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a b s t r a c t
The volume of melt produced in hypervelocity planetary impacts and the size and shape of the melted region are key to
understanding the impact histories of solid planetary bodies and the geological effects of impacts on their surfaces and
interiors. Prior work of Pierazzo et al. (Pierazzo, E., Vickery, A.M., Melosh, H.J. [1997]. Icarus 127, 408–423) gave the
ﬁrst estimates of impact melt production in geological materials using a modern hydrocode and equation of state.
However, computational limits at the time forced use of low resolution, which may have resulted in low melt volumes.
Our simulations with 50 times higher resolution provide independent conﬁrmation of the Pierazzo et al. (Pierazzo, E.,
Vickery, A.M., Melosh, H.J. [1997]. Icarus 127, 408–423) melt volumes in aluminum, iron, dunite, and granite impacts
at velocities between 20 and 80 km/s. In ice/ice impacts, we ﬁnd that melt volumes depend on target temperature and
are lower than predicted by Pierazzo et al. (Pierazzo, E., Vickery, A.M., Melosh, H.J. [1997]. Icarus 127, 408–423). Our
melt volumes are directly proportional to impact energy for all materials, over a wide range of impact velocity. We also
report new data for melt volume scalings for ice/dunite and iron/dunite impacts and the size and shape of melted
region, valuable for interpretation of cratering records and studies of impact-induced differentiation.

Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Melting, vaporization, and shock heating during hypervelocity impacts affect
many aspects of the surface (e.g., Grieve and Cintala, 1992; Cintala and Grieve,
1998; Abramov and Kring, 2005; Abramov and Mojzsis, 2009) and interior (Tonks
and Melosh, 1992, 1993; Reese and Solomatov, 2006; Barr and Canup, 2010) evolution of terrestrial and icy worlds. The size and shape of melted region relative to
crater size can be used to estimate impactor sizes, vital to interpretation of the cratering records of terrestrial planets (e.g., Cintala and Grieve, 1998). Hypervelocity
impacts can also affect the interior structure of a planet by driving impact-induced
differentiation, during which hypervelocity impacts onto a planet composed of a
mixture of ‘‘heavy’’ and ‘‘light’’ material (e.g., rock + ice or iron + rock) melt the
lighter phase, permitting the dense material to sink to the planet’s center. This process is thought to occur in the late stages of terrestrial planet accretion (e.g., Tonks
and Melosh, 1992) and in ice/rock satellites during the Late Heavy Bombardment
(Tonks et al., 1997; Barr and Canup, 2010; Barr et al., 2010).
A hypervelocity impact onto the surface of a solid planet creates a shock wave
that compresses the target beneath the impact site. After the shock wave passes, the
planet’s interior decompresses quasi-adiabatically, but net PDV work is done on a
roughly hemispherical region beneath the impact point (see Melosh (1989) for discussion). A range of analytical and numerical techniques have been used to characterize the size, shape, and volume of region melted during an impact by focusing on
the decay in peak shock pressure or material velocity as a function of distance beneath the impact point (e.g., Gault and Heitowit, 1963; O’Keefe and Ahrens, 1977;
Croft, 1982; Kieffer and Simonds, 1980; Bjorkman and Holsapple, 1987; Grieve
and Cintala, 1992; Tonks and Melosh, 1992). Numerical simulations of hypervelocity impacts in the pivotal study of Pierazzo et al. (1997) (hereafter, P97) show that
the shape of the region shocked to the point of melting is close to that of a buried

sphere, whose radius and depth of burial scale with the radius and velocity of the
impactor. Melt volumes estimated from the P97 simulations agree with volumes
in terrestrial impact craters, lending support to their particular methodology. Melt
volumes for rocks and metals were shown to obey a pure energy scaling (cf., Bjorkman and Holsapple, 1987), but melt volumes for ice exhibited a different scaling
with impact velocity consistent with porous materials (P97).
Although P97 used numerical techniques that were state-of-the-art for the
time, computing limitations prevented a thorough exploration of parameter space
at high resolution: a resolution of 20 grid cells-per-projectile radius (cppr) was used
for the majority of simulations. A numerical resolution test for 5 < cppr < 40 showed
that 20 cppr was sufﬁcient to determine melt volume to within 10%. However,
because simulations with low numerical resolution tend to underestimate melt
volumes (P97), it is advantageous to explore much higher resolutions given
advances in computing speed.
Here, we provide independent veriﬁcation of the results of P97 by determining
scaling relationships for melt volumes and the size and shape of melted region
using high-resolution simulations performed using the hydrocode CTH (McGlaun
et al., 1990), a modern successor to the hydrocode used by P97. Impact-induced differentiation studies rely on knowledge of the size and shape of region shocked to
>50% melting, within which the partially molten lighter material (silicate magma
or ice/water slurry) has a rheology comparable to the liquid phase (Renner et al.,
2000), permitting rapid separation of the heavy second material. The only comprehensive numerical study for the size and shape of this region was performed for ice
by Barr and Canup (2010). Here, we extend those results to rocks, relevant to terrestrial planet evolution. We also determine melt volumes in (projectile/target) ice/dunite and iron/dunite impacts, relevant to an outer Solar System Late Heavy
Bombardment (Levison et al., 2001; Gomes et al., 2005), and iron meteorite impacts
onto terrestrial planets (Bottke et al., 2006).
2. Numerical methods
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We perform numerical simulations of impacts using version of 9.1 of the CTH
hydrocode (McGlaun et al., 1990). We simulate impacts between a 0.5 km-radius
spherical projectile and a semi-inﬁnite half-space in a 2-dimensional cylindrical
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malized by impactor radius, v = r/rp, n = z/rp (cf., Barr and Canup 2010). Fig. 1a illustrates how vcm and ncm vary as a function of impact velocity. Trends are similar for
the 50% and incipient melt regions. We use linear regression in log–log space to ﬁt
the v data to a power law of form (cf., Barr and Canup 2010),

domain 20 km wide and 15 km deep. The cylindrical domain requires a symmetry
boundary condition on x = 0, and we impose transmitting boundary conditions on
the other x and y boundaries. We use adaptive meshing subroutines in CTH to decrease element size in regions of high pressure and velocity, notably, along the
shock front. Our numerical resolution varies as a function of location in the domain
but achieves a maximum of 128 cppr. Fixed mesh simulations of 128 cppr produced
similar results to adaptive mesh runs with a similar maximum resolution.
Melting occurs at locations in the target where the peak shock pressure (Psh) exceeds the value required for complete melting. To determine how the peak shock
pressure varies beneath the impact point, we embed tracer particles in the target
initially located along lines spaced 10° apart between a vertical line beneath the impact point and the target surface (see Fig. 2 of P97 and Fig. S1 in Barr and Canup
(2010)). Each line of tracers has 61 points spread in 160-m increments beneath
the impact point to a distance 10 km (20 projectile radii) away. The tracers record
pressures at time increments of 0.1 ms, and the pressure–time record from each
tracer is analyzed to determine the peak shock pressure experienced during the impact. Our domain and tracer setup has been previously veriﬁed for aluminum/aluminum impacts using benchmarking data from Pierazzo et al. (2008). We are able to
reproduce their peak shock pressure curves at the 2–5% level for 5 km/s and 20 km/
s impacts.
We use the semi-analytical ANEOS equation of state package (Thompson and
Lauson, 1972; Melosh, 2007), with library coefﬁcients for aluminum and iron. We
choose ANEOS over other equations of state (e.g., Tillotson) for consistency with
prior work and because it easily allows us to determine where melting has occurred
based on the material entropy. Important for our work, ANEOS provides physically
realistic behavior close to the melting point for a wide range of materials, even
though behavior in the vapor phase can deviate from experimental values for rock
and ice (see Melosh (2007) for discussion). For consistency with P97, we use the
Benz et al. (1989) dunite ANEOS, and the Westerly Granite ANEOS as a representative for granite (P97). We use ANEOS coefﬁcients for water ice from Turtle and Pierazzo (2001), which have been used previously to study impact-induced melting on
Europa. We do not include strength or fracture in our calculations because we are
interested in peak shock pressures, which are achieved at early times during the
contact and compression phase of the impact where these effects are unimportant
(Melosh, 1989).
The pressure required for complete (Pcm) or incipient melting (Pim) is calculated
using ANEOS outputs to determine where the Hugoniot in pressure–entropy space
matches the entropy for complete (Sc) or incipient melting (Si). The Hugoniot is calculated assuming that the target has a temperature equal to the reference temperature speciﬁed by ANEOS, which is 298 K for rock and metals. For water ice, the
pressure for complete melting varies by a factor of 2 as a function of temperature
(cf., Stewart and Ahrens, 2005), ranging from 3.5 GPa at T = 233 K to 5.2 GPa at
T = 180 K. We use an initial target temperature of 180 K for water ice, appropriate
for outer planet satellite surfaces, and substantially lower than the ANEOS-speciﬁed
melting temperature for water ice, 233 K. The target temperature used by P97 was
230 K (E. Pierazzo, personal communication, 2010), which sets the initial entropy
of the target comparable to the entropy for incipient melting, Si. As we discuss below, our simulations with an initial target temperature of 230 K yield a completely
melted region comparable in volume to P97. However, direct comparisons of the total melt volume are problematic because the entire domain has S  Si.
Entropy and pressure values for complete and incipient melting are listed in Table 1. The pressure required to shock to 50% melt (Pcr) is calculated assuming that
melt fraction is proportional to entropy (Tonks and Melosh, 1993),

/m ¼

Scr  Si
;
Sc  Si

v ¼ av



u
40 km=s

b v
ð2Þ

;

where impact velocity (u) is normalized using u = 40 km/s as a representative value.
Similarly, the n data are ﬁt to a function of form,


n ¼ an

u
40 km=s

b n
ð3Þ

:

Fig. 1a illustrates a comparison between the v and n data for complete melting and
ﬁts using Eqs. (2) and (3). Table 2 lists the values of av, bv, an, and bn for each material
for the complete, 50%, and incipient melt regions. In general, we ﬁnd v and n values
for the melted regions similar to those reported by P97. We note that our ﬁts should
not be used to extrapolate v and n to impact velocities much lower than values
shown in Fig. 1. As impact velocities decrease, values of bv and bn increase, so that
v and n become very small as the peak shock pressure achieved in the impact approaches the peak pressure for melting (see Fig. 10 of P97).
4. Melt volumes
The vast majority of melt created in an impact is produced in the volume carved
out by the buried sphere describing the completely melted region. This region has a
volume V = (4/3)pr3  (1/3)p(r  d)2(2r + d). However, some partial melting occurs
in the spherical shell in between the complete melting and incipient melting
spheres. Following the methods of P97, we divide this shell into ten spherical
sub-shells, within which the fraction of melt is calculated by converting the peak
pressure to entropy using ANEOS, then using Eq. (1) to calculate /. We compute
the volumes contained by the inner and outer edges of each shell to give a total
shell volume. Because the center of the incipient melting region is slightly below
the center of the completely melted region, each shell is thicker at its base than
at the top. The amount of melt contained in the zone of partial melting accounts
for only a small percentage of the melt volume because vcm  vim. Fig. 1c shows
how melt volumes vary as a function of cppr for impacts between an ice target/projectile at 10 km/s, an aluminum target/projectile at 20 km/s, and dunite/dunite impact at 20 km/s. For resolutions higher than 32 cppr, the change in melt volume due
to increasing resolution is <5%. Our resolution testing agrees with tests performed
by P97; 20 cppr underestimates melt volumes by only 10%.
Melt volumes are normalized against projectile volume, V proj ¼ ð4=3Þpr 3p , and
we plot them as a function of melt number, u2/EM, where EM is the melt energy
(Bjorkman and Holsapple, 1987; P97). Table 1 lists melt energy values, calculated
from ANEOS outputs by determining the speciﬁc energy along the Hugoniot
where complete melting is achieved (E. Pierazzo, personal communication
2010). Bjorkman and Holsapple (1987) suggest that melt volume scales with
melt number,

log10



Vm
V proj



¼aþ

 2
3
u
:
llog10
EM
2

ð4Þ

For u2/EM < 50, Bjorkman and Holsapple (1987) suggest that l = 2/3, indicating that
melt volumes scale linearly with impact energy, and volumes for larger melt numbers obey a momentum scaling (l < 2/3).
The solid symbols in Fig. 1d show how Vm/Vproj scale with melt number for
like/like impacts for aluminum, iron, ice, dunite, and granite. For all materials,
including ice, in the range 30 < u2/EM < 4500, a = 0.482. We ﬁnd that l = 0.624,
close to the value for an energy scaling. For rocks and metals, P97 found
l = 0.708 ± 0.039, close to the value for an energy scaling, as well. We have included
the iron/dunite and ice/dunite points for comparison in Fig. 1d, but do not expect
them to have the same a value as for like/like impacts, and thus, did not include
them in the ﬁt. For ice/dunite, we ﬁnd a = 1.78 and l = 0.819, and for iron/dunite,
l = 0.657 and a = 0.324.
Overall, our results are consistent with P97, except in the case of ice/ice impacts. P97’s melt volumes in ice were 10 times higher than for rocks and metals
and fell along l = 0.432, similar to l = 0.4 suggested for porous materials (Bjorkman

ð1Þ

where /m = 0.5, and ﬁnding the pressure on the Hugoniot where Scr is achieved.
3. Size and shape of melted region
The size and shape of the melted region are determined by ﬁnding the location
on each tracer line where Psh = Pcm for complete melting, and likewise for Pim and Pcr.
Tracer lines between h = 0° (vertical) and h = 80° from vertical are used to determine
the boundary of the melted region (q(h)). We ﬁt a circle to the q(h) points to determine the radius (r) and depth of burial (z) of the region melted to / = 1 (complete
melting), / = 0.5 (50% melting), and / > 0 (incipient melt). We report values nor-

Table 1
Material properties based on ANEOS output except as noted.

a

Material

Sca (J/kg K)

Sia (J/kg K)

Pcm (GPa)

Pcr (GPa)

Pim (GPa)

EM (J/kg)

Aluminum
Dunite
Granite
Ice
Iron

2640
3240
2500
3160
1790

2210
3000
2220
2210
1650

106
156
51.0
5.24
391

–
146
46.7
3.751
–

72.6
136
43.1
2.34
307

7.3  106
1.0  107
4.5  106
9.6  105
1.0  107

Pierazzo et al. (1997).
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Fig. 1. (a) Radius of the completely melted region for impacts between identical materials (symbols) for aluminum, dunite, granite, ice, and iron. The variation in the radius of
the completely melted region as a function of impact velocity is shown for impacts between an iron projectile and dunite target, and ice projectile and dunite target, relevant
to cometary and asteroidal impacts on rocky planets. Incipient and 50% melt radii are similar in value and similar in trend with similar slopes (see Table 2). (b) Same as (a) but
for the depth of burial of the completely melted region. (c) Variation in melt volume (Vm/Vproj) as a function of cppr for a dunite/dunite impact at 20 km/s (square) aluminum/
aluminum impact at 20 km/s (triangle), and ice/ice impact at 10 km/s (inverted triangle). Dotted vertical line is the approximate location of 20 cppr, the numerical resolution
used by P97. (d) Melt volume as a function of melt number (u2/EM). Gray line shows ﬁt to like/like impact data (iron/dunite and ice/dunite data are shown for reference but are
not included in the ﬁt).

Table 2
Fitting coefﬁcients for melt region shapes, for use in Eqs. (2) and (3).
Material

Aluminum
Iron
Dunite
Ice
Granite
Ice/Dunite
Iron/Dunite

Complete melting
radius

Complete melting
depth of burial

50% Melting radius

50% Melting
depth of burial

Incipient melting
radius

Incipient depth
of burial

av

bv

an

bn

av

bv

an

bn

av

bv

an

bn

3.86
3.23
2.90
6.05
4.63
2.02
3.95

0.697
0.600
0.693
0.622
0.641
0.651
0.666

3.15
2.88
2.45
4.04
3.15
2.13
4.02

0.488
0.558
0.728
0.486
0.335
0.651
0.595

–
–
3.00
6.83
4.83
2.07
4.23

–
–
0.674
0.614
0.637
0.651
0.657

–
–
2.52
4.22
3.22
1.43
4.10

–
–
0.651
0.115
0.321
0.712
0.580

4.63
3.56
3.08
8.73
5.03
2.13
4.18

0.674
0.589
0.677
0.603
0.633
0.651
0.656

3.44
3.05
2.54
4.52
3.27
1.46
4.17

0.420
0.540
0.657
0.425
0.306
0.705
0.573

and Holsapple, 1987). To search for possible discrepancies between our methods,
we performed ice/ice impact simulations using both versions 8.1 and 9.1 of CTH
with a geometry, tracer setup, target size, target temperature, and projectile size
identical to those used in P97. We ﬁnd that with a target temperature of 233 K,
we obtain rcm comparable to P97, but we are unable to accurately determine the
melt volume because for target T > 215 K, the target entropy is comparable to the
entropy for incipient melting. Thus, the incipient melt region encompasses essentially the entire computational domain. On the basis of these tests, we suggest that
the high target temperatures in P97 may have lead to an overestimation of melt volumes in ice/ice impacts.

5. Discussion
In numerical simulations with resolution 50 times higher than prior work, we
ﬁnd shapes and sizes of melt regions, and melt volumes comparable to those calculated at lower resolution by Pierazzo et al. (1997) for all materials, with the exception of ice, where we ﬁnd melt volumes 10 times lower than reported by P97 owing

to a lower target temperature. The results of the P97 study set water ice apart as a
material with a manifestly different behavior than metals and rocks. However, our
results suggest that scaling of melt volumes and melt region sizes for water ice are
similar to those for rocks and metals. We note that impacts in our study are vertical;
impact angles >60° signiﬁcantly decrease melt volumes and distort the shape of the
isobaric core (Pierazzo and Melosh, 2000).
We also provide new scalings for melt volumes and information about the size
and shape of melted region in vertical ice/dunite and iron/dunite impacts. We ﬁnd
that melt volumes in iron/dunite impacts follow a scaling similar to that for like/like
impacts, whereas melt volumes in ice/dunite impacts are substantially lower. A typical dunite/dunite impact commonly assumed for the lunar Late Heavy Bombardment, with an impact velocity 20 km/s (e.g., Levison et al., 2001; Gomes et al.,
2005) will create a completely melted region 1.8 times the projectile radius. An
iron meteorite impact creates a melted region 2.5 times the impactor radius,
but cometary LHB impactors predicted by (Gomes et al., 2005) will create a melt region only 1.3 times the impactor radius. Thus, the compositional diversity of the
LHB may need to be taken into account when converting from crater morphology to
impactor size distribution.
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