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Introduction:  Tycho crater (diameter ~85 km) is 

among the largest of the young, bright-rayed craters on 

the Moon.1 As such, its ejecta facies have been the 

subject of numerous investigations.2-9  Recent work by 

Martin-Wells et al. (2021) has documented distal Tycho 

impact melts located as far as 450 km from Tycho in the 

northwest and 460 km in the southeast.10  This 

“butterfly” pattern of distal melt is roughly 

perpendicular to the inferred Tycho impact direction 

from the W-SW.5  Conversely, almost no distal melt is 
observed downrange from this impact direction, to the 

northeast of the Tycho impact.  In this work, we seek to 

better understand the relationship between the locations 

of Tycho distal impact melts and nearby secondary 

crater populations—the size-frequency and velocity 

distributions of which may provide insight into the 

production of the melts themselves. 

Data and Methods: Secondary craters were 

counted in two regions of roughly equal area and 

distance from Tycho crater (Figure 1).  The region to the 

northwest of Tycho encompasses the Heinsius Q impact 
melt regions that were identified by Martin-Wells et al. 

(2021).  By comparison, the region to the northeast of 

Tycho contains only one melt region of very small 

spatial extent.  In terms of secondary craters, the 

northwest region is dominated by chains of secondaries 

with prominent herringbone dunes.  In the northeast 

region, similar chains of large secondaries appear much 

less common upon visual inspection. 

Our preliminary counts reveal a total of 1059 

secondaries in the northeast region and 719 in the 

northwest, ranging in size from 200 m to 4.4 km.  These 

Tycho secondaries were counted on LROC WAC 
mosaics, using the JMars desktop software program.11 

Polygons approximating the secondary crater rims were 

first produced in the northwest region, then converted to 

circles of equivalent area and equivalent perimeter.  The 

average diameter of these two equivalent circles was 

then used for analysis of the northwest population.  In 

the northeast region, the secondary diameters were 

measured directly with circles approximating the crater 

rims. 

Near the edge of WAC resolution (here: craters with 

diameters of roughly 500 m), LROC NAC products 
were used selectively to classify small craters as 

primary or secondary based on morphology.  Future 

work on this project will make more extensive use of 

NAC-resolution imagery in order to extend our 

secondary crater statistics to smaller diameters.  

Clementine UVVIS Optical Maturity data was also used 

to identify small craters with fresh, circular continuous 

ejecta blankets.12 Craters with optically immature ejecta 

blankets of circular planform were considered primary 

craters and not included in our counts. 

 

 
Figure 1. Northwest and northeast secondary crater 

counting regions (9399 km2 in the northwest and 9937 

km2 in the northeast).  Secondary craters are outlined in 

white.  The location of distal Tycho impact melt 

deposits are shown in yellow. 

 
Analysis: Using the ejecta-fragment scaling laws 

presented in Vickery (1986), the diameters and Tycho-

distances of the secondary craters in the northwest and 

northeast regions were converted into their associated 

crater-forming ejecta-fragment diameters.13 Given the 

diameter range and highlands location of the craters 

counted, we assumed that our secondary crater 

populations formed in the gravity regime, impacting 

into a porous target.  The relevant scaling relationship 

for these assumptions is: 

 

d = 0.76 Dobs
1.2 (sin𝜃)-0.4(g/U2)0.2                       (1) 

 

Where d is the crater-forming ejecta-fragment 

diameter, Dobs is the observed crater diameter, 𝜃 is the 

launch and landing angle of the ejecta-fragment 

(assumed to be 45°), g is the lunar surface gravity (1.62 

m/s2), and U is the impact velocity of the ejecta-

fragment.13 

Assuming spherical ejecta-fragments, the total 

volume of secondary crater-forming ejecta delivered to 
each region was calculated.  In order to produce the 

observed secondary crater population, the total volume 

of crater-forming ejecta delivered to the northwest 

region was found to be 2.18x1010 m3.  The volume 

needed to produce the secondary crater distribution 

observed in the northeast was 1.86x1010 m3. 
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Martin-Wells et al. (2021) identified impact melts in 

the NW region using elevated Diviner Rock Abundance 

(RA) levels as proxy for the presence of melt.10,14-15  In 

order to compare the volume of crater-forming ejecta 

and impact melt delivered to the northwest and 
northeast regions in this study, the volume of melt 

represented by the elevated RA regions was estimated 

to a rough order.  Contours were made in JMars to 

approximate the regions of elevated RA.  Polygons were 

drawn around the outer contours, representing RA 

values of roughly 0.01.  The area of each of these 

polygons was assumed to represent the approximate 

area of the associated impact melt deposit.  As a zeroth 

order estimate, the height of the Heinsius Q 3 flow was 

determined by a cross-sectional elevation profile, taken 

across the flow at its furthest southeastern extent.  The 

resulting height of on the order of 5 m was used as the 
inferred height of the other melt deposits in both 

regions.  The total volume of melt delivered to the 

northwest and northeast regions was computed using 

these areas and heights. 

Conclusions:  Our preliminary data reveal that there 

are more secondary craters with diameters between 200 

m and 4.4 km in the northeast region (1059) as 

compared to the northwest (719), although a higher 

volume of crater-forming ejecta was delivered to the 

northwest than the northeast (2.18x1010 m3 as compared 

to 1.86x1010 m3).  Visual inspection of the two 
populations reveals that the prominent chains which 

dominate the secondary crater population in the 

northwest region are absent from the northeast region.  

Continuing work on this project will undertake more 

quantitative investigations of the spatial clustering in 

these and any subsequent regions of study. 

Compared to the volume of crater-forming ejecta 

delivered to the northeast region, there is effectively 

zero volume of melt (4.9x105 m3) represented in the 

single region with a surface area of 0.1 km2.  Even to the 

northwest, where roughly 800 times more surface area 

was covered by regions of elevated RA (81.2 km2 and 
an inferred total volume of 4.1x108 m3), generous 

volume estimates assuming that measured elevated RA 

deposits are composed entirely of melt—with no 

entrained local material—suggest that impact melt 

makes up less than two percent of the total volume of 

Tycho material delivered to the northwest region. 

Therefore, this work underscores the incredibly 

small volume of excavated material that is delivered in 

the form of distal impact melt.  However, the capacity 

of these small volumes of melt to resurface relatively 

large lateral areas, in and among other ejecta facies, 
suggests that—if common to impacts other than 

Tycho—such melts may play an outsized role in the 

evolution of the lunar environment. 

Acknowledgments: We gratefully acknowledge the 

JMARS software and associated PDS data products, 

without which this work would not have been possible. 

References: [1] Arvidson, R. et al. (1976) Proc. 

Lunar Planet Sci. Conf. 7th, 2817-2832.  [2] Lucchitta, 

B.K.(1976) Icarus, 30, 80-96.  [3] Campbell, B.S., et al. 

(1992) Proc. Lunar Planet. Sci. Conf. 22nd, 259-274.  [4] 

Plescia, J.B. and Robinson (2019) Icarus, 321, 974-993.  

[5] Krüger, T., van der Bogert, C.H. and Hiesinger, H. 

(2016) Icarus, 273, 164-181.  [6] Bandfield, J.L. et al. 

(2017) Icarus, 283, 282-299.  [7] Dhingra, D., Head, 

J.W. and Pieters, C.M. (2017) Icarus, 283, 268-281.  [8] 

Zanetti, M. et al. (2017) Icarus, 298, 64-77.  [9] Bray, 

V.J. et al. (2018) Icarus, 301, 26-36.  [10] Martin-Wells, 

K.S., Partee, J., and Nebel-Crosson, J. (2021), Lunar 

Planet. Sci. Conference LII, Abstract #2636.  [11] H. 

Riris, J. et al. (2017) Proc. SPIE 10565, International 

Conference on Space Optics — ICSO 2010. [12] Lucey, 

P. G., G. J. Taylor, and E. Malaret (1995) Science, 268, 

1150-1153.  [13] Vickery, A.M. (1986) Icarus, 67, 224-

236.  [14] Bandfield, J.L. et al. (2017) Icarus, 283, 282-

299.  [15] Bandfield, J.L. et al. (2011) Journal of 

Geophys. Res., 116, E12. 

 
 

2027.pdf12th Planetary Crater Consortium Mtg 2021 (LPI Contrib. No. 2621)


