibit multiple lobes, levies, and central channels, similar to gran-

lar flows identified elsewhere on the lunar surface (e.g., Xiao

t al., 2013 ). Five hundred and twenty individual LROC-NAC im-

ges were inspected within this region, with an emphasis on

mages that covered surfaces of elevated rock abundances. We
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Fig. 3. Diviner Tycho crater antipode rock abundance distributions for the two re- 

gions of interest shown in Fig. 2 . The direction on the polar plots represents the 

azimuth of the local slope (only slopes > 15 ° are included here) and the radial dis- 

tance represents the rock abundance. Colors represent the fraction of slopes with 

a given rock abundance for each slope azimuth. For example, the cyan-colored bin 

denoted by the arrow for the northern region plot shows that ∼1% of slopes ( > 15 °) 
facing 350–360 ° have rock abundances of 8–9%. The plots show a strong asymmetry 

in the rock abundances based on the surface slope azimuth orientations. 

 

 

 

 

 

 

 

Fig. 4. Polar plots showing the rock abundance of modeled surfaces that would be 

protected from incoming material of a particular azimuth/elevation orientation. The 

two plots are for the northern and southern regions of interest shown in Fig. 2 . The 

direction on the polar plots represents the azimuth and the radial distance repre- 

sents the elevation above the horizon from which the modeled incoming material 

is traveling. The colors represent the fraction of surfaces that would be protected 

from incoming material that have low rock abundances ( < 1% areal coverage). For 

example, the arrow in the bottom plot points to a bin that represents a model of 

incoming material from a direction of 315–320 ° and 18–20 ° above the horizon. The 

red color indicates that almost none of the surfaces that would be protected from 

material have a high rock abundance. High values on the plots (orange and red) are 

consistent with the modeled direction of incoming material. The numbers (1–4) on 

the bottom plot represent examples described in Fig. 5 . Blank areas on the plots 

indicate a low total area of surfaces that would be protected in the model ( < 10 0 0 

pixels). (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article). 
identified 74 individual craters and one non-crater surface with

flow features ( Fig. 8 ). High-resolution image coverage (especially

with favorable illumination conditions) is not complete within the

region, and there are likely additional unidentified granular flows

present. 

Most craters with granular flow features also exhibit rock fields

on the crater walls and rim. However, these craters are typically

degraded otherwise and do not show signs of recent slumping,
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Fig. 5. Modeled protected surfaces from incoming material for four azimuth/elevation orientations for the southern region of interest (denoted in Fig. 4 ). Colors represent 

rock abundances in the Tycho crater antipode region, which is similar to data shown in Fig. 2 . Bright areas highlight surfaces that would be protected from incoming material 

for each particular modeled azimuth/elevation orientation. Examples 1 and 2 highlight many surfaces with elevated rock abundances, which is inconsistent with the modeled 

direction of incoming material. By contrast, most highlighted surfaces in Examples 3 and 4 have low rock abundances, consistent with being protected from an influx of 

material from the modeled direction. Although, Example 4 highlights rock-free surfaces almost exclusively, there are also many rock-free surfaces in the immediate area that 

are not highlighted, indicating that incoming material may have come from a lower elevation, such as that similar to Example 3. These results include surfaces that would 

be protected based on the model that includes ray-tracing. 
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elt ponds within or outside the craters, or rocky ejecta imme-

iately outside the crater ( Fig. 11 ). The flow features are common

n north, east, and west-facing walls of the crater. Flows on south-

acing crater walls are rare and were only identified in one in-

tance, though the illumination conditions make identification of

ow features on south-facing slopes more difficult. No flow fea-

ures were identified on the outside rim of craters, and were only

dentified on steep slopes. 

.3. Mini-RF 

Mini-RF total power (Stokes parameter S1) images were exam-

ned for areas covering the Tycho crater antipode and nearside re-

ions ( Fig. 13 ). In the Tycho antipode region, surfaces with ele-

ated rock abundances also show elevated backscatter in the radar

mages. The Tycho antipode region radar images also show nu-

erous bright spots that coincide with melt ponds identified in

ROC images. In addition linear patterns of enhanced radar return

re present and typically follow a path consistent with downslope

ow of molten material. The radar images in this region show a

elatively complex pattern that coincides with the rocky surfaces
dentified using the Diviner data, along with the flow features and

elt ponds identified in LROC images. 

By contrast, radar data in the nearside region is highly corre-

ated with rock abundance data (though the S1 radar images also

how the expected variations due to slopes facing toward or away

rom the spacecraft). Both granular flows and the numerous rocky

urfaces show similar spatial patterns and can be identified in Di-

iner, LROC, and Mini-RF datasets. The linear patterns and numer-

us melt pond features are absent from the radar images in this

egion. M-chi decomposition data shows an enhanced return sig-

al from all three components where there are blocks present on

he surface ( Fig. 14 ). This implies that ∼0.1 m diameter blocks are

nly present in the near-subsurface where they are also present at

he surface. 

. Discussion 

.1. Tycho antipode deposit formation processes 

Robinson et al. (2015) discuss the potential processes that are

elated to the formation of the numerous and widely distributed



290 J.L. Bandfield et al. / Icarus 283 (2017) 282–299 

Fig. 6. (top) Surface rock abundance (color) with mosaic of LRO NAC images M111543585L/R and M1100101542L (shading), centered near 43.9 °N, 167.9 °E (indicated by the 

white box in Fig. 2 ). The white box shows the area covered by the top image in Fig. 7 . (bottom) Rock abundance distributions for the area within the oval shown in the top 

image. The direction on the polar plots represents the azimuth of the local slope (slopes > 15 ° are included) and the radial distance represents the rock abundance, similar to 

Fig. 3 . Colors represent the fraction of slopes with a given rock abundance for each slope azimuth. The high rock abundances on north and west facing slopes are consistent 

with rocky slope azimuths in the region (shown in Fig. 3 ). 

 

 

 

 

 

 

 

 

 

t  

a  

t  

a

 

c  

c  

m  

c  
impact melts at the antipode of Tycho crater. Based on the abso-

lute model ages derived for the melt deposits and the lack of a vi-

able alternate formation mechanism, the Tycho impact event was

ruled the most likely cause of the antipodal deposits ( Robinson

et al., 2015 ). Some questions remain, however; for instance, it may

be difficult to keep material molten during the minimum several

hours it takes to travel from the impact location to the antipode

( Artemieva, 2013; Robinson et al., 2015 ). Regardless, meter-sized

spheres of material could remain partially molten during travel
ime or the conversion of kinetic energy to heat on impact at the

ntipode are viable mechanisms to deliver or produce molten ma-

erial to the antipode ( Artemieva, 2013; Robinson et al., 2015; Jögi

nd Paige, 2014 ). 

The rock distributions in the Tycho antipode region clearly favor

ertain slope azimuths over others. Even within individual craters,

ertain slopes are dominated by rubble piles and melt sheets, with

elt ponds on the crater floor, while other slopes within the same

rater appear untouched and indistinguishable from typical lunar
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Fig. 7. LRO NAC image M111543585L, centered near 43.9 °N, 167.9 °E (indicated by the white box in Fig. 6 ). The top image shows a portion of the north-facing wall and floor 

of the crater (denoted by the white circle in Fig. 6 ). Image (a) shows a transition from north-facing rocky surfaces to east-facing rock-free surfaces. Image (b) shows melt 

ponds with rubble piles that formed at the intersection between flows. Image (c) shows rocky and highly fractured surfaces typical of north- and west-facing slopes in the 

region. Image (c) and the right side of image (a) show rocky surfaces that are similar to those that are prevalent throughout the region and identified in the Diviner rock 

abundance data. 
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Fig. 8. Diviner rock abundance maps (color) with the LRO WAC DEM (shading). The top image, centered near 310 °E, 43 °S, shows anomalously high rock abundances in the 

nearside region. The broad region near the center of the image includes highlands terrains that have anomalously high rock abundances. White outlines indicate the three 

regions of interest described in the text, red/white points show the locations of granular flows, and the yellow box indicates the location of the detailed image (bottom). 

The detailed image shows the prevalence of rocky surfaces on north and west-facing slopes. White circles show the locations of granular flows and the white arrow shows 

the location of the radar data shown in Figs. 13 and 14. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article). 
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Fig. 9. (Top) Diviner nearside rock abundance distributions for the regions of in- 

terest shown in Fig. 8 . The direction on the polar plots represents the azimuth of 

the local slope (slopes > 15 ° are included) and the radial distance represents the 

rock abundance. Colors represent the fraction of slopes with a given rock abun- 

dance for each slope azimuth. The plot shows asymmetry in the rock abundances 

based on the surface slope azimuth orientations, most visibly at the larger rock 

abundance ranges. West- and north-facing slopes have higher rock abundances in 

the region than south- and east-facing slopes. (bottom) Polar plots showing the rock 

abundance of modeled surfaces that would be protected from incoming material of 

a particular azimuth/elevation orientation. The direction on the polar plots repre- 

sents the azimuth and the radial distance represents the elevation above the hori- 

zon from which the modeled incoming material is traveling. The colors represent 

the fraction of surfaces that would be protected from incoming material that have 

low rock abundances ( < 1% areal coverage). High values on the plots (orange and 

red) are consistent with the modeled direction of incoming material. Blank areas 

on the plots indicate a low total area of surfaces that would be protected in the 

model ( < 10 0 0 pixels). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article). 
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ighlands surfaces ( Figs. 6 and 7 ). The persistence of this orien-

ation pattern within the two regions (described in Section 3.1 )

ndicates that there is a directional component to the formation

f these deposits and that the material primarily arrived from the

est and the northwest for the northern and southern regions re-

pectively ( Figs. 3 and 4 ). It is of course possible that the regions

ould be further subdivided or small amounts of incoming material

rrived from any azimuth orientation. In addition, the two regions

e selected may not be entirely exclusive and there is likely at

east some overlap between them. Regardless of these details, the

ata indicate the presence of material that impacted the surface

rom at least two dominant directions and incoming material from

ther directions was much less prevalent. 

In addition, the presence of rock-free “shadows” on slopes of

ertain orientations can be used to constrain the elevation above

he horizon for incoming material. At increasing elevation angles,

teeper slopes are required to be shielded from incoming material.

he rock abundance distributions show that almost all rock-free

urfaces in the Tycho crater antipode region would be protected

rom material arriving primarily from the west and northwest for

he north and south regions respectively ( Fig. 4 ). In both cases, the

aterial must have arrived from a shallow angle, roughly 10–20 °
bove the horizon. At a higher incoming angle, few slopes would

e protected and it is not likely that the many rock-free surfaces

bserved in the region would still be present. Conversely, at a shal-

ower incoming angle, many surfaces that currently have high rock

bundance values would have been protected. 

The elevation and azimuth constraints of the incoming material

onstrain conditions of the source impact. Suborbital material will

and at the same elevation angle from which it is launched, so the

ource impact of the Tycho antipode deposits must have ejected

 significant amount of material near 10–20 ° above the horizon.

his shallow angle is unusual except in the instance of oblique im-

acts (e.g., Anderson et al., 2003 ), such as that which created Tycho

rater (e.g., Schultz et al., 1976 ). 

In addition, the azimuth orientation of the Tycho antipode

ocky surfaces indicates that material must have been launched to-

ard the east and southeast for the northern and southern regions

espectively. The two Tycho antipode deposit regions are nearly

dentical and nearly overlap, but arrived from these two primary

irections. The unique nature of the deposits and surface features

n the region, along with their similar age, make it difficult to in-

oke two separate events to have occurred in recent lunar history

o form the deposits. A single impact event near the antipode of

he deposits is necessary to produce debris on slopes of two pref-

rential orientations. 

In summary, we conclude that the Tycho antipode deposits did

ndeed form from ejecta from the Tycho impact event. This is

ased on the following lines of evidence: 

• The coincidence of the age of the associated melt ponds with

that of Tycho crater ( Robinson et al., 2015 ) 
• The two preferential orientations of the deposits at nearly the

same location could only have an antipodal source (i.e., Tycho

crater) 
• The deposit orientations also indicate that the source was an

oblique impact toward the east, consistent with the Tycho im-

pact event 

Although we are confident that the source of the deposits is

he Tycho impact event, we do not understand the reason for

heir presence at the antipode. There have been many studies that

odel and document increased ejecta at the antipodal focus of an

mpact (gravitational focusing), especially for slowly rotating bod-

es, such as the Moon (e.g., Moore et al., 1974; Argyle, 1989; Kring

nd Durda, 2002; Hood and Artemieva, 2008 ). However, the mech-

nism for this focusing is the intersection of great circles at the
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Fig. 10. LRO NAC image M124924825R, centered near 305.86 °E, 36.61 °S. Rocks are distributed across a northwest-facing slope. These features are common throughout the 

nearside anomalously rocky region. 

Fig. 11. Mosaic of LRO NAC images M104856782L/R, centered near 308.05 °E, 39.72 °S. Rocks and granular flows are distributed along north and northwest facing slopes of 

the crater. The white box denotes the area of the image shown in Fig. 12. 
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Fig. 12. LRO NAC image M104856782L, centered near 308.00 °E, 39.76 °S. Granular flows are present throughout the area along with rubble piles. The white box in the top 

image denotes the area shown in the bottom image. 
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mpact antipode, allowing for incoming ejecta from a wide range

f azimuths. This is not the case for the Tycho antipode deposits,

hich arrived from two dominant azimuth and elevation angles.

s shown in Fig. 4 , it is possible that nearly all of the rocky mate-

ial could have arrived from only these two azimuths and elevation

ngles. 

Although gravitational focusing is also likely to have occurred,

ts influence at the antipode of Tycho crater does not appear to be

ignificant. Where rock-free “shadows” are present, the surface ap-

ears entirely untouched by this event and indistinguishable from
ypical lunar surfaces. It is possible (and indeed probable; Jögi and

aige, 2015 ) that an oblique impact, such as that which formed

ycho crater, will result in an azimuthally asymmetric pattern of

mpact directions at the antipodal focus. However, this mechanism

till relies on a high concentration of incoming material from a

ubstantial range of azimuth orientations to distinguish the an-

ipode from other lunar surfaces. 

Gravitational focusing relies on the confluence of great circles

o concentrate material near the antipode of an impact crater.

hat we identify and describe here is instead consistent with
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Fig. 13. Mini-RF S1 total power images, centered near 167.8 °E, 43.0 °N (left; lsz_04,544_1cd_xku_50n168) and 307.6 °E, 40.5 °S (right; lsz_03,371_1cd_xku_42s307). The left 

image shows the numerous melt ponds (white oval) and flow features (Arrow 1) present throughout the Tycho crater antipode region. The right image shows radar bright 

surfaces in the nearside region that are associated with rocky surfaces (Arrow 2) and granular flows on crater walls (Arrow 3). The left image is denoted by the white 

rectangle in Fig. 2 and the location of the right image is shown by the arrow in Fig. 8. 
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concentrations of ejecta launched at a limited number and range

of elevations, azimuths and velocities. As such, the underlying pro-

cess responsible for the rocky deposits that we find at the antipode

of Tycho crater does not require the deposits to be at that particu-

lar location. The restricted range of directions of incoming material

appears to be as valid if the two rocky regions were located at any

other set of locations on the Moon, if the preferential ejecta launch

velocities or angles happened to be different. 

It may be that the presence of these ejecta at the antipode is

a coincidence. For example, a higher launch velocity would have

separated and placed the two regions of rocky materials and melts

further east and southeast, for the north and south regions respec-

tively. Conversely, a lower launch velocity would have placed the

materials to the west and northwest of their current location. We

do not know of any mechanism that launches ejecta at a specific

and narrow range of velocities just sufficient to reach the antipode.

Consequently, although we believe the evidence is strong that the

Tycho impact event is the source of the deposits at its antipode, we

also believe that their presence at the antipode may simply be an

unusual and distracting coincidence. There is, however, some evi-

dence for similar deposits near the antipode of Copernicus crater

(discussed in Section 4.3 ). 
.2. Nearside deposit formation processes 

There are two types of rocky surface morphologies associated

ith the nearside deposits; (1) the widespread occurrence of nu-

erous isolated rubble piles, and (2) granular flow deposits on

rater walls. High-resolution images do not show evidence for di-

ectionality to the deposits (e.g., a “smearing out” in the direction

f impact). As with the Tycho crater antipode deposits, there is lit-

le in the high-resolution images that clearly indicate the impact of

he material on the surface, such as secondary craters, or gouging

hat may be expected by low-velocity and low elevation angle im-

acts. However, it is not clear that a widely distributed collection

f small objects impacting at low elevation angles and velocities

ould necessarily produce surface features beyond rubble piles. 

The numerous granular flows are in the same region as the rub-

le piles, but only occur on crater walls. This is likely because few

ther surfaces in the region are steep enough to sustain granular

ows. The presence of granular flows on crater walls is not unusual

n the Moon. However, their presence on 74 separate craters, many

f which are old and degraded, is unique. It appears likely that

he same incoming material that formed rubble piles throughout

he region also caused the granular flows. Although the process of
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Fig. 14. Mini-RF M-chi decomposition images ( Raney et al., 2012; Cahill et al., 2014 ), centered near 307.6 °E, 40.5 °S (lsz_03,371_1cd_xku_42s307). The composite image shows 

the even bounce, volume scattering, and odd bounce images projected as red, green, and blue respectively. The enhanced return from all three parameters indicates that 

rocky materials are typically present in the near subsurface only where they are present at the surface as well. The images cover the same area shown in the right image 

of Fig. 13 and are at the location shown by the white arrow in Fig. 8. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article). 
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s  
triggering granular flows on slopes composed of unconsolidated

materials is intuitive, some of the details remain unclear. For ex-

ample, it is not known what proportions of the granular flows are

composed of the incoming material or the preexisting regolith. In

many cases, the craters are old and degraded and both the radar

data and the lack of excavated blocks near small recent craters

show that rocky materials are not present within a few meters

of the surface. Consequently, either the granular flows are com-

posed of mixtures of incoming rocky material and fine-particulate

regolith, or the impacting material excavated more deep-seated

rocky material that was incorporated into the granular flows. 

Neither radar nor visible images show evidence for the pres-

ence of any melt associated with the nearside deposits. There are

no linear features in either dataset that indicate downslope flow,

no cooling cracks or veneers, and no flat surfaces within local de-

pressions. The radar data in particular shows a large contrast in the

character of the Tycho antipode and nearside deposits. No small,

rounded melt ponds or possible melt flows are observed in this

region ( Figs. 13 and 14 ). 

The nearside rocky deposits and granular flows show orienta-

tion patterns that are similar to the Tycho crater antipode deposits

( Fig. 9 ). However, the nearside deposits show a less pronounced

orientation effect, are typically much more diffuse and subtle, and

cover a much larger area. There are surfaces with high rock abun-

dances, such as rocky craters, showing the presence of rocks on

all slope azimuths with no orientation effect. It is likely that these

rocky surfaces are simply young craters that formed independently

of the anomalous rocky surfaces present throughout the region.

These other processes that form rocky surfaces make it difficult to

completely isolate the anomalous surfaces from what may be con-

sidered background lunar rocky surfaces. 

The orientation effects in the nearside deposits are clearly

present, despite this interference. This is indicated at the local

scale with the granular flow deposits and at the larger regional

scale with the more non-descript rocky regions. As with the Tycho

antipode deposits, these data are consistent with incoming mate-

rial from the west or northwest. In this case, however, it is likely

that the elevation angle of incoming material was higher above the

horizon; perhaps 20–30 ° in this case, compared with 10–20 ° for

the Tycho antipode deposits ( Fig. 9 ). Although it is difficult to de-

rive precise elevation angles, the less pronounced rock shadowing

effect in the nearside deposits supports a higher elevation angle

for incoming material. This elevation angle is still low enough to

be consistent with oblique impact launch angles. 

There are several possible sources for the nearside rocky de-

posits and granular flows. Unfortunately, there are no melt ponds

present that provide surfaces that can be used for crater counts

and derived ages. However, the presence of the rocks in high

abundances on the surface indicates that the surfaces are young

and probably Copernican in age (e.g., Bandfield et al., 2011; Ghent

et al., 2014 ). This restricts the potential source to a young impact

that occurred somewhere to the west or northwest. Unfortunately,

great circles that encompass these incoming directions allow for

the source impact to be located at a wide range of locations on

the Moon, including recent craters, such as King, Giordano Bruno,

Copernicus, Aristarchus, and Tycho. 

The relatively low elevation angle and azimuth orientation of

incoming material is consistent with an oblique impact toward the

east or southeast. This is once again consistent with the Tycho im-

pact event, which would have ejected a significant amount of ma-

terial at low elevation angles to the east. Although Tycho crater is

only ∼10 0 0 km to the east of the nearside rocky deposits, the ma-

terial would have traveled nearly the entire circumference of the

Moon in order to impact the surface from the west/northwest. 

The longer travel time and widely dispersed nature of the near-

side highlands deposits may account for the lack of evidence for
elt at this location. A longer travel time would allow molten par-

icles to cool and solidify more completely before impacting the

urface. In addition, the dispersed nature of the deposits would

ake the cumulative heating from the continuous impacts of ma-

erial, as well as the radiative insulating properties of the material,

ess efficient as it is traveling through space ( Robinson et al., 2015;

ögi and Paige, 2014 ). 

.3. Other regions with similar properties 

No other region on the Moon matches the distinct and exten-

ive nature of the Tycho crater antipode and nearside highlands

eposits. However, several areas show morphological similarities

hat have been identified in high resolution visible wavelength and

adar images. One location in particular was identified by Carter

t al. (2012) near Keeler crater. This region shows what appear to

e melt ponds as well as downslope melt flow features. These fea-

ures bear a distinct similarity to the features identified near the

ntipode of Tycho crater, although they are not as widespread or

rominent. In contrast with the Tycho crater antipode and nearside

eposits described here, the Keeler crater features are not associ-

ted with anomalous rock abundance values. 

The Keeler crater features are located near the antipode of

opernicus Crater, which is suggestive of a causal relationship. The

ore subtle and rock-free nature of the deposits is consistent with

n older source, such as would be the case for Copernicus (e.g.,

eukum and Koenig, 1976; Bogard et al., 1994; Hiesinger et al.,

012 ). However, there is no directional information, such as is

resent for the Tycho crater antipode and nearside deposits, that

rovides information about source impact conditions. As such, only

ts likely older age and presence at the antipode ties the Keeler

rater features to the Copernicus impact event. 

.4. Implications for the development of lunar surfaces 

Regardless of the source of the rocky deposits described here, it

ppears that recent, moderate sized lunar impact events can have a

arge effect on the surface properties of wide regions at a distance

ar removed from the impact source. In some ways, this is unsur-

rising and we only need to observe the rays of Tycho and Gior-

ano Bruno craters to understand the widespread effects of im-

acts on the Moon (e.g., Wells et al., 2010; Neish et al., 2013 ). How-

ver, the surface features and deposits described here appear to be

 separate manifestation of the impact process. In this case, large

mounts of material are ejected from the impact site within a re-

tricted range of velocities and directions. This bears some similar-

ty to strewn fields, where increased concentrations of tektites are

resent at large distances from their source crater (e.g., Glass et al.,

979 ). The enormous volume of material required to form the de-

osits is larger than anything previously recognized as a strewn

eld. 

Regardless of how the Tycho crater antipode and nearside de-

osits are classified, or which impacts are responsible for their for-

ation, they show a range of violent and active processes that are

ikely to have been present throughout lunar history. Their pres-

nce supports the notion that granular flows, impact melt features,

nd rubble piles may be related to distant impact events. 

If the source of the deposits is indeed the Tycho impact event,

he global effect is even greater than previously recognized. Al-

hough the diameter of Tycho crater is only ∼85 km, covering

5800 km 

2 , it appears to have modified surface materials in sev-

ral distant regions covering ∼750,0 0 0 km 

2 . This process may be

ommon throughout lunar history and, if so, it must play a large

ole in the development of the lunar regolith. Even so, the lack of

imilar deposits in other locations on the Moon suggests that these

urface features degrade with time and may only be preserved
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t depth where rocky materials are protected from micromete-

rite breakdown. The presence of similar melt features near Keeler

rater may be an older example of this process where surface rocks

ave been broken down and features are only subtly present in

adar and visible imaging datasets. 

. Conclusions 

The rocky materials in the two regions described here are the

istant surface expressions of a recent lunar impact or impacts.

he deposits show distinct orientation effects that indicate they

ame from low elevation angles above the horizon and primarily

rom the west and northwest, consistent with an oblique impact to

he east or southeast. The directionality and impact angle of these

eposits, along with age dating of impact melt ponds by Robinson

t al. (2015) strongly support the Tycho impact event as the source

or the deposits in both regions. 

The deposits show a variety of surface morphologies, including

ranular flows, rubble piles, and melt flows and ponds. These fea-

ures cover large areas well-separated from the source crater and,

ithout taking a global context into account, would otherwise ap-

ear unrelated to their source impact. The effects of impact events

ppear to be extensive and widespread, leaving surface expressions

oth detached and covering vast areas relative to the size of the

ource crater. The Tycho impact event may only be the most re-

ent and visible manifestation of these processes, which likely has

layed a significant role in the development of the lunar regolith. 
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