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Introduction: Impact cratering is a fundamental 

geologic process that occurs over a truly vast scale – 

from sub-millimeter micro-craters to thousands-of-

kilometer basins. Knowledge of the cratering process, 

however, diminishes as scale increases. Consequently, 

the largest class of impact structure, basins, is the least 

understood. Impact experiments [1-3] have provided 

valuable information on the cratering process, but can-

not fully replicate all aspects of basin-scale impact 

events (e.g., melt production). Basin-scale impact 

events can also be investigated through numerical 

modeling. The majority of basin-scale impact model-

ing has addressed lunar basins due to their prevalence 

and preservation, which has provided an opportunity to 

measure properties (e.g., with the GRAIL and LRO 

spacecraft) that can be used to constrain the models. 

Here, data output from a suite of recent lunar basin 

numerical models [4-7] has been further interrogated to 

formulate a set of scaling laws specifically for basin-

scale impacts.  

Methods: The iSALE shock physics code [e.g., 8] 

was used to model basin-forming events on the Moon. 

The models approximated the thermodynamic and 

compressible nature of lunar materials by using a 

Tillotson equation of state for gabbroic anorthosite 

[5,9] and a semi-analytical equation of state (ANEOS) 

for dunite [10] for the crust and mantle, respectively. 

Dunite was also used to represent the impactor’s re-

sponse to thermodynamic and compressibility changes. 

Crustal and mantle strength and thermal properties 

were calculated from experiments on gabbro [11-13], 

dunite [13,14] and peridotite [12,15]. Based on GRAIL 

data [16], crustal thicknesses of 40 and 60 km were 

used. Target thermal gradients, influenced by lunar 

thermal evolution models [17], ranged between 10 and 

50 K/km to represent the lunar basin-forming epoch 

(~4.3 to 3.8 Ga). 

Cell size varied between 1 and 5 km. Impactors 

varied from 20 to 250 km in diameter. Impact veloci-

ties were between 10 and 20 km/s. The gravity field 

was a constant 1.62 m/s
2
. The 2D version of iSALE 

was used; consequently all impacts were vertical. This 

setup should, however, provide the correct azimuthally 

averaged behavior for the impact process.      

Results and discussion:   

Basin formation. Figure 1 illustrates lunar basin 

structure after the dynamic formation phase has ceased 

(~2 hours after initial impact) for the same (size and 

velocity) impactor into two targets with different ther-

mal properties. As can be seen, initial target conditions 

greatly influence the final size and structure of a basin, 

including the basin rim (rf) and the annulus of thick-

ened crust (rca) [5]. The excavation phase of basin for-

mation was, however, essentially unaffected by differ-

ent thermal profiles; transient crater diameters differed 

by <10% and the excavation depth to diameter ratio 

was consistently 0.12±0.01, agreeing with the vast 

majority of analytical, experimental, geological, and 

geophysical crater studies. The transient crater for-

mation times were comparable to previous estimates 

[18]. Scaled excavation depths (excavation depth di-

vided by impactor radius) also matched well with Π-

scaling relationships derived from first principles and 

experimental data [19]. 

Figure 1: Final basin form for two impacts with the same 

energy (80 km diameter impactor, 15 km/s velocity) into 

targets with different thermal profiles (TP). TP1 and TP2 

both have a crustal thermal gradient of 10 K/km. In the man-

tle, temperatures are initially at the solidus in TP1, but are 

sub-solidus in TP2. rf is final basin rim radius, rca is crustal 

annulus radius.  

 

Melt volume. Melt volumes for the lunar basin-

scale impacts (10
6
-10

7
 km

3
) were comparable to scal-

ing relationships [20] and other numerical models [21] 

that also take into account thermal gradients. 

Basin size. The basin rim was defined here as the 

radial distance from the basin center to the highest 

topographic point. For a thermal gradient of 10 K/km 

the transient crater was ~0.40 of the final crater rim. 

Terrestrial crater studies suggest a transient crater of 
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0.5-0.65 that of the final crater (radius) [22]. Severe 

modification of the transient cavity, due to the relative-

ly warm (weak) target and the size of basin-scale 

impactors, explains why the final crater is relatively 

larger compared to the dimensions of the transient 

crater.  

The Moon. The transient crater is particularly use-

ful for determining impact kinetic energy and the 

impactor size. In the field or in planetary surface imag-

es, however, the observable feature is the final basin 

diameter. In Figure 2, we provide a method for deter-

mining impactor radius directly from the final crater 

radius. The crater rim radius is plotted against impactor 

radius for a number of the lunar basin-forming im-

pacts. Unsurprisingly, larger and faster impactors pro-

duce larger basins. Impacts at 15 km/s into thermal 

profiles (TP) 1 and TP2 (and TP3) suggest that lunar 

basins up to Imbrium in size (crater rim radius ~600 

km) were produced by impactors 10-50 km in radius. 

This is consistent with impactor sizes derived from 

lunar crater size-frequency distributions [23]. 

Figure 2: Crater rim radius against impactor radius (ri) for a 

suite of lunar basin-forming impacts. Blue symbols represent 

impacts at 10 km/s; orange symbols, 15 km/s; red symbols, 

20 km/s.  Fits to impacts at 15 km/s are shown. 

 

Early Earth. The results of this work can also be 

applied to basin-forming events on other silicate plane-

tary bodies prior to 3.8 Ga, such as Earth. Our thermal 

gradient estimates are comparable to lower end esti-

mates for the Hadean Earth (12 K/km [24]) and, there-

fore, imply that basin-forming impacts on the early 

Earth would also follow proportional scaling, be heavi-

ly affected in the modification phase by the pre-impact 

thermal conditions, and create comparable volumes of 

melt. Based on this scaling, material in the largest Ha-

dean impacts would have excavated material from 

depths >200 km, though melting would have been 

much deeper [25] suggesting mainly mantle-derived 

melt compositions. Impacts may have generated sub-

surface hydrothermal subsystems that persisted for 

hundreds of thousands to millions of years [e.g., 26]. 

Scaling laws here imply longer lived hydrothermal 

systems, geographically larger systems, or a combina-

tion of both.   

Conclusions: Numerical modeling has shown 

many aspects of basin-scale impacts are consistent 

with Π-scaling relationships, and the vast majority of 

analytical, experimental, geological and geophysical 

studies. The models demonstrate that target conditions 

do not affect basin excavation, but greatly affect basin 

modification, manifesting in a transient crater which is 

~40% of the final crater rim when the (lunar) crust was 

as warm as it was >3.8 Ga. 
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