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Introduction: Absolute ages for lunar geologic 

units are typically determined using the calibrated lu-

nar cratering chronology [1-2], except for the few cas-

es where samples are available. The cratering chronol-

ogy was calibrated using crater counts for surfaces for 

which there are radiometrically dated Apollo or Luna 

samples. The youngest part of the calibration is tied to 

two craters that were sampled - North Ray and Cone - 

and two for which samples are inferred to have come - 

Copernicus and Tycho.  

The objective here is to refine the crater counts for 

key surfaces using high-resolution LRO LROC images 

[3]. LROC images allow a more accurate assessment 

of the crater population because of the uniform and 

higher image resolution compared with previous data-

sets.  

Counts made here using LROC images indicate 

that the near-rim, continuous ejecta is significantly 

contaminated with auto-secondary craters and, in some 

cases, the observed number of impact craters on the 

ejecta is significantly different from values previously 

reported and used in the cratering chronology. Thus, 

the chronology needs to be revised and there are im-

portant caveats in its use. 

Crater Counts: Crater counts were made using 

LROC images with a scale of ~0.5 m / pixel. The di-

ameter and morphology of the craters indicate that they 

formed on the ejecta and are not on the underlying 

surface. Earlier counts by [4-5] used Apollo Pan and 

Lunar Orbiter images. 

Auto-Secondaries: Crater count data on the Gior-

dano Bruno ejecta show the frequency and slope of the 

size-frequency distribution, and crater morphology 

varies spatially [6]. This is interpreted to indicate that a 

significant fraction of the craters are auto-secondaries 

produced during the impact event and that those craters 

do not represent a post-impact primary population. 

This conclusion is further supported by observations 

that impact-melt surfaces at Tycho, Copernicus, Jack-

son and King craters [7-10] all exhibit significantly 

lower crater frequencies than the ejecta. This is consis-

tent with the interpretation that impact melts are the 

last materials to be deposited. The concept of auto-

secondaries was suggested by [11] to explain crater 

frequency variations for different units of the ejecta 

surrounding Tycho. They proposed that a small frac-

tion of debris was launched into near-vertical, high-

velocity trajectories such that it impacted the surface 

up to hundreds of seconds after the primary ejecta was 

emplaced, thus cratering the ejecta. 

North Ray, South Ray and Cone Craters: Table 

1 lists the data for these crater including number of 

craters >10 m km
-2

 for data collected here and that of 

[4-5]; the absolute ages based on radiometric data [12]; 

the model crater age based on our counts; and the 

model-dependent number of 1 km crater per unit area 

based on the counts and absolute ages. 

North Ray Crater is ~1 km diameter and occurs on 

the contact between a massif and the valley floor at the 

Apollo 16 site. It has an absolute age of 53 Ma [12]. 

South Ray Crater is 680 m diameter and located on the 

plains below Stone Mountain. It has an absolute age of 

2 Ma [12]. Cone Crater is 340 m in diameter and 25 

Ma [12]; samples were returned by the Apollo 14 mis-

sion.  

Cumulative size-frequency curves are shown in 

Figure 1. In each case, crater frequencies determined 

with LROC images are greater by a factor of ~3 to >10 

from previous values [4-5], but are still below equili-

brium values [13]. From the figures in [5] it would 

appear that the frequency of craters >10 m for North 

Ray is an extrapolation from slightly larger diameters; 

while for both South Ray and Cone craters, 10 m di-

ameter is within the size range counted. 

 

 
Figure 1. Cumulative crater size-frequency data for 

ejecta surfaces of Cone, North Ray and South Ray cra-

ters. 

 

[4-5] suggested that the impacts on the flanks of 

Cone, North Ray and South Ray were primary and not 

secondary because the size-frequency distribution 

slope was about -2.8 and [14] who suggested that rim 

areas would be relatively free of secondaries. Slopes 

for the size-frequency distributions for these craters, 

based on LROC data, range from -3.29 to -2.8. The 
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steeper slopes for Cone and South Ray would suggest 

significant contamination by auto-secondary craters. 

Our new data indicate model absolute ages [1-2] 

that are significantly greater than the radiometric ages 

[Table 1]. These differences are significant and above 

the level of statistical variation. The new counts sug-

gest that the ages of Cone and North Ray are similar, 

but the radiometric ages indicate that this can not be 

the case. This difference further supports the concept 

of contamination of the counts by auto-secondaries. 

Cratering Rate: The cratering rates implied by our 

data differ from those presented previously and be-

tween craters. For craters >10 m km
-2

 yr
-1

, the data of 

[10-11] suggest crater formation rates of 1.3-3.9 x 10
-6

 

whereas the new data would suggest a rate a factor of a 

few to ten times greater. 

Discussion: New crater count data indicate serious 

problems when attempting to use small-diameter cra-

ters and the youngest portion of the current absolute 

chronology time scale. Problems include: (1) signifi-

cant contamination of the surface with auto-

secondaries producing an anomalously high crater fre-

quency - a frequency which does not correlate with 

exposure age. (2) Crater counts made with LROC im-

ages indicate significantly higher crater frequencies 

than previously reported. (3) Model ages calculated 

using the new observed crater frequencies are signifi-

cantly greater than the absolute age of the craters. 

As noted above, there is typically a discrepancy be-

tween counts on melt sheets and on ejecta. Given that 

auto-secondaries are emplaced during the cratering 

event and constitute of finite population during a geo-

logically instantaneous event, such craters should be-

come diluted and make up continuingly smaller frac-

tions of the total count with time. However, counts on 

surfaces as old as Copernicus (800 My) show such 

differences. 

As melt material appears to be largely deposited at 

the end of the cratering process, crater counts on melt 

surfaces may more closely represent the true primary 

crater population and might be used for the calibration 

of the crater chronology. Using counts for the ejecta 

will result in errors for two reasons: (1) the number of 

self-secondaries is not be a constant factor for which a 

correction could be derived; and (2) non-impact sur-

faces (e.g., mare lava flow) will not be contaminated 

by such self-secondaries and thus would indicate a 

different (lower) model age than would an ejecta sur-

face of the same absolute age. 

Summary: The key points of this work with re-

spect to the absolute cratering chronology are: (1) pre-

viously published crater frequencies for the youngest 

craters with absolute ages under-report the crater fre-

quency; (2) counts for the ejecta of young impact cra-

ters are significantly contaminated by auto-secondaries 

and do not represent primary production populations; 

(3) when LROC derived crater frequencies are used, 

absolute model ages are significantly greater than the 

actual absolute age; and (4) the calibration between 

absolute age and crater frequency for young ages has 

significant uncertainties. 
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Table 1. 

Crater 

N (10 m) 

/ km
2
 – 

This 

study 

N (10 m) / 

km
2
 – [4-5] 

Model Age 

(My) – 

based on 

our counts 

N (1 km) 

based on 

crater mod-

el age 

Absolute 

Age (My) 

N (1 km) 

based on 

absolute 

age 
South Ray 34 2.6 58.1 4.87 x 10-5 2 1.68 x 10-6 

Cone 356 98.0 73.1 6.12x10-5 25 2.10 x 10-5 

North Ray 381 182.0 92.1 7.72 x 10-5 53 4.44 x 10-5 

 

N(10 m): number of craters >10 m km-2 derived from the count data. 

N(1 km): the number of craters >1km km-2 predicted by the crater model age from [1-2]. 
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