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Introduction:  The top three lunar science priori-

ties are to (i) test the lunar cataclysm hypothesis, (ii) 
anchor the early Earth-Moon impact flux curve by 
determining the age of the oldest lunar basin, and (iii) 
establish a precise absolute chronology for the remain-
der of lunar history.  All three tasks involve measure-
ments of impact melt ages.   

We have, thus, developed an integrated program 
that is grounded in (a) analyses of the ages of existing 
impact melt samples with advanced techniques [e.g., 
1].  Because interpretations of those ages and plans for 
collecting future samples depends on impact melt vol-
umes, we have been (b) developing new analytical 
expressions for calculating those volumes as a function 
of several impact parameters [2] and (c) evaluating the 
size distribution of craters and the impactors that pro-
duced them [3,4].  To further prepare for future sam-
pling, we have been (d) mapping specific sites on the 
lunar surface where new impact melt samples can be 
collected [e.g., 5] and (e) developing the means to col-
lect them [e.g., 6,7].  In this paper, we calculate the 
melt volumes produced during the basin-forming ep-
och and discuss how they may influence interpreta-
tions of existing impact melt age distributions and 
prospects for making further progress with future sam-
ple return missions. 

Methods:  Impact melt volumes were calculated 
(equation 12 of [2]) for the population of craters iden-
tified by [3] for the ancient lunar highland terrain.  
That population corresponds to a global inventory of 
45 to 50 basins with diameters  in excess of 300 km.  
We assumed the target had average highland proper-
ties (i.e., specific internal energy of melting, Em=3.42 
MJ/kg, and ρt=2940 kg/m3) and that the projectile was 
chondritic (i.e., ρp=3320 kg/m3).  We used the scaling 
relationship of [8] to estimate transient crater diame-
ters from observed crater dimensions.  We also used 
45º as the impact trajectory, because it is the average 
for the large number of impact craters in size bins from 
8 to 300 km diameter and the most probable impact 
trajectory for the small numbers of craters in larger 
crater diameter size bins.  In this initial study, craters 
smaller than 8 km were ignored, because that popula-
tion is overprinted by a significant number of secon-
dary craters and the melt volume produced by them is 
relatively small.  The largest size bin captures the larg-
est resolvable impact crater on the Moon, the ~2500 
km diameter South Pole-Aitken (SPA) Basin. 

Results:  The melt volume produced by popula-
tions of craters of different sizes is shown with dark 
blue symbols in Fig. 1.  The cumulative melt volume is 
shown in bright pink symbols, both in terms of km3 
(left axis) and percent of total melt volume (right axis). 

 

 
Fig. 1.  Melt volumes for ancient lunar highland crater populations in 

crater size bins ranging from 8 to 2500 km. 

 
Melt volumes for the smaller crater size bins are 

robust, because the average impact properties assumed 
in the calculations are assured by the thousands of cra-
tering events reflected in each of those crater size bins.  
The largest three crater size bins only contain single 
craters, however, so actual melt volumes may be sensi-
tive to the details of those impact events (e.g., the pre-
cise density of the projectile and its trajectory).  The 
melt volumes for the basin-size events also are mini-
mum values, because they do not include the effects of 
a geothermal gradient in the lunar target.  Both ana-
lytical [2] and hydrocode [e.g., 9] modeling indicate 
melt volumes are enhanced by increased pre-impact 
temperatures at depth.   

With those caveats in mind, the melt volumes in 
Fig. 1 indicate that craters smaller than basins produce 
substantial volumes of melt, but their melt volume is 
less than 5% of the total.  This disparity is slightly lar-
ger than that previously inferred [10].  The melt vol-
ume produced by simple and complex craters is com-
parable to that produced by a single, Nectaris-size ba-
sin-forming impact event. Melts produced by these 
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smaller craters (of both simple and complex mor-
phologies) will be widely distributed over the surface 
of the Moon and near the surface.  

Among the intermediate-size basins, the three that 
dominated the Apollo missions (Nectaris, Serenitatis, 
and Imbrium) are responsible for ~8% of the total im-
pact melt volume produced during the basin-forming 
epoch.  The melt volume in the youngest basin, Orien-
tale, is about 60 times greater than that in the subse-
quent mare. 

Approximately half (if not more) of the impact 
melt volume was produced by the largest basin-
forming event (that of the South Pole-Aitken Basin).  
The largest fraction of the melt stayed within the cen-
tral melt pool.  If we cautiously extrapolate from stud-
ies of smaller complex craters [11], then 25 to 45% of 
that melt may have been ejected.  Most of that ejected 
material was distributed over the lunar surface, al-
though the results of [12], assuming a chondritic pro-
jectile of diameter 150 to 220 km hitting at 18 km/s, 
imply that 3 to 12% of the melt was ejected with es-
cape velocities.   

Discussion:  The equation for calculating melt vol-
umes is not affected by changes in impact velocity, as 
it is scaled entirely to the size of the observed craters.  
This is important, because recent work [4] suggests the 
impact velocity may have doubled during the basin-
forming epoch.  The time of that transition is still un-
certain, but appears to have preceded the formation of 
Nectaris.  Thus, it is plausible that the youngest 1/3 to 
1/2 of the basins were produced at higher velocities 
(~20 vs. 10 km/s).  However, any increase in impact 
velocity and its effects on melt volume is already in-
corporated into our equations.  Thus, the results in Fig. 
1 should be robust regardless of changes in the impact 
velocity, because they are based on observed crater 
diameters throughout the basin-forming epoch, at least 
from the time of SPA to that of Orientale.  This con-
clusion can only be undermined if the scaling relation-
ship between final and transient craters is sensitive to 
impact velocity.  The results of [8] and [13] suggest 
the velocity dependence is weak to non-existent. 

If that is errant, however, then we can calculate the 
maximum consequence by examining the projectiles 
rather than the resultant craters. A doubling of impact 
velocity produces 3.25 times more melt for the same 
size impactor.  If we assume the size distribution of 
projectiles remained the same throughout the basin-
forming epoch, then ~60 to ~75% more impact melt 
was produced by the faster (younger) impactors in the 
latter 1/3 to 1/2 of the basing-forming epoch.  While 
ages of the oldest crating events should still be acces-
sible, there will be a strong prevalence of younger im-
pact melts.  This emphasizes the need for a future strat-

egy that targets samples linked to specific impact 
events that are distributed geographically and tempo-
rally and, ideally, are large enough events to have sig-
nificantly large surfaces that can be used to calibrate 
crater-counting chronologies [14].  

Implications:  Impact melt volumes for both small 
(i.e., simple and complex) craters and large basins are 
substantial and widespread.  Thus, the foundation for 
previous tests of the lunar cataclysm [e.g., 1,10] is 
substantiated by the calculations here. 

The work of [3] suggests the asteroid belt was sam-
pled in a size-independent manner.  Observations of 
the ancient lunar highlands also indicate large basin-
forming events were distributed in time and were oc-
curring simultaneously with smaller impact events.  
Thus, ages from populations of either  small-crater or 
large-basin melts should reflect the duration of the 
basin-forming epoch.  The latter, however, produce 
broad surfaces suitable for relative chronologies and, 
thus, will provide better benchmarks for the cadence of 
impacts during the basin-forming epoch. 

In a regolith setting, where the production, excava-
tion, and transport of impact melts produces mixtures 
of melts from many events, impact melt clasts that are 
coarse-grained and, thus, cooled slower and represent 
large melt volumes, are more likely to be derived from 
larger craters. Impact melts with lithologic and minera-
logical remnants (clasts) or chemical signatures of a 
complex mixture of target lithologies, including deep-
seated target lithologies, are also better targets for de-
fining the ages of large impact events.  

It will be best, however, if landing and sampling 
sites are selected because the melts at those locations 
can be linked to specific craters.  To fully address the 
two highest lunar science priorities, those target sites 
should be geographically and temporally representa-
tive of the entire basin-forming epoch [14].  To ad-
dress the third highest lunar science priority, the same 
site selection rationale applies to younger craters. 

References: [1] Cohen B. A. et al. (2000) Science, 290, 1754–

1756. [2] Abramov O. et al. (in press) Icarus. [3] Strom R. G. et al. 

(2005) Science, 309, 1847–1850. [4] Marchi S. et al. (2012) Early 

Solar System Bombardment II, Abstract #4018. [5] Öhman T. and 

Kring D. A. (in press) JGR. [6] Kring D. A. (2007) LPS XXXVIII, 

Abstract #1595. [7] Kring D. A. (2010) Lunar Science Forum 2010 

(http://lunarscience2010.arc.nasa.gov). [8] Croft S. K. (1985) Proc. 

LPSC 15th, C828–C842. [9] Potter R. W. K. et al. (2010) LPS 

XXXXI, Abstract #1700. [10] Cohen B. A. et al. (2005) Meteoritics & 

Planet. Sci., 40, 755–777. [11] Cintala M. J. and Grieve R. A. F. 

(1998) Meteoritics & Planet. Sci., 33, 889–912. [12] Artemieva N. 

A. and Shuvalov V. V. (2008) Solar System Research, 42, 329–334. 

[13] Holsapple K. A. (1993) Annu. Rev. Earth Planet. Sci., 21, 333–

373. [14] Kring D. A. (2009) Lunar Reconnaissance Orbiter Science 

Targeting Meeting, Abstract #6037. 

1615.pdf43rd Lunar and Planetary Science Conference (2012)


