
  

Introduction

  The Lunar Reconnaissance Orbiter Camera (LROC) Narrow Angle 
Camera (NAC) routinely acquires high resolution (50 to 200 cm pixel 
scales) stereo pairs from adjacent orbits through spacecraft slews; 
parallax angles are typically >20°, and the local incidence angle is 
between 40° and 65° [1]. These observations are reduced to digital 
elevation models (DEM) using a combination of ISIS (USGS) and 
SOCET Set (BAE Systems) to pixel scales of 2 to 4 meters. Absolute 
control is obtained by tying stereo models to Lunar Orbiter Laser 
Altimeter (LOLA) profles using cross-over analysis spacecraft 
position kernels [2]. For regions near the poles, topography is well 
characterized by LOLA, with sampling resolution as small as 5 m [3]. 

A key goal of this study is to characterize the topography of 20-km 
diameter impact craters. Typically we observe the upper 50% of 
interior walls of Copernican aged examples (~20 km diameter) to 
have average slopes near 36°, with slopes locally above 40° not 
uncommon. Lower on the walls, slopes tend to be 20 to 25° until they 
sharply intersect the crater foor. From these new data we can also 
estimate the angle of repose (angle at which granular material will 
begin to move) for mare and highland materials. This angle is 
dependent on the coeffcient of friction of the material dominantly 
controlled by particle characteristics:
1) Increasing friction increases angle of repose.
2) Increasing particle roughness increases angle of repose.
3) Increasing particle size decreases angle of repose.
Angle of repose is generally considered to be independent of gravity, 
but this point has recently been challenged with experiments 
performed in aircraft induced low g experiments [4].
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Data Analysis

Slope and elevation measurements for this study come from NAC 
DEM mosaics of Giordano Bruno (21.4 km diameter), Moore F (23.6 
km diameter), Larmor Q (19.3 x 23.2 km diameter), and Lichtenberg 
(19.3 km diameter) craters (listed in order of increasing age). To 
reduce stereo correlation noise the DEMs were downsampled to 5 
m/px by averaging (effectively increasing the signal-to-noise ratio by 
~6 times). We also used a LOLA-derived DTM (5 m sampling) to 
characterize the topography of Shackleton crater (20.7-km diameter 
Imbrian aged crater [5]) to investigate crater slope degradation with 
age. Slope maps for all fve craters were computed using a 15x15 m 
baseline.

Discussion

Interior wall slopes of 36° are common within 20-km diameter 
Copernican craters. Slopes signifcantly greater than 36° are 
associated with blocky outcrops and not granular material. Termination 
lobes of slump materials on shallower slopes within these same 
craters are commonly 32°, and do not exceed 36°. Thus we infer that 
the angle of repose for dry granular material on the Moon is 36° for 
both highland and mare targets. This angle is consistent with small 
and angular grains and the long held rule that angle of repose is 
independent of g. Not surprisingly we observe that older craters exhibit 
fewer steep slopes (i.e. Shackleton) likely due to relentless macro- and 
micrometeorite bombardment over time.

Lobate Slumps

Lobate slumps generally form on 25° slopes, and are found only in 
the youngest craters (covering most of the north and west walls in 
Giordano Bruno, with a few visible in Moore F and Larmor Q).  The 
lobes tend to be over a kilometer in length, and vary from ~200 m to 
~2 km in width (see Figure 2 for examples).  The slope gradually 
increases from the head of the lobe, with slopes generally near 25°, to 
the toe, with slopes averaging 32°.  At the toe of the lobe, the slope 
drops from ~32° to ~25° over the course of a few meters.
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Figure 2: Lobes in Giordano Bruno.  Left: Slope profles of six lobes, scaled 
horizontally to match each other.  Black line is the average slope of all six lobes.  
Center: NAC mosaic of the northwest wall of Giordano Bruno.  Right: Slope map of 
the northwest wall of Giordano Bruno.  Brighter grays indicate higher slopes.

Figure 3: NAC image of the southeast wall of 
Giordano Bruno, showing correspondence of slopes 
over 36° to blocky outcrops. Red areas indicate 
slopes over 36°, with deeper red showing steeper 
slopes.

Summary of Key Craters

Giordano Bruno: Much of the upper walls have average slopes 35±4°. On 
the north and west slopes, the upper third exhibits slopes generally above 
30°. Below that level, the slopes decrease to ~25°, and lobate slumps are 
common. To the south-southeast the wall maintains a slope of 36° all the 
way to the foor, a face of over 2500 m! The foor is very rough, superposed 
with smooth, ponded impact melt deposits. Lobate faced slumps are often 
found on the lower slope regime where slopes are ~25°. The lobate 
terminations of the slumps are typically 35° (see “Lobate Slumps”, above 
right). A large coherent block (4.5 km wide), that slumped 1500 m, 
dominates the NE portion of the crater wall.

Moore F: The upper half of the north and south walls is very similar to 
Giordano Bruno's steep slope regime (>35°). The lower north and east walls 
show similar lobate slumping to Giordano Bruno, while the lower south wall 
exhibits a single large collapse. The upper and lower boundaries of the 
walls are just as sharp as Giordano Bruno, except for the southern collapse 
materials. No NAC stereo data is yet available for the western third of the 
crater, nor the upper east wall. The foor is very rough, and like Giordano 
Bruno, holds smooth impact melt deposits in topographic lows.

Larmor Q: This crater is unusual relative to the other four due to its elliptical 
plan and large slump blocks covering much of the foor. However, it shows 
similar steep wall slopes, generally around 30-35°, except for a section of 
the southeast wall which frequently exceeds 35°. The top of the wall forms 
a sharp boundary with the surrounding terrain. The interface between the 
wall and foor is often rounded, although this determination is complicated 
by the large slumps on the foor.

Lichtenberg: The upper half of the south and west walls average 32° 
slopes, while the rest of the crater wall slopes average 28°. The upper and 
lower extremes of the walls grade into the level foor and surrounding 
terrain over the course of a few hundred meters. The foor is fairly smooth. 
Lichtenberg is proposed to be of Eratosthenian age (>1.7 b.y. [6]).

Shackleton: The average wall slope is 31°, and very rarely exceeds 35°.  
Both top and bottom of the walls show a gentle change in slope from the 
35° wall to the nearly-fat foor over the course of over a kilometer.  The foor 
is fairly smooth. 

Figure 1:
Left column: Colored shaded relief maps of the fve 20 km craters.  The elevation scale 
starts at the lowest point of each crater, and ends 4500 m above that point.  The 
background images are NAC mosaics (Giordano Bruno, Larmor Q, and Lichtenberg), 
WAC images (Moore F and Lichtenberg), and shaded relief from the studied 5m/px DTM 
(Shackleton).  Each subfgure is 30 km across.

Right column: 5 m/px DEM-derived slope maps of the fve 20 km craters, overlain on the 
same background images.  Dark blue indicates slopes above the expected 36° angle of 
repose.
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