
EXAMINING THE IMPACT PROCESS AND REGOLITH MATURATION WITH TEMPORAL AND 
PHOTOMETRIC OBSERVATIONS. E. J. Speyerer1, R. Z. Povilaitis1, M. S. Robinson1, A. C. Martin1, A. 
Boyd1, and B. W. Denevi2, 1Arizona State University, School of Earth and Space Exploration, Tempe, AZ, 
(espeyerer@ser.asu.edu), 2Johns Hopkins University Applied Physics Laboratory, Laurel, MD, USA 
 

Introduction: The Lunar Reconnaissance Orbiter 
Camera (LROC) began mapping the Moon in 2009 
[1]. Nearly a decade later the twin Narrow Angle 
Cameras (NACs) and Wide Angle Camera (WAC) 
have collectively captured over 1,610,000 and 
389,000 images, respectively of illuminated Moon. 
Using a subset of NAC images (50 to 150 cm pixel 
scale), we analyzed tens of thousands before and after 
temporal image pairs that cover the same spatial area 
with similar lighting (incidence angle difference < 3°) 
and nadir viewing geometries and located newly 
formed craters, secondary impacts, rock falls, and 
recent mass wasting events [2,3]. Discovery of larger 
impact craters (up to 70 m) and follow-up observa-
tions enabled us to examine the cratering process in 
more detail and identify regions on the Moon where 
there is only a thin layer of mature regolith.   

Impact Process: On 17 March 2013, the NASA 
Lunar Impact Monitoring Program at Marshal Space 
Flight Center observed its largest impact flash at that 
time [3,4]. From images acquired before and after the 
impact event, the LROC team located a new 18 m 
diameter impact crater. Examination of ratio images 
(formed from the after image divided by the before 
image) revealed four distinct reflectance zones sur-
rounding the newly formed crater (zones in order of 
appearance from the crater rim: proximal high reflec-
tance, proximal low reflectance, distal high reflec-
tance, and distal low reflectance). The broadest zone, 
the distal low reflectance zone, extended 500 m from 
the impact crater and discontinuous portions contin-
ued 1-2 km (~55 to 110 crater diameters) away. 

Following this discovery, the LROC team went on 
to analyze other randomly targeted temporal observa-
tions to identify other surface changes. In the initial 
investigation, they discovered 222 newly formed cra-
ters [2] revealing that not all craters have the four 
distinct reflectance zones, but that almost all had a 
distinct distal reflectance zone that extended out 10s 
to 100’s of crater diameters. Continued analysis has 
increased our counts to over 500 newly formed (and 
resolved) impact craters with the largest crater having 
a diameter of 70 m.  

This 70 m impact crater was discovered using 
WAC observations. A ratio of a single pair of WAC 
images (100 meter pixel scale) shows a single bright 
pixel and a set of darker pixels surrounding the impact 
crater, which can be inferred as the impact crater it-
self and a low reflectance zone. Due to pixel scale 

and noise, no additional structure or reflectance zones 
are detectable in WAC ratio image. However, after its 
initial discovery, an average temporal ratio image was 
created. First all WAC color observations covering 
the impact site were calibrated and a photometric cor-
rection was applied to each image. The images were 
then map projected to a common map space. Finally, 
all the images acquired before the impact occurred 
were averaged together and all the images gathered 
after the event were averaged. The mean after image 
was divided by the mean before image. Using this 
technique, we increased the signal-to-noise ratio in 
the WAC temporal image to reveal subtle changes 
that were not detectable in the ratio of a single set of 
WAC observations.  

Fig. 1 shows the averaged ratio image of the 70 m 
impact crater. A single pixel marks the location of the 
crater itself. Within 3 km of the crater are bright and 
dark markings that we infer to be the two proximal 
reflectance zones mentioned earlier. More strikingly, 
is the distal low reflectance zone that extends >80 km 
from the crater rim (>1100 crater diameters) and co-
vers approximately 3400 km2. These distances both in 
km and crater diameter units is far greater than any 
other new crater we have investigated to date. Based 
on this observation, it is clear that even small < 100 m 
diameter craters can alter the reflectance of areas 
much larger (>10x) than previously expected.  

 In the distal low reflectance zone (Fig. 1), the ob-
served surface reflectance decreases 1-3% (relative to 
nearby unaffected areas) in all seven WAC bands 
(321, 360, 415, 566, 604, 643, and 689 nm) and we do 
not see any relative UV reflectance changes (321/415 
nm) that can be associated with space weathering [5]. 
We also do not find any indication of a change in the 
composition of the exposed surface, consistent with 
earlier models [2] that the distal zones are most likely 
created by a surface disturbance (possibly impact in-
duced jetting) that is blasting the surface and churning 
the upper mm to cm of regolith. Recently, LAMP 
observations before and after the impact also show 
changes extending 100 km from the crater [6] and are 
likely related to the emplacement of the distal zone. 

In addition to examining temporal image pairs, we 
are also investigating the newly formed craters with 
follow-up observations acquired under different light-
ing and viewing geometries. These photometric image 
sequences, which are explained in detail in [7], enable 
one to infer changes in surface properties such as 
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composition, grain size, porosity, and differences in 
sub-pixel roughness. Fig. 2a shows a standard reflec-
tance image (phase=65°) of a newly formed 50 m 
diameter crater that has both high and low proximal 
reflectance zones surrounding the impact and extend-
ing 175 m from the crater rim. Fig. 2b shows a low 
phase (2°) observation of the same impact site in 
which the proximal low reflectance zone is indistin-
guishable from the background indicating that this 
zone is not a compositional feature or a layer of nano-
phase iron as [8] has proposed, but rather an effect 
caused by changes in grain size or sub-pixel rough-
ness. Additionally, the visibility of the proximal high 
reflectance zone in the low phase image is consistent 
with the exposure of immature regolith that was not 
previously visible on the surface. 

Fig. 2c shows a phase ratio image [7] where an 
image with 2° phase was divided by an image with 7° 
phase angle (both with incidence angle of 7°). In this 
ratio, the proximal high reflectance zone shows up as 
dark indicating a shallower slope of the phase curve 
between 2° and 7° relative to the background (mature 
mare). We can infer that this region, closest to the 
crater, has lower porosity possibly due to the em-
placement of small rocks, increase in the relative 
grain size, and/or compaction of the surface. Mean-
while, the proximal low reflectance zone shows up as 
bright in the ratio image compared to the background 
that indicates an increase in the porosity possibly due 
to less rocks being present, decrease in the relative 
grain size, and/or dilation of the surface. However, 
when examining a second phase ratio image (Fig. 2d; 
52°/79°), the difference in the two proximal zones 
seen in Fig. 2c disappear. This shows that sub-pixel 
roughness increase in both proximal zones compared 
to the background and is consistent with current cra-
tering models.  

Regolith Maturation: In addition to impact cra-
ters, temporal images also reveal other surface chang-
es called splotches [2,3]. Splotches are interpreted as 
small areas of reflectance change with no morpholog-
ic signatures such as a rim structure (at the scale of 
the NAC). They were first identified around the 17 
March crater [3] and in later analysis of other tem-
poral pairs [2]. We have now identified over 120,000 
splotches. While some splotches may be small prima-
ry impact craters (diameter < 3 pixels), we interpret 
that a majority are secondary surface disturbances 
from nearby larger impact events. 

Almost 90% of all splotches are low reflectance, 
meaning the surface reflectance is lower (average = 
-4%) in the later NAC observation; likely due to an 
increase in surface roughness from local, impact-
induced churning [2,3]. The remaining splotches ex-

hibit high or two-toned reflectance. The observed 
increase in surface reflectance (average = +10%) is 
thought to be due to the exposure of immature rego-
lith churned from depth. The distribution of low-
reflectance splotches is mostly uniform, with the ex-
ception of dense clusters around larger (>20 m diame-
ter) of the newly formed craters. Conversely, the den-
sity of high reflectance splotches is non-uniform and 
instead are clustered near recent Copernican-era cra-
ters (i.e. Giordano Bruno, Tycho and Necho). We 
infer that high reflectance splotches form where the 
top mature regolith layer is thinnest (mm to cm) and 
their occurrence provides a bound on the rate at which 
the mature layer forms and is reworked at shallow 
depths. 
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Fig. 1- Averaged WAC temporal ratio image showing the 
result of a 70m impact. 

 
Fig. 2- A and B) Set of after images acquired at 65° and 2° 
phase, respectively. C and D) Phase ratio images of NAC 
observations C) 2°/7° D) 52°/79°. 
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