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Introduction:  Constraining the extent and magni-

tude of porosity created from impacts within the crust of 
differentiated bodies is crucial for understanding their 
thermal and magmatic evolution [1].  Here we focus on 
the Lunar highlands, a relatively pristine example of an 
early planetary crust.  Recent investigations into the 
structure of the Lunar crust using GRAIL data have re-
vealed that the crust is ~12% porous down to several 
kilometers and exhibits a significant porosity of ~5% 
down to a depth of ~20 km [2,3].  In previous lunar im-
pact simulations, porosity has only been created during 
crater collapse through shear failure, neglecting the cre-
ation of porosity due to pure tensile failure [4].  Alt-
hough these simulations [1] may explain observed re-
sidual Bouguer anomaly of craters [5], they do not pro-
duce porosity at depths much greater than the transient 
crater depth.  Here we employ a method to compute the 
creation of porosity due to tension in combination with 
an implementation of the Grady-Kipp fragmentation 
model [6,7] to examine how tensile failure influences 
the creation of porosity at significant depths within the 
Lunar crust. 

Methods:  We simulated spherical basalt impactors 
striking a Moonlike target at 15 km/s using the iSALE-
2D shock physics code [8,9,10].  We varied the diameter 
of impactors from 1 km to 10 km, while keeping a res-
olution of 10 cells per projectile radius.  We use the 
ANEOS equations of state of basalt for both the im-
pactor and the target [11].  The Weibull parameters used 
for the Grady-Kipp fragmentation implementation are 
k=1036 and m=9.5 [6].  We estimate porosity generation 
using both the dilatancy model of [5] and a new routine 
that estimates fracture porosity created in tension. When 
material goes into tension, a common approach in shock 
physics codes such as iSALE is to cap the (negative) 
pressure at the minimum pressure determined by the 
material strength envelope, but leave the material den-
sity unchanged and hence thermodynamically incon-
sistent. The basic principle behind the new tensile frac-
ture porosity routine is to insert porosity into material 
under excess tension, whilst keeping the bulk material 
density (and mass) constant. This raises the density and 
pressure in the solid component, relieving tension in the 
bulk. The amount of porosity inserted is sufficient to in-
crease the bulk (negative) pressure to lie on the (strain-
rate dependent) yield envelope.   

Results:  The expanding shock wave that is pro-
duced by an impact is followed by a release wave, 
known as the rarefaction wave.  The rarefaction wave 
can produce tensile stresses within the target material 
which generates porosity as material fragments. Tensile 
hoop stresses are also generated as material moves out-
ward away from the  symmetry axis.  Fig. 1A & 1B (1 
km diameter impactors, with and without the new rou-
tine, respectively) show hemispherical zones where ma-
terial was tensionally damaged by the rarefaction wave.  
The zones are characterized by a rapid decline of poros-
ity with depth.  In Fig. 1A the near-surface areas have 
porosity of ~10%, whereas the porosity at a depth of 
several projectile diameters ranges from ~0.01% to 
0.1%.  In Fig. 1B, however, the porosity is low at the 
surface, decreases rapidly with depth, and hits the min-
imum porosity of 0.01% at much shallower depths com-
pared to Fig. 1B. Fig. 2A & 2B (10 km diameter im-
pactor, with and without the new routine, respectively) 
highlights the importance of overburden pressure and its 
effect on the creation of porosity at significant depths.  
Unlike the smaller diameter runs the 10 km diameter 
impactor run lacks a hemispherical zone of porosity, be-
cause the compressive overburden pressure is too large 
for the rarefaction wave to overcome and cause tensile 
failure.  However, the 10 km diameter impactor is still 
able to create porosity on the order of 0.1% down to 
depths of ~100 km. Both Fig. 1 & 2 highlight the im-
portance of tracking porosity created solely in tension, 
as the new routine generates porosities an order of mag-
nitude higher than previously simulated at significant 
depths. 

The 1 km impactor diameter simulations produce 
low porosities to depths of ~20 km. This is significantly 
deeper than porosity created during transient crater col-
lapse. Since this porous material is relatively deep and 
only created by tensile forces, porosity is unlikely to be 
crushed out by successive impacts, as is the case for 
shallow shear induced porosity.  Therefore, we propose 
that the high porosity within the lunar crust may be rep-
licated using a combination of Grady-Kipp fragmenta-
tion and the new tensile porosity routine with successive 
impacts or an already porous target.  This would bridge 
the gap that currently exists in hydrocode simulations 
and estimates of porosity as a function of depth based 
on GRAIL data.  Future work will focus specifically on 
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successive impacts and a pre-impact porous target to 
test the hypothesis that tensionally created porosity at 
depth is additive. By taking the results of that future 
work and combining it with a cratered terrain evolution 
model (CTEM) model such as the one given in [13] the 
porosity profiles obtained from GRAIL data may be 
replicated, thus demonstrating a process that can create 
significant porosity at depth.  Further work will be done 
to identify the exact sources of tensile stresses that dam-
age material, such as the rarefaction wave or hoop 
stresses.  Better understanding the source of tensile 
stress can help map out stress fields which can then be 
compared with terrestrial crater fracture patterns [14]. 

References:  [1] Milbury, C. et al. (2015) GRL, 42, 
9711-9716.   [2] Wieczorek, M. A. et al. (2013) Science, 
339, 671-675.  [3] Besserer, J. et al. (2014) GRL, 41, 
5771-5777.  [4] Collins, G. S. (2014) JGR: Planets, 12, 
2600-2619.   [5] Soderblom, J. M. et al. (2015) GRL, 42, 
6939-6944.  [6] Johnson, B. C. et al. (2016) LPS XLVII, 
Abstract #1492.  [7] Wiggins, S. E. et al. (2017) LPS 
XLVIII, Abstract #1295.  [8] Amsden, A. et al. (1980) 
LANL Report, LA-8095. [9] Collins, G. S. et al. (2004) 
MAPS, 38, 217-231. [10] Wünnemann, K. et al. (2006) 
Icarus, 180, 514-527.  [11] Pierazzo, E. et al. (2005) Ge-
ological Soc. Of America, Special Report 384.  [12] 
Melosh, H. J. et al. (1992) JGR, 97, 14735-14759.  [13] 
Minton, D. A. et al. (2015) Icarus, 247, 172-190. [14] 
Rae, A. et al. (2017) Abstract, P23H-03, 2017 Fall 
Meeting AGU. 
  
Acknowledgements: We gratefully acknowledge the 
developers of iSALE-2D, including Kai Wünnemann, 
Dirk Elbeshausen, and Boris Ivanov.  

 

 
 
 
Figure 1 (Above).  Material colored according to po-
rosity. The 1 km impactor diameter simulations with 
and without the new tensile porosity routine are given 
in A and B respectively. The grey colored material is 
material with 0% porosity. 
 
Figure 2 (Below).  Material colored according to poros-
ity for the 10 km diameter impactor simulations with 
and without the new tensile porosity routine (A & B re-
spectively). The grey colored material is material with 
0% porosity.  The shape of the porosity fields are differ-
ent than those shown in Fig. 1 due to the greater influ-
ence from compressive overburden pressure. 
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