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Introduction:  The observed transition from sim-

ple to complex crater morphology is driven by gravita-
tional collapse of the transient crater. The mechanism 
that causes the transition from complex to peak-ring 
crater morphology, however, is somewhat contentious. 
There are two dominant models that have been pro-
posed to explain this transition in crater morphology: 
the central peak collapse model [1, 2] and the nested 
melt cavity model [3, 4]. Both models predict the ob-
served morphological features and depth to diameter 
ratios. By calculating peak and peak ring volumes, 
Bray et al. [5] showed that the data tend to support 
peak-ring formation by collapse of the central peak. 

Melosh [6] was the first to put forward the idea of 
acoustic fluidization (AF), which is the temporary be-
havior of fractured rock as a viscous fluid. It is trig-
gered by intense, short-wavelength vibrations within 
the target and it occurs mostly within the crater col-
lapse phase of the impact process. Wünnemann & 
Ivanov [7] carried out simulations using the AF model 
to match the observed depth to diameter ratios over a 
range of crater sizes for the Moon, Earth, and Venus. 

In this study, we systematically investigate this 
change in crater morphology using the iSALE hydro-
code and varying the AF parameters over a broad 
range of values. We will identify where melt is pro-
duced and calculate the melt volume so these can be 
compared with the nested melt cavity model predic-
tions. We investigate the effects that porosity and dila-
tancy have on the final morphological features of the 
craters. The results are then compared to topographic 
data and data from NASA’s dual Gravity Recovery 
And Interior Laboratory (GRAIL) spacecraft. 

Methodology: We use the following model pa-
rameters in our simulations: an equation of state for 
granite in the crust and for dunite in the mantle, an 
impact velocity of 17 km/s, a surface gravity of 1.6249 
m/s2, and a thermal gradient of 5 K/km. We use the 
strength parameters for gabbroic anorthosite for the 
crust and dunite for the mantle from Potter et al. [8]. 

We systematically vary the AF parameters, γβ and 
γη [7], to understand how they affect crater morphol-
ogy. γβ is a scaling factor related to the decay time and 
controls the amount of time the target is subject to AF. 
The decay time is given by the equation 

Tdec = !" r
cs( ) , where r is the impactor radius, and cs is 

the speed of sound. γη is a scaling parameter related to 

the viscosity by the equation ! = "!csr# , where η is 

the kinematic viscosity, and ρ is the density.  
 

 
Figure 1. Plot of topography for a complex crater that match-
es the characteristics of Copernicus crater well. This plot is 
axisymmetric, with the axis of symmetry shown at the left 
edge of the figure. 
 

For each model run, the crater depth, diameter, and 
central peak height and width are compared to those 
determined by Kalynn et al. [9] for lunar complex cra-
ters using topographic data. The impactor size is in-
creased to produce basin-sized craters. These are com-
pared with specific craters on the Moon, and the grav-
ity signatures associated with these craters are calcu-
lated from our models and compared to gravity data 
from GRAIL [10]. 

Results and Discussion: Figure 1 shows a profile 
of the topography of a crater 700 s after impact with a 
6 km dunite impactor. γβ is 350, and γη is 0.102 and 
1.02 for the crust and mantle, respectively. This simu-
lation produced a crater that is 98 [100] km in diame-
ter, 4.5 [4.4] km deep, a central peak height of 1.25 
[1.27] km, and a central peak width of 20 [20] km, 
where the values in brackets are from [9] for compari-
son. Within the 250 m resolution of the simulation, this 
is in excellent agreement with the observations for a 
crater in the mare. 

We calculated the free-air and Bouguer gravity 
anomalies for the simulation shown in Figure 1 (see 
Figure 2). Comparison of Figures 2 and 3 shows that 
the free-air anomaly matches the GRAIL free-air grav-
ity anomaly well. Unfortnately, there is a large feature 
in the Bouguer gravity (probably the mantle uplift of 
an ancient and previously unrecognized much larger 
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crater) that obscures much of the anomaly associated 
with Copernicus crater, however, the part that is not 
obscured is in good agreement with the Bouguer 
anomaly for the simulation.  

 
Figure 2. Plot of the free-air (blue) and Bouguer (red) gravity 
anomalies calculated from the crater model shown in Fig. 1. 

 
Figure 3. Plot of the free-air gravity anomaly (mgal) of   
Copernicus crater. 
 

The same AF parameters that reproduce the com-
plex craters, produce peak-ring basins that are deeper 
than observed basins. GRAIL revealed that the lunar 
subsurface is very porous [11], which has a large effect 
on the gravity signature, so we have begun to incorpo-
rate porosity into our models. We find that when we 
model a porous crust (with a porosity of 13.6%), we 
have to decrease γη and the viscosity of fluidized mate-
rial shocked to a given shock pressure by two orders of 
magnitude due to the attenuation of the shock wave in 
a porous target. This is illustrated in Figure 4, where it 
is clear the inclusion of porosity dampens the shock 
wave, and therefore requires a lower effective viscosity 
than previous models of AF-medieated crater collapse. 
At the distance near the final crater rim (40 km) and a 
depth of 10 km, the peak shock pressure is ~2 orders of 
magnitude different larger for the non-porous/porous 
case. Figure 5 shows a plot of the topography for one 

such simulation. Including porosity produces a crater 
that is ~1 km deeper than one with a non-porous target. 

 
Figure 4. Contour plots in the x-y plane of the peak shock 
pressure after 12 s at the position of the tracers after 0.5 after 
the impact for non (porous) left (right) targets. The color bar 
is in log(Pa). 
 

Our simulations also show that the melt produced 
by the impact is in a layer that lines the transient crater, 
contrary to the nested melt cavity model where the 
melt is concentrated in a region below the center of the 
transient crater. Similar to previous hydrocode studies, 
we find that peak ring morphological features are a 
result of collapse of the central uplift. 

 
Figure 5. Topographic profile for a run with porosity in-
cluded, where γη and γβ are 10-3 and 300, respectively. 
 

Summary and Future Work: We are able to re-
produce complex craters that match the observed mor-
phological features and observed gravity signature of 
complex craters well. In order to better fit the peak-
ring basin morphology and gravity signature, we are 
incorporating dilatancy (bulking resulting from shear-
ing during crater formation) into our models. 
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