N

N

Shock wave propagation in layered planetary interiors:
Revisited
J. Monteux, J. Arkani-Hamed

» To cite this version:

J. Monteux, J. Arkani-Hamed. Shock wave propagation in layered planetary interiors: Revisited.
Icarus, 2019, 331, pp.238-256. 10.1016/j.icarus.2019.05.016 . hal-02147819

HAL Id: hal-02147819
https://uca.hal.science/hal-02147819
Submitted on 5 Jun 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://uca.hal.science/hal-02147819
https://hal.archives-ouvertes.fr

O© 00 N N Wn b~ W N =

W W N N N N N N N N N N e e e e e e e
—_— O O 0 N N B R WD =R O O NN SN N R WD = O
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Abstract.

While major impacts during late accretion of a Mars type planet occur on a differentiated body,
the characteristics of the shockwave propagation are poorly known within these layered objects.
Here, we use iISALE-2D hydrocode simulations to calculate shock pressure in a differentiated
Mars type body for impact velocities ranging from 5 to 20 km/s, impactor radii ranging from 50
to 200 km, and different rheologies. To better represent the distribution of shock pressure as a
function of distance from the impact site at the surface, we propose two distinct regions in the
mantle: a near field region that extends to 7-15 times the projectile radius into the target, where
the peak shock pressure decays exponentially with increasing the distance from the impact site,
and a far field region where the pressure decays strongly with the distance following a power
law. At the core-mantle boundary, the peak shock pressure increases from the mantle side to the
core side. The refracted shockwave travels within the core where the shock pressure decreases
following a second power law. In this study, we fit the output obtained from iSALE hydrocode
simulations to determine scaling laws that illustrate the influence of the distance from the impact
site, the ray angle, the target rheology, the impactor size and the impact velocity. Finally we
combine these shock-pressure scaling laws with the formalism proposed by Watters et al. [2009]

to determine the impact heating induced by large impacts within a differentiated Mars.
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1. Introduction:

Terrestrial planets are formed by accreting a huge number of planetesimals in the solar nebula
[e.g., Chambers and Wetherill, 1998; Kokubo and Ida, 2000; Rafikov, 2003; Chambers, 2004;
Raymond, et al., 2006]. The ultimate goal is to investigate the thermal evolution of a growing
terrestrial planet while taking into account the impact heating, heating by short-lived and long-
lived radioactive elements, and by the core formation process. Because partial melting and core
formation occur when a protoplanet’s radius exceeds ~2700 km [e.g., Senshu et al., 2002], about
47% of Mars’ and 90% of the Earth’s and Venus’ masses are expected to be accreted in the
presence of a liquid core. To estimate the thermal state of a growing planet it is necessary to

determine the impact heating of its solid mantle and liquid core by each impactor.

The impact-induced shock pressure and temperature increase inside a planet has been
investigated using elaborated numerical models developed to better understand shock physics
[e.g., Ahrens and O’Keefe, 1987; Pierazzo et al., 1997; Mitani, 2003; Wuennemann et al., 2006;
Wiinneman et al., 2008; Ivanov et al., 2010; Bar and Citron, 2011; Kraus et al., 2011; Bierhaus et
al., 2012; Stewart, 2011]. However, the numerical solutions demand considerable computer
capacity and time and are not practical for investigating a huge number of impacts that occur
during the growth of a planet. For example, the formation of a planet like Mars requires about
3x10° planetesimals of ~100 km in diameter. On the other hand, the scaling laws derived on the
basis of numerical solutions of the shock dynamic equations [e.g., Ahrens and O’Keefe, 1987;
Pierazzo et al., 1997; Mitani, 2003; Monteux and Arkani-Hamed, 2016] require remarkably less
computer power and time, and have been used by many investigators [e.g., Tonks and Melosh,
1992, 1993; Watters et al, 2009; Roberts et al., 2009; Arkani-Hamed and Olson, 2010a, 2010b;
Ghods and Arkani-Hamed, 2011], mainly because of their simplicity and partly because the
difference between their results and those obtained by the numerical simulations of the shock
dynamic equations is likely within the tolerance of the errors introduced due to the uncertainty of
pertinent physical parameters. We note that the existing scaling laws are applicable for uniform
mantle models of terrestrial planets and cannot be used for planets consisting of a solid silicate
mantle and a liquid iron core with drastically different physical properties. Extra formulations
are required to relate the shock pressure and particle velocity at the base of the mantle to those at
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the top of the core. Arkani-Hamed and Ivanov [2014] derived the required boundary conditions
at the core-mantle boundary (CMB) of a Mars type planet for a vertical impact on the basis of
Hugoniot equations, the equality of the reflected and the refracted shock pressures, the continuity
of the vertical component of particle velocity, and the Snell’s law relating the incident angle to
the refracted angle of a shock ray at the boundary.  This resulted in a set of coupled 8
trigonometric equations to be solved simultaneously for each shock ray. At each point of the
core mantle boundary, with spacing of 1 degree colatitude, the equations were solved iteratively
until the difference between the two successive solutions were within a set error limit. Although
such a simulation is much faster than the corresponding hydrocode simulation, it still takes
considerable time to determine impact heating in a growing planet that requires several hundred
thousand impacts during the accretion. Recently, Monteux and Arkani-Hamed [2016] derived
scaling laws in the mantle of a Mars size planet on the basis of systematic hydrocode modeling,
using impact velocities ranging from 4 to 10 km/s for impactor sizes ranging from 50 to 200 km
in radius, and two different mantle rocks of dunite and peridotite overlying the iron core. The

ANEOS type equations of state were used for the dunitic mantle rocks and the iron core.

In the present study, we adopt a new technique based on hydrocode models by Monteux and
Arkani-Hamed [2016] while deriving a new scaling law for the iron core to assess shock pressure
and the shock-related temperature increase in the entire Mars type planet. A given shock front
propagates from the impact site at the surface of the planet down to the CMB. It then partly
reflects back to the mantle, and partly enters the core and continues propagating until it impinges
the CMB in the antipodal hemisphere, where it partly enters the antipodal mantle and partly
reflects and propagates in the antipodal core. The second section characterizes the shockwave
propagation within a differentiated Mars size planet for different sets of parameters (impactor
radius, impact velocity, and mantle rheology). The third section compares the results from the
scaling laws with those obtained using hydrocode simulations. In the fourth section, impact-
heated models determined on the basis of the scaling laws to demonstrate the feasibility of the
models derived by the scaling laws. Discussions and concluding remarks are relegated to the

fifth, final section.
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2. Shockwave Propagation Inside A Mars-Type Planet:

Figure 1 shows the 2D axi-symmetric total pressure (shock + lithostatic) distribution inside a
Mars size body of radius 3400 km with a core radius of 1700 km, created by an impactor of 200
km in radius and at an impact velocity of 10 km/s obtained by hydrocode simulation. The shock
pressure produced near the surface decays as the shock wave propagates downward until the
wave impinges the CMB, where it partitions into two waves, a reflected wave that propagates
outward in the mantle, and a refracted wave that enters the core and propagates downward. The
reflected wave arriving at a given point in the mantle travels much longer, hence is always
weaker than the direct wave that propagates directly from the impact site to that point. The peak
pressure at the point is produced by the direct wave. The effects of the two reflected waves, one
at the surface and the other at the CMB are not considered on the temperature of the mantle in
this study (see below). An abrupt pressure jump is created at the top of the core by the refracted

wave. The pressure then continues decreasing while the wave propagates in the core.

A total of 11 hydrocode models were simulated by Monteux and Arkani-Hamed [2016] that
included impact velocities of 4 to 10 km/s at increments of 1 km/s for an impactor of 50 km in
radius, and the impactor radii of 50 to 200 km at increments of 50 km for an impact velocity of
10 km/s. Two mantle rock types of dunite and peridotite were considered for a Mars-type planet.
The authors considered shock wave propagation in the mantle of the impacted hemisphere. Here
we extend the models allowing the wave enter the core, hence providing a means to estimate the
characteristics of shock pressure and the related temperature increase throughout the mantle and

the core.

2.1 The Model Set Up

At the end of the planetary accretion, large impacts between planetesimals and protoplanets
are frequent. The amount of energy dissipated during this regime of planetary evolution is large
enough to significantly melt the growing planets and efficiently separate the metal phase from

the silicate phase, resulting in the core formation. We consider a large impact between an
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undifferentiated bolide and a differentiated Mars size planet using numerical hydrocode

simulations.

a) Physical model

We investigate the shock pressure inside a Mars size model planet for impact velocities Vimp of 5
to 20 km/s and impactors radii R;,, of 50 to 200 km. Such impactors are likely to create large
impact basins with sizes comparable to the giant impact basins of Mars that were formed
between 4.3 and 4 Ga [Frey, 2008; Robbins et al., 2013]. The impactors are large enough to
have important consequences on their target. However the impactors might be too small to have
experienced a complete melting and full metal/silicate separation before the impact unless they
formed during the early Solar System evolution [Ricard et al., 2017] Impacts involving
differentiated impactors will lead to the fragmentation of the impactor’s core before sinking
through the target’s mantle [Kendall and Melosh, 2016]. In our models, an impactor is
simplified by a spherical body of radius Rjy, with uniform dunitic composition. Since we do not
consider a realistic impactor with a metallic core, we underestimate the actual impactor mass
and, as a consequence, the kinetic energy available for impact heating. In our models, the
impactor and the impacted mantle have the same properties (composition, strength, rheology,

and equation of state).

The ultimate goal is to determine the impact heating during the accretion of terrestrial planets
such as Mars and the Earth. The huge number of impacts during accretion makes it impractical
to consider oblique impacts for two main reasons: it requires formidable computer time, but
more importantly because of the lack of information about the impact direction, i.e. the impact
angle relative to vertical and azimuth relative to north. The peak shock pressure produced along
the vertical direction beneath the impact site by an oblique impact appears to depend
approximately on the sine of the impact angle relative to horizon (see Figure 3 of Pierazzo and
Melosh, 2000). This implies a shock pressure reduction by a factor of ~0.71 for the most
probable impact angle of 45° [Shoemaker, 1962] compared to that of a vertical impact, assuming
that all other parameters are equal. For example an oblique impact velocity of about 15 km/s
produces almost the same shock pressures as that produced by a vertical impact velocity of about
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11 km/s. The difference between these two velocities is well within the variations of the impact
velocities of the N-body accretion models of terrestrial planets [e.g., Agnor et al., 1999;
Chambers, 2013]. Studies of more realistic accretion scenarios, which take into account the
oblique impacts and allow escape of material, conclude that the final state of an accreted body is
less sensitive to the details of the collision [Agnor and Asphaug, 2004; Kokubo and Genda,
2010]. Therefore, we consider only head-on collisions (vertical impacts) to model the thermo-
mechanical evolution during an impact between a differentiated Mars size body and a large

uniform impactor.

As emphasized by Monteux and Arkani-Hamed [2016], the rheology of the impacted body plays
a key role on the propagation of the shockwave and on the subsequent impact heating. However,
the rheology of protoplanets is difficult to constrain precisely and is strongly governed by its
thermal evolution. Depending on its accretion rate, on its composition in radiogenic elements and
on the occurrence of large to giant impacts, growing Mars-sized protoplanets likely consist of a
partially to fully molten mantle overlying a liquid metallic core [Kaula, 1979; Solomatov 2000;
Senshu et al., 2002; Ricard et al., 2009]. In the following study we consider that the rheology of
the impacted protoplanets ranges between a “hydrodynamic model” with no-strength where both
the dunitic mantle and the metallic core are inviscid materials, and a “model with strength”
where the metallic core is an inviscid fluid while the dunitic mantle is treated using a pressure-,

temperature-, and damage- dependent strength model.

Damage describes the transition from intact to fractured strength. Under a constant pressure,
damage begins to accumulate when the material begins to flow plastically. Damage is maximum
when the material is completely fractured. Among the damage models available in iSALE, we
adopt the Ivanov damage model [Ivanov et al., 1997], which prescribes damage as a function of
plastic strain. In this model the plastic strain at failure is an increasing function of the total
pressure P (lithostatic pressure plus the shock-induced pressure). This model allows rapid brittle
failure in tensile and low-pressure modes, and semi-brittle failure at high pressures. The damage
model from Ivanov et al., [1997] is simpler than the model developed by Collins et al., [2004]
where the plastic strain at failure is a function of the brittle-ductile and brittle-plastic transition

pressures, both these parameters being poorly constrained in the early protoplanets context.
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The thermal softening is an efficient process for large-scale events [Potter et al., 2012].
Depending on the temperature and more specifically on the melt fraction, the impacted material
can behave as a solid material or as fluid. The transition from solid-like to fluid-like behavior
occurs at a critical melt fraction of =40% for early mantle material (Solomatov, 2000). As it
depends on the temperature, the thermal softening process also strongly depends on the pre-
impact temperature that is unfortunately poorly constrained in the Martian case. In our iSALE
models, we use the Ohnaka thermal softening model where the shear strength of rocks depends

on temperature, and reduces to zero at the melting temperature.

In the “model with strength”, we approximate the thermodynamic response of both the iron and
dunitic material using the ANEOS equation of state [Thompson and Lauson, 1972, Benz et al.,
1989]. To make our models as simple as possible we do not consider here the effects of porosity
or low density weakening which are likely to be negligible in the deep interior of a planet.
However, as a first step towards more realistic models, we investigate the influence of acoustic

fluidization, thermal softening and damage. The simulation parameters are listed in Table 1.

b) Numerical model

We use the iISALE-2D axisymmetric hydrocode, which is a multi-rheology, multi-material
hydrocode, specifically developed to model impact crater formation on a planetary scale
[Amsden et al., 1980, Collins et al., 2004, Davison et al., 2010]. To enable a comparison of our
models, for all our simulations, we use a 2 km grid resolution computational domain. The
horizontal and vertical number of cells per projectile radius (cppr) is maintained constant within
the impacted mantle (=1700) and within the impacted core (=850) (see Table 2). The number of
cppr varies only within the impactor when varying the impactor radius (cppr=25 for R;,,=50km
and cppr=100 for R;,,=100km). Such spatial resolutions should lead to an underestimation of the
peak shock pressure ranging between 5% (close to the impact site) and 10% (far from the impact
site) according to resolution studies [e.g., Pierazzo et al., 2008; Wiinneman et al., 2008, Monteux

and Arkani-Hamed, 2016].



216
217
218
219
220
221

222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

iISALE requires the length of each time step (df) and the maximum time step (dfuq.). iISALE
limits the time step by the speed of sound according to the Courant-Friedrichs—Lewy (CFL)
condition while dt,,, limits a timestep if it is smaller than the CFL-limited timestep. In our
models, we use a dt,, value of 0.05 s. The minimum post impact monitoring time is set to the
time needed by the shockwave to travel from the impact site through the entire core of the

impacted planet.

In our iISALE models, we investigate the effects of the ray angle £ relative to the symmetric axis
(Figure 2). To compare the shock wave propagation along each path illustrated in Figure 2, we
developed a numerical method to extract the shock pressure and temperature at a fixed position
from all our simulations. As a consequence, instead of using tracers, the impact-induced pressure
and temperature fields are extracted from a cell-centered Eulerian grid points [Monteux and
Arkani-Hamed, 2016]. Hence, the distance D corresponds to the straight-line distance between
the impact site and the grid point where the peak pressure is located. It approximates the
distance along a shock ray (see the Discussion section). Hence, we refer to the straight line as
the ray from now on. We also investigate the effects of the angle /5 of the straight line, i.e., the so
called ray, relative to the symmetric axis (Figure 2). We emphasize that a ray does not enter the

core when the ray angle S is larger than 30° in our model planet.

2.2 The Reference Models

Figure 3 (left) shows the peak shock pressure distribution along the axis of symmetry (f=0°) in a
model with R;,,=50 km and V;,,=10 km/s. From Figure 3, we can identify 2 zones of particular
interest: Zone 1 where the peak shock pressure Pz; decreases exponentially with the distance
from the impact site, and Zone 2 where the peak shock pressure Py, still decreases significantly
though less rapidly with the distance. As we will see later, these 2 zones are particularly
distinguishable for small values of Riy,. Considering V;,,=10 km/s is the average asteroid impact
velocity on Mars [Bottke et al. 1994], we will define the case with R;,,=50 km and V,,,=10 km/s
as our reference model. Figure 3 (right) illustrates that considering a differentiated impactor
(with a dunitic mantle and a liquid iron core) slightly increases the peak shock pressure

magnitude during the propagation of the shockwave within the impacted planet because of the
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different mass repartition in the impactor. However, considering a differentiated impactor affects

neither the pressure decay in 2 zones nor the position of the limit between the two zones.

The shock wave generated by an impactor propagates toward the center of the planet, while the
shock pressure decays as the wave deposits energy in the form of irreversible work into the target
[Ahrens and O’Keefe, 1987]. Hence, the ability of the impacted material to deform when
experiencing large shock pressure is of the first importance for the characterization of the peak
shock pressure evolution. Figure 3 illustrates the influence of the mantle rheology on the shock
wave propagation. The peak shock pressure experienced within the mantle decreases more
rapidly in the model with strength than in the hydrodynamic model. In our models, the acoustic
fluidization and the damage play minor roles on the shockwave propagation compared to that of

the strength, because the lithostatic pressure is too high to allow fracturing of rocks.

If strength is present, shock waves attenuate faster because the rarefaction waves travel faster in
material with strength and, therefore, cause a more rapid decay behavior [Curran et al., 1977,

Bierhaus et al, 2013]. We note that the speed of sound in a strength-less material is given by

¢ = +/K/p where K is the bulk modulus and p the density. If the material has some strength, the

longitudinal wave speed is determined by ¢; = /(K + 4/3u)/p where u is the shear modulus.
Because ¢, > c, the speed of the first, direct wave is larger when the strength is accounted for
than in the hydrodynamic case, hence the shock waves attenuate faster in the models with
strength [Curran et al., 1977, Bierhaus et al, 2013]. Ultimately, if the speed of the rarefaction
wave depends on strength, then differences in strength should result in different attenuation
behaviors. However this point is beyond the scope of our study. Outside Zone 1, the peak shock
pressure continues to decrease with distance from the impact site and both models show a similar
behavior: a power-law decrease followed by a pressure jump at the CMB. The more moderate
decay in Zone 2 might be the consequence of a solid-state phase transformation that is
considered in the ANEOS for dunite [Collins and Melosh, 2014]. This process does not occur in

the hydrodynamic models, because the shock pressure does not drop below the critical pressure.
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Included in Figure 3 are the results from Pierazzo et al. [1997] for V,,=10km/s and R;,,, ranging
between 0.4 and 10km, where the strength was not included. Our results for the hydrodynamic
model, and the results from Pierazzo are in good agreement (Figure 3). The small differences
between our results and the results from Pierazzo et al. [1997] are plausibly the direct
consequence of using different cppr values (for R;,,=50km, cppr=25 while cppr=20 for Pierazzo
et al. [1997]). Figure 3 illustrates that accounting for strength significantly reduces the intensity
of the shock pressure. This indicates that building more sophisticated models is necessary to
estimate the shock pressure evolution after a large impact, as suggested by Monteux and Arkani-

Hamed [2016].

For large impacts, the thermal softening is an efficient process that may influence the shockwave
propagation. Indeed, accounting for thermal softening changes the strength and, thus, the speed
of the rarefaction wave, which may result in a different attenuation behavior. This process
strongly depends on the pre-shocked temperature profile that is still poorly constrained during
the early evolution of terrestrial planets. To illustrate the influence of the thermal softening, we
have run two models with different pre-impact spherically symmetric temperature distributions,
characterized by a cold boundary layer at the surface overlying a convective-type, adiabatic
temperature within the mantle. The difference between these two models is the surface
temperature that is 293K for the cold case and 500K for the hot case. Figure 4 shows that the
thermal softening (as damage and acoustic fluidization) plays a minor role on the shockwave
attenuation after a large impact. Accounting for thermal softening leads to a peak shock pressure
decrease in Zone 1 and to an increase of the depth of Zone 1-Zone 2 transition. An initially

hotter mantle only slightly enhances these 2 effects.

2.3 Scaling Laws

We have slightly modified the procedure by Monteux and Arkani-Hamed [2016]. By combining
their near field and midfield, we reduce the number of parameters and make it easy to adopt the
scaling laws in the impact heating of a terrestrial proto-plant during its accretion. We determine
new scaling laws of shock pressure P for deriving universal scaling laws. From Figure 3, we

10
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have identified 2 zones of particular interest: Zone 1 (associated to a peak shock pressure Pz;)
and Zone 2 (associated to a peak shock pressure Pz;). This dichotomy is particularly pronounced

in the models with strength.

We suggest two distinct scaling laws along the axis of symmetry to characterize the peak shock

pressure in the model planet:

PZI = A() exp(-A1 D/R,mp) (la)
Pz =4, (D/Rimp)_A3 (1b)

where D is the distance from the impact site, R;, is the impactor radius. 4, is the maximum
shock pressure and 4;, A,, and A4; are constant obtained by fitting the results from the hydrocode
models. All these parameters are impact velocity and impactor radius dependent. They also
depend on the ray angle . Zone 1 corresponds to a hemisphere centered at the impact site with
radius Dz;. Zone 2 corresponds to the mantle shell beyond Dz;. Zone 2 lies between Dz; and the
CMB for the ray angle f <30°. The zone is limited by the surface of the impacted planet for S
>30°(see Figure 2).

The scaling law used to fit the peak shock pressure decay within Zone 1 is different from the
classical power-law that usually uses other empirical or semi-empirical relations in impact
studies [e.g. Ahrens et al., 1977]. However it has two advantages: 1) with this formalism the
peak shock pressure does not go to infinity as D/R;,, goes to 0 compared to other power law
forms [e.g., Ruedas, 2017], and 2) the peak shock pressure decays relatively slowly for
D/R;»p<3-4, which includes the “isobaric core” with slowly decaying shock pressure and the
“pressure decay regime” regions proposed by Pierazzo et al., [1997]. On the other hand, the Zone
2 represents the far field region in the mantle where the shock pressure decays monotonically

with distance from the impact site.

As the shock wave propagates in the mantle it creates a high pressure behind the shock front,
which is determined on the basis of the Hugoniot equations. When the shockwave crosses the
CMB, the peak shock pressure jumps from P,, (immediately above the CMB) to P. (immediately

11
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below the CMB) because of the abrupt changes in the physical parameters, as previously
identified [e.g., Ivanov et al., 2010; Arkani-Hamed and Ivanov, 2014]. After this sudden
increase, the peak shock pressure continues to decrease as the wave propagates inside the core,

which is characterized by a separate scaling law:
Pcore = A4 (D/Rimp)-A5 (IC)

where 4, and 45 are constants. Fitting the peak shock pressure from our numerical models along
the ray paths shown in Figure 2 enables us to fully characterize the pressure increase experienced
within the martian mantle and core. We note that a vertical impact on a spherically symmetric
planet adopted in this study artificially enhances the shock pressure along the axis of symmetry
in the core, hence Equation 1c overestimate the pressure near the axis of symmetry, while such
an effect does not occur in the mantle (see the Discussion section below). Equations la, 1b and
Ic will be used to fit the results from both the models with strength and the hydrodynamic
models. The values of the different coefficients resulting from the corresponding fits are
provided in the following sections. We would like to emphasize here that these scaling laws are
only empirical and can be implemented in large-scale mantle models [e.g. Monteux and Arkani-
Hamed, 2014] or in accretionary models [e.g. Monteux et al., 2014]. These scaling laws are

determined by least square fitting to the results from the iSALE hydrocode models.
2.4 Shock Wave Propagation in the Mantle: Effects of the Ray Angle

During an impact, the maximum shock pressure is experienced at the impact site on the surface.
Then the impact energy dissipates as the shockwave propagates within the model planet. Figure
5 shows that the maximum shock pressure Aj, in either the models with strength or the
hydodynamic models, increases with the impact velocity and the impactor radius. The peak
shock pressure is nearly constant within an almost hemispheric region of a radius 1-2 times the
impactor radius, centered at the impact site (see Figure 3), which is coined as “isobaric core” by
Pierazzo et al [1997]. We note that 4, is the shock pressure at the impact site and it remains the
same for all of the ray angles considered. It is used in our scaling law (Eq. 1a) to obtain the A4;
values from our models (Figure 6). Figure 5 shows the maximum shock pressure predicted from
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the planar impact model [Melosh, 1989]. As detailed by Osinski and Pierazzo [2012], the planar
impact approximation yields an upper limit of the pressure expected during an impact event.
Hence, it is not surprising that our 4, values are slightly smaller than the results from the planar

impact approximation.

Previous studies [Pierazzo et al., 1997, Monteux and Arkani-Hamed, 2016] monitored the
influence of the ray angle f of the shock wave, and found no significant angle dependence in
their results for f ranging between 0° (vertical) and 45°. Here we extend the investigation to S
values up to 80°. 4, is the exponential factor (Eq. 1a), characterizing the ability of the upper
mantle to attenuate the shockwave as it propagates. For large A4, values, the peak shock pressure
decreases rapidly with distance. Hence, higher 4; values are expected for the models with
strength than for the hydrodynamic models. In Figures 6a and 6b, we present the 4; values
obtained by fitting the results from iISALE models to Eq. 1a along different ray angles illustrated
in Figure 2. A; increases as a function of S, indicating that the peak shock pressure decreases
more efficiently with distance at large ray angles. This behavior is common to both models with
strength and hydrodynamics models. However, the increase is not significant for f values smaller
than 45°, as also mentioned by Pierazzo et al., [1997]. We note that the rays impinging the core
mantle boundary have f values smaller than 30°, indicating that propagation of shock waves
inside the core is almost independent of the S values. Figures 6a shows that 4, is weakly affected
by the impactor size for the range of impactors used in our study (i.e. 5S0<Rimp<200km). For
larger impactors (not studied here), one can expect an influence of the impacted protoplanet
curvature on the shockwave propagation. However, Figures 6b shows that 4, is more sensitive to
the impact velocity. Pierazzo et al. [1997] showed that the power-law exponent used to fit the
angle dependency (for f§ ranging between 0° and 45°) was increasing with the velocity. From our

results (for f ranging between 0° and 80°) it is difficult to extract such a tendency.

For the large ray angles, the path followed by the shockwave is shallower (Figure 2). The shock
wave propagating through shallower regions will cross material where the pressure and the
uncompressed target density are smaller in average compared to shock wave propagating along
the axis of symmetry. As a consequence, along small ray angle paths, the deformation is more
difficult than along large ray angle paths. In addition, in shallower regions a significant part of
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the impact energy is dissipated during processes such as the excavation or the post-impact
rebound. Finally, the interference of the direct pressure wave with the rarefaction wave that is
reflected at the surface reduces the amplitude of the shock pressure [Melosh, 1989; Arkani-
Hamed, 2005; Louzada and Stewart, 2009]. The consequence of these factors is that the isobaric

surfaces are slightly elliptical with vertical major axis rather than spherical.

As previously mentioned, the shock wave decay rate with distance should be more rapid for the
model with strength compared to the hydrodynamic models (as illustrated in Figure 3). Figures
6a and 6b confirm this point by showing that 4; values are larger for models with strength than
for hydrodynamic models for all § values. The correlation coefficients obtained by fitting our
hydrocode data with the scaling laws from Eqgs. 1 a, b and ¢ show that our choice is relevant. The
correlation coefficients are close to 0.9 for all the range of impactor radii and impact velocities
used in our models (except for V;,,=20km/s). The correlation coefficients are even higher for f
values smaller than 65°. The correlation coefficients are also larger in the models with strength
than in the hydrodynamic models because the dichotomy between Zone 1 and Zone 2 is more

pronounced in the models with strength than in the hydrodynamic models (See Figure 3).

In our study, the distance D from the impact site is normalized to the impactor radius R;,, to
eliminate the dependence on the size of the projectile. Figure 7 illustrates peak shock pressure
profiles along a ray angle of f =36° meaning that the ray does not cross the CMB (see Figure 2).
Figure 7 shows that the boundary between Zone 1 and Zone 2 depends on both the impactor size
and the impact velocity, hence the total pressure (shock plus lithostatic) through the Equation of
State adopted in the hydrocode models. This suggests a relation between the observed transition
and a phase change in the Equation of State from our iSALE models. The Zone 1 - Zone 2
boundary occurs at a constant distance close to 10 times the radius of the impactor for the range
of impactor sizes studied (Figure 7, left). In the cases shown in Figure 7, £ is close to the critical
value of 30° where the ray crosses the CMB (Figure 2). As Rin, increases, the minimal value
D/R;np for which the shockwave crosses the CMB decreases from 34 (for Rinp,=50 km, black
curve) to 8.5 (for Rimp=200 km, blue curve). At this singular point (Figure 7, left), a small jump
of the peak pressure occurs because of the reflection of the shock waves with f <30° at the CMB.
The ratio of the isobaric core radius to the projectile radius weakly depends on the impact
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velocity, as also concluded by Pierazzo et al. [1997]. For the range of impact velocities
considered, the Zone 1 - Zone 2 boundary ranges between 7 and 15 times the radius of the
impactor (Figure 7, right). The small peak shock pressure jumps identified in Figure 7 (left) for

large impactors does not occur here because of the small, 50 km, impactor radius.

Once the shockwaves enter into Zone 2, the peak pressure continues to decrease. Figures 8a and
8b show the dependency of 4, on the ray angle (see Eq. 1b). Because peak shock pressure
decreases more rapidly with distance in the models with strength than in the hydrodynamic
models (see Figure 3), A4, values are smaller in the models with strength than in the
hydrodynamic models. Also, 4, only slightly decreases with the ray angle f in both cases. For
all impact velocities and impactor radii studied here, the 4, values obtained from the models with
strength are nearly constant up to the values of f close to 65°. For f > 65°, the data is more
scattered (see discussion at the end of the section). For the large impactor, R;,,,=200km, the
evolution of 4, as a function of f is significantly different. This is probably due to the fact that,
in that case, Zone 1 overlaps the CMB.

Figures 9a and 9b show the relationship between 43 (see Eq. 1b) and the ray angle . As for 4,
Az is smaller in the models with strength than in the hydrodynamic models. This feature is
related to the higher shear strength in the models with strength, which consumes a portion of the
impact energy to plastically deform the impacted material. Again, the more moderate decay in
Zone 2 (i.e. smaller 43 values) in models with strength compared to hydrodynamic models might
be the consequence of a solid-state phase transformation that is considered in the ANEOS for
dunite [Collins and Melosh, 2014]. Apart from this difference, both models behave similarly.
Figures 9a and 9b show that A4; slightly increases with £ up to f=65° indicating that the peak
shock pressure decreases more efficiently with distance at large ray angles. From the results
illustrated in Figure 9b, the 4; coefficient does not significantly depend on the impact velocity.
However, Figure 9a shows that the tendencies described earlier are completely different for
Rimp=150 km. Indeed, for large impactors, the size of Zone 2 is significantly reduced and the
impacted hemisphere mainly consists of Zone 1 and the metallic core within the ray angle less

than 30’

15



461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490

To illustrate the dependencies of 4;, A, and A3 on S, we express them as A;= Ag exp(A7 ) where
i denotes 1, 2, or 3 (see legend boxes in the corresponding figures). Figures 6, 8 and 9 show
small values for A, typically ranging between 10 and 107. This confirms that the shock wave
propagation weakly depends on the ray angle that is ranging between 0° (vertical) and 45°, as
already concluded by previous studies [Pierazzo et al., 1997, Monteux and Arkani-Hamed,
2016]. This can be extended for f up to 60° on the basis of Figures 6, 8 and 9. For the
hydrodynamic models the trend is similar although the iSALE data are more dispersed. Figures 8
and 9 also show that for Ry, values larger than 150 km, the trend is less clear than for small
impactors. As already mentioned, we attribute this feature to the overlap between Zone 1 and the
CMB, which leads to the progressive disappearance of Zone 2 as R;,, increases. These
differences are confirmed by the correlation coefficients that are larger for small impactors and
are generally higher for the models with strength than for the hydrodynamic models where the
iISALE data is more dispersed.

Figures 8 and 9 also exhibit a large variability for f values larger than 65°. For these large S
values the shock waves propagate through shallower regions (see Figure 2) where the total
pressure is much smaller than that in the deep mantle. Moreover, in the shallowest region the
largest initial impact is followed by multiple smaller impacts caused by ejecta fall back. Finally,
the near surface region is also affected by the wave reflected at the surface that interferes with
the direct wave and complicates the determination of the peak shock pressure [Melosh, 1989;
Arkani-Hamed, 2005; Louzada and Stewart, 2009]. These 3 effects may explain the variability of

the 4;, A,, A; constants for large S values.

2.5 Effects of the CMB

The distinctly different physical properties of the mantle and the core have two major effects on
the shock wave as it passes from the mantle to the core. The shock pressure increases abruptly

as seen in Figure 3, and a shock ray bends, obeying the Snell’s law. Here we discuss each of

these two effects.
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Because the core radius is half the size of the impacted planet, the shock waves encounter the
CMB only for § values smaller than 30 degrees (Figure 2). Figure 10 shows the ratio of the
shock pressure immediately above the CMB, P, to that immediately below the CMB, P, in the
impacted hemisphere. Both are calculated along a straight line determined by a ray angle and at
the grid points of the hydrocode models immediately above and below the CMB, respectively.
We note that P, and P, are actually the pressures slightly off the shock ray, hence are
approximations to the actual pressures on the ray. A given shock ray bends toward the axis of
symmetry as it crosses the CMB and the refraction angle determined through the Snell’s law is

smaller than the incident angle (see below). The bend is more pronounced at higher ray angles.

To connect the peak shock pressure between the mantle and the core we fit the ratio P./Py, as a

function of the ray angle § with a quadratic expression for the models with strength:

PPy =b;+bp+bsf’ (2a)

and a linear expression for the hydrodynamic models:

PC/Pm = b4 +b5ﬂ (2b)

where b;, by, bs, by and bs are constant. The values of these constants for both models and as a
function of R;,, and Vj,, are listed in Table 3. The corresponding results are illustrated in Figures
10a and 10b. We emphasize here that the equations 2a and 2b used to fit the pressure jump as a
function of the ray angle S are chosen empirically according to our results illustrated in Figure 10

and b.

For all the impact velocities and impactor radii used in our models, the behavior is quite similar,
although the shockwave that arrives at the CMB has much higher amplitude in the hydrodynamic
case than in the models with strength (Figure 3). Figure 10 shows that the pressure jump at the
CMB is more pronounced in the models with strength than in the hydrodynamic models,
regardless of the amplitude of the arriving shockwave. Because the pressure jump at the CMB is
likely related to the amplitude of the arriving shockwave for a given model, our results
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emphasize the importance of the impacted material properties on the amplitude of the pressure

jump.

For large impactors (R;»,>150 km) and for f values smaller than 30°, we have shown that Zone 1
directly interferes with the impacted planet’s core thus leading to a disappearance of Zone 2.
Above this critical value of f>30°, even if the direct shockwave does not cross the core (Figure
2), one can expect that the transition from Zone 1 to Zone 2 would still be identified in our
models. However, Figure 8a (bottom panels) and Figure 9a (bottom panels) also show a different
behavior for large impactors for £>30°. We attribute this phenomenon to the interaction of the
direct shockwave with the core which produce a variety of diffracted and reflected shockwaves
that affect the peak shock pressure far from the impact site and for f>30°. As the shockwave
behavior is completely different, our scaling laws for 4, 43 and P./P,, proposed in Egs. 1b, 2a
and 2b are less viable. The tendency for 4, and A4; is difficult to identify from our results (Figure
8a and Figure 9a (bottom panels)) and this complexity probably illustrate the complexity of the

shockwave propagation far from the impact site.

The incident angle of a shock ray at the CMB increases from 0° to 90° as the ray angle S
increases from 0° to 30°. The refraction angle of a given shock ray is determined on the basis of
the Snell’s law,

Un / sin ym = U,/ sin y, 3)
where U,, and U, are the shock wave velocities in the mantle and the core, y,, is the incident
angle, and y. is the refraction angle. U,, and U, are determined from our numerical models (see
the next section).

2.6 Shock Wave Propagation in the Core

Figure 11 shows the dependency of the coefficients 44 and 45 in Eq. 1c on Vi, and R,

determined along the axis of symmetry using the hydrocode models. A4 shows a power-law

18



552

553
554
555

556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582

behavior while 45 shows almost linear dependency, especially those associated with the models

with strength.

For a given ray angle f we calculate the incident and the refraction angles at CMB, hence the
corresponding shock ray path in the core, assuming linear. The peak shock pressure decay along
this ray path is determined from Eq. lc, where D is the distance from the impact site to a point in
the core measured along the ray path assuming that 4, and 45 are independent of the ray angle.
Figure 12 shows the distance of the peak shock pressure from the impact site in the impacted
hemisphere of the mantle and the entire core versus the time since the impact. Table 4 lists the
corresponding shock wave velocity in the mantle and the core. The shock wave velocities vary
slightly among the models. More importantly, the velocity in the core is consistently lower than
that in the mantle, indicating that the refracted ray angle is always smaller than the incident ray

angle.

3. Comparison of the Scaling Law Models with the iISALE Models

Before implementing our scaling laws to the accretion of a planet it is required to compare the
scaling law models with the iISALE models. Here we compare the hydrocode models and the
models with strength to the corresponding models determined using our scaling laws for the
impact velocity of 10km/s and the impactor radius of 50km (Figures 13 a and b). In the scaling
law models the refracted angles of the shock rays at the CMB are determined by the Snell’s law.
Hence, the shock pressure is not estimated in the equatorial region of the core where no refracted
wave propagates. This results in the distinct lack of shock pressure in the equatorial part of the
core and in the lower mantle beneath the shock ray that is tangent to the core mantle boundary.
Several other features are not modeled by the scaling laws because we do not consider the
reflection at the CMB and at the surface or the reflection and refraction at the antipodal CMB,

which are included in solving the shock dynamic equation in the hydrocode models. .

Figure 13 (right panel) shows the relative difference between the two models. For the impacted

hemisphere, the mean errors are 13% within the mantle and 14% within the core for the model
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with strength, and 10% within the mantle and 12% within the core for the hydrodynamic model.
The fact that iISALE model combines both direct and indirect waves, while our model shows
only the direct wave could contribute to the error between our scaling law parameterization and
the iISALE data. The error pattern is similar in both the hydrodynamic and strength models. As
mentioned above, the direct shock pressure within the core for f values larger than 30° is not
determined by the scaling laws. The shock pressure of the hydrocode model in this region must
be due to the secondary shock waves that are reflected at the surface and then refracted at the
CMB. The scaling law models overestimate the peak shock pressure close to the impact site
(Zone 1) where the error can locally reach 50 %. However, despite the large peak shock pressure
range in this region, our scaling laws provide a first order approximation to the hydrocode

models.

An impact generates two compressional shockwaves, one propagates downward in the planet and
the other propagates upward in the penetrating impactor. The latter reaches the top of the
impactor, and reflects back and propagates downward as a rarefaction wave. The turbulence
induced by the compressional wave in a given location inside the planet is diminished by the
trailing rarefaction wave. This limits the thickness of the entire shock front with appreciable
turbulence. The velocity of the rarefaction wave is higher than that of the original down going
compressional wave, because the rarefaction wave propagates inside the penetrating impactor in
the early times and then inside the planet that is already set in motion by the initially down going
compressional wave. At a shock wave velocity of about 8 km/s, the passage of the entire shock
front at a given location takes less than a minute for the largest impactor of 200 km considered in
this study, and much shorter for other impactors. A given location in the mantle experiences
more than one shock wave, such as the shock wave reflected at the surface and that reflected at
the CMB. However, these shock waves have low amplitudes because they travel longer
distances than the direct wave and they arrive at much later times relative to the direct pressure
wave. They rarely interfere with the direct wave except near the surface and near the CMB. In
the case of the core, parts of the antipodal core is shocked twice, first by the direct wave that is
refracted at the CMB of the impacted hemisphere beneath the impact site and second by the
shock wave reflected at the CMB of the antipodal hemisphere. The first wave travels a shorter

distance than the second one, hence passes a given location sooner than the arrival of the
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reflected wave. As in the case of the mantle, there is negligible interaction between these two
waves, except for very close to the antipodal CMB. In general, a given location experiences
multiple pressure increases due to the multiple reflected and refracted waves that travel through

the planet’s interior. However, the peak pressure is due to the direct shockwave.

4. Impact heating

During the decompression, a fraction of the energy is converted into heat [Bjorkman and
Holsapple, 1987]. The temperature increase has been related to the shock pressure [e.g., Watters
et al., 2009] as well as to the particle velocity [e.g., Gault and Heitowit, 1963]. The shock
pressure in a given location diminishes within a time scale that is much shorter than the cooling
timescale of the impact induced thermal anomaly. Although secondary shock waves lead to
local pressure increase, the corresponding temperature increase is negligible compared to that of
the direct shock wave. Here we only consider the direct shock heating in our estimation of the

impact induced temperature increase.

The impact heating induced by the shockwave propagation is determined by implementing our

scaling laws within the theoretical model proposed by Watters et al. [2009]

ar(ps) = (L - = (§) 1 —nf - 11) /g, )
Fpy = =22 (1- 224 1)_1 (5)
p=Cr (6)

where P; is the shock-induced pressure, py is the density prior to the shock compression and ¢, is
the heat capacity of the impacted material (see values in Tab. 1). The shock pressure
implemented in Eqgs. 4, 5 and 6, is the shock-induced pressure predicted by our scaling laws
(Egs. 1 and 2). Figure 14 shows the temperature increase obtained using our scaling laws for

both the hydrodynamic model and the model with strength for V;,,=10km/s and R;,,,=50 km (top
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panels) and V;,,=10km/s and R;,,=150 km (bottom panels). As mentioned before, the shock
pressure is not estimated by the scaling laws where no refracted wave propagates (i.e. in the
equatorial region of the core and the lower part of the mantle beneath the shock ray that is
tangent to the CMB). Hence, we cannot estimate the post-impact temperature increase in these
regions (illustrated by black areas in Figure 14). This figure shows that for a 50 km radius
impactor, the region with significant impact heating is localized in a small shallow volume. For a
150 km impactor, a larger fraction of the impacted mantle is affected. Below the impact site the
temperature increase can reach =~1900K for both the hydrodynamic model and the model with
strength. The largest temperature increase is localized in Zone 1 and the temperature increase in
Zone 2 is weaker. The main difference between the two rheologies is the depth of the impact
temperature increase, which is deeper in the hydrodynamic model than in the model with
strength, because the pressure decay is more rapid in the model with strength (Figure 6 a, bottom
left panel). Moreover, the regions with increased temperature have shapes that are more prolate
than spherical, because of the influence of the f angle on the pressure decay in Zone 1. The
difference in the expression of the pressure decay between the two models as a function of S
should lead to a difference in sphericity (Figure 6 a). However, the difference is not significant in

the cases illustrated in Figure 14.

5. Discussion and Conclusions.

We have modeled the shock pressure distributions inside the impacted hemisphere of a
differentiated Mars size planet using 2D axi-symmetric hydrocode simulations (iISALE-2D) for
vertical impacts with impact velocities of 5-20 km/s and impactor radii ranging from 50 to 200
km. From these hydrocode simulations, we have observed a distribution of the peak shock
pressure within the impacted mantle and proposed a mathematical formalism adapted to this
distribution: a first zone (Zone 1) where the peak shock pressure decreases exponentially and a
second zone (Zone 2) where the peak shock pressure decrease follows a power-law. With this
formalism, the peak shock pressure does not go to infinity as D/R;,, goes to 0, and the peak
shock pressure decays relatively slowly from the impact site to D/R;,,,=3-4, which includes the

canonical “isobaric core” with slowly decaying shock pressure with distance from the impact site
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and the “pressure decay regime” region proposed by Pierazzo et al., [1997]. We have shown

that the ray angle f has minor influence on the pressure decay pattern for 5<65-70°.

The most important contribution to the peak shock pressure distribution is related to the rheology
of the material. Adopting a model where the impacted mantle is treated using models with
strength can result in a significant decrease of the peak shock pressure compared to that of the
hydrodynamic models. This difference in behavior occurs principally in the shallower zone
(Zone 1) while in Zone 2 the behavior is similar in both models. We have shown that the peak
shock pressure is about an order of magnitude smaller at the bottom of the Zone 1 in the models

with strength compared to that in the hydrodynamic models.

The characteristic of the peak shock pressure in Zone 1 has important consequences on the peak
shock pressure in Zone 2, since it determines the pressure in the upper part of Zone 2. Also, the
mantle rheology affects the peak shock pressure at the CMB. We have combined our shock-
pressure scaling laws with the formalism proposed by Watters et al. [2009] to determine the
impact heating of a differentiated Mars model by a large impactor. Our results show that the
mantle rheology governs the impact heating of a planet and the impact heating may be

overestimated when the material strength is not accounted for.

The martian rheology and its evolution since Mars formation are poorly constrained. However,
the two models used in our study (hydrodynamic and with strength) enable us to cover a range of
rheology models compatible with different stages of the Martian evolution. Our hydrodynamic
models where the mantle is considered as an inviscid fluid may be an interesting proxy to
characterize the impact heating during a magma ocean stage [Monteux et al., 2016]. On the other
hand, our models with strength are more appropriate to characterize the large impact
consequences within a solidified and cold Mars [Watters et al., 2009]. Our results show that the
depth of the heated zone is different in the two cases (Figure 14) with a larger thermal anomaly
in the hydrodynamics models than in the models with strength as the pressure decay is more
rapid in the latter case. In both cases, the shape of the impact-heated region is prolate because of

the influence of f on the pressure decay. These effects need to be accounted for in accretionary
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models especially when about 3x10° planetesimals of ~100 km in diameter are needed to build a

Mars size planet.

As illustrated in Figure 13, our parameterized approach is associated to a mean error
between our scaling laws and the direct results obtained by the iSALE models that ranges form
10 to 14% within the impacted hemisphere. As a consequence, the temperature increase derived
from our scaling laws is also associated to this error range. Nonetheless, in the light of the
incertitude that goes with our understanding of the early Solar System history and our knowledge
of the effects of large impacts, our parameterized approach to calculate the temperature increase

within a differentiated Mars-size protoplanet can be considered as a first order estimation.

As a consequence, the next step toward a better understanding of the early evolution of terrestrial
planets is to implement more realistic rheological models in the hydrocode simulations. Such an
effort would lead to more reliable scaling laws that could easily be implemented in accretion
models to characterize the influence of large impacts on the martian mantle dynamics [e.g.
Roberts and Arkani-Hamed, 2012, 2017] or on other terrestrial planets [e.g. Roberts and
Barnouin, 2012]. As large impacts are not isolated phenomena during the late regimes of
planetary accretions, the scaling laws we have developed are suitable to be implemented in
thermal evolution models that consider the accretion histories of growing planets [e.g. Monteux

et al., 2014, Arkani-Hamed, 2017].

The followings are some shortcomings that require improvements of our scaling laws in the
future to be better suited for shock waves travelling inside an actual planet, rather than the simple

two-layered planet model where a uniform mantle overlies a uniform core.

* We have considered vertical impacts, whereas majority of impacts during the accretion of
a planet is oblique. The peak shock pressure produced by an oblique impact along the
vertical direction beneath the impact site depends on the sine of the impact angle relative
to the local horizon (see Figure 3 of Pierazzo and Melosh, [2000]). This implies a shock
pressure reduction by a factor of ~0.71 for the most probable impact angle of 45°
[Shoemaker, 1962] compared to that of a vertical impact, assuming that all other
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parameters are equal. Moreover, a vertical impact on a spherically symmetric planet
preserves the axial symmetry. Because the shock wave velocity in the core is smaller
than that in the mantle, the axial symmetry results in the convergence of the refracted
wave at the CMB of the impacted hemisphere toward the axis in the core, thus artificially
increasing the shock pressure near the axis. However, the near axis enhancement of the
shock pressure is negligible except very close to the antipodal CMB [Ivanov et al., 2010;
Arkani-Hamed and Ivanov, 2014]. We also note that this artifact does not occur in the
mantle because the shock rays are diverging away from the axis of symmetry. It is
desirable to adopt oblique impacts in investigating the accretion of a planet. In an
oblique impact, the axial symmetry is replaced by a plane symmetry, which avoids the
convergence of the waves toward the axis in the expense of introducing more complex
and computationally intensive three-dimensional (3D) calculations, besides the

substantial increase of the grid points in the computation domain.

The distance travelled by a shock wave from the impact site to a given point in the planet
is approximated by a straight line, D. In our simplified two-layered planet model with a
uniform mantle overlying a uniform core, the first arrival shock wave travels in quiescent
medium, hence the shock rays are straight lines until they interact with the core mantle
boundary where they bend according to the Snell’s law. Inside a real planet the rays are
actually curved due to the pre-impact non-uniform density and temperature gradients in
the interior of the planet. Because of the ray curvature a wave travels longer to reach an
off axis location in the interior than D. Therefore, our model slightly over estimates the
shock pressure experienced in that location. Moreover, because of the ray curvature an
incident angle at the CMB and the corresponding refraction angle could be slightly
different than those determined by the straight line approximation. However, the core
radius is about one half of the planet radius, and the angle B is always smaller than 30°.
Bearing in mind that the shock ray along the axis of symmetry is a straight line, the
departure of the shock rays from the corresponding straight lines is negligible for these S
values. As also mentioned above, the shock wave propagation weakly depends on the f
angle that is ranging between 0° (vertical) and 45°, which is already concluded by
previous studies [Pierazzo et al., 1997, Monteux and Arkani-Hamed, 2016]. More
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importantly, providing scaling laws along straight lines, rather than along shock rays,

helps to easily determine the shock pressure in the entire region.

We have considered only direct shock waves to determine our scaling laws. Because the
laws are based on shock ray theory, they can be used to determine the pressure of
secondary shock waves, such as those reflected at the surface and those reflected at the
antipodal CMB of the core [Arkani-Hamed and Ivanov, 2014]. In general a reflect wave
arriving at a location travels longer and is weaker than a direct wave. However, because
of the zero pressure boundary condition at the surface the reflected wave is rarefaction
and upon interference with the direct compressional wave effectively reduced the
pressure experienced at a given location close to the surface [Melosh, 1989; Arkani-
Hamed, 2005; Louzada and Stewart, 2009]. The interference of the direct and secondary

waves is not considered in our present study.

The size of the Zone 1 depends on the impactor size. For large impactors Zone 1 directly
interferes with the core, and Zone 2 does not exist. For example, there is no Zone 2 for S
values smaller than 15° when the impactor is larger than 150 km in radius. We propose
the following procedure to estimate the shock pressure distribution inside the mantle and
the core of a planet using our scaling laws. The impact-induced temperature increase

may then be determined using, for example Watters et al [2009] model.

Consider a terrestrial planet with a radius R, and a core radius R, that is impacted by an
impactor of radius R;,,. We assume that the Zone 1 is a hemisphere with a radius R; = 10
X Rimp centered at the impact site. There is no interaction of Zone 1 with the core for R;
< (R, — R.), and the equations provided in this paper are valid. This is also the case for
any shock wave specified by a ray angle f when sin(f) > R./R,. For R; > (R, —R.), Zone
1 may interact with the core. Because the shock wave velocity is greater than the particle
velocity, it takes time for the CMB to deform, during which the shock wave has already
entered the core, hence the incident shock wave impinges on a undeformed spherical

core. Therefore, a Zone 2 exists for the colatitudes greater than 8;, where cos(6;) = (Rp2
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Figure 1: Time evolution of the total pressure (shock + lithostatic) inside a differentiated
Mars size body during the first 600 seconds after the impact, caused by a 200 km radius
undifferentiated impactor at 10 km/s impact velocity. In our models, the Martian core is
liquid. The lithostatic pressure is adopted from Monteux and Arkani-Hamed [2016] and
the pre-impact temperature profile is illustrated in Figure 4 (cold profile). The four left
panels represent 4 specific times (from top to bottom): t=0s, t=50s, t=100s and t=225s with
a focus on the impacted mantle. The four right panels represent 4 times (from top to
bottom): t=225s, t=350s, t=475s and t=600s with a focus on the impacted core. Note the

change in the pressure scales between the left and right panels.
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Figure 6a: A; as a function of the ray angle § (Eq. 1a: Pz;=Ay exp(-A; D/Rinp)) for different
impactor radii, but the same impact velocity (V;.,,=10km/s). 4; values are obtained by
fitting the peak shock pressure in Zone 1 (close to the impact site) from iSALE models. The
correlation coefficient (r), between the values obtained by the iSALE model and by the

scaling law is mentioned in the legend box.
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Figure 6b: 4; as a function of the ray angle # (Eq. 1a: Pz;=Ay exp(-A; D/Ri.p)) for different
impact velocities (R;,,=50km). 4; values are obtained by fitting the peak shock pressure in
Zone 1 (close to the impact site) from iISALE models. The correlation coefficients (r),
between the values obtained by the iSALE model and by the scaling law is mentioned in the

legend box.
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Figure 8a: A, as a function of the ray angle f (Eq. 1b: Pz=A; (D/R,-m,,)'A3) for different

impactor radii, but an impact velocity of 10 km/s. 4, values are obtained by fitting the

shock pressure in Zone 2 (beyond Dz;) from iSALE models. In these figures, Dz;=10. The

correlation coefficient (r) for each scaling law is mentioned in the legend box (note that fits

are restricted to f <65°).
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Figure 8b: 4, as a function of the ray angle § (Eq. 1b: Pz=A; (D/R,-,,,,,)'A3) for different

impact velocities, but an impactor radius of 50 km. A4; values are obtained by fitting the

shock pressure in Zone 2 (beyond Dz;) from iSALE models. In these figures, Dz, =7, 10, 13

and 15 for Vi,, =S5, 10, 15 and 20 km/s respectively. The correlation coefficient (r) for each

scaling law is mentioned in the legend box (note that fits are restricted to f <65°).
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Figure 9a: A; as a function of the ray angle f (Eq. 1b: Pz=A; (D/R,-m,,)'A3) for different
impactor radii. 4; values are obtained by fitting the shock pressure in Zone 2 (beyond D))
from iSALE models. In these figures, Dz,=10. The correlation coefficient () for each

scaling law is mentioned in the legend box (note that fits are restricted to £ <65°).
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1051  Figure 9b: A4; as a function of the ray angle f (Eq. 1b: Pz=A; (D/R,-,,,,,)'A 3) for different
1052  impact velocities. 4; values are obtained by fitting the shock pressure in Zone 2 (beyond
1053 Dgz;) from iSALE models. In these figures, Dz,=7, 10, 13 and 15 for V;,,=5, 10, 15 and 20
1054  km/s respectively. The correlation coefficient (r) for each scaling law is mentioned in the
1055 legend box (note that fits are restricted to f <65°).
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Figure 10a: Shock pressure jump P,/P,, at the core mantle boundary as a function of the
ray angle f§ for different impactor sizes, but a single impact velocity of 10 km/s. Data
obtained from iSale models are shown with symbols while the analytical expression from

Eq. 1c is illustrated with dashed lines. For values of £ larger than 30°, the rays do not cross
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1068  Figure 10b: Shock pressure jump P/P, at the core mantle boundary as a function of the
1069  ray angle f for different impact velocities, but a single impactor radius of 50 km. Data
1070  obtained from iSale models are shown with symbols while the analytical expression from
1071  Eq. 1c is illustrated with dashed lines. For values of f larger than 30°, the rays do not cross
1072 the CMB.
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Figure 12: Position of the peak shock pressure as a function of the time after the impact for
the models with strength (top panels) and the hydrodynamic models (bottom panels).
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Figure 13: Comparison of the maximum shock pressure experienced after an impact within
a differentiated Mars size planet with R;,,=50 km and V,,=10 km/s. (a) is for model with
strength and (b) is for Hydrodynamic model. The left panel represents the result from the
iISALE model and the middle panel represents the model obtained from our scaling laws
(Egs. 1a, 1b and 1c). The right panel shows the error relative to the iSALE model (in %).
Note that only the impacted hemisphere is shown in this figure, because the scaling laws are

derived for this hemisphere.

49



1097

1098
1099

1100
1101
1102
1103
1104
1105
1106
1107

6000 6000
E £
=< 5000 =< 5000
4000 4000
0 1000 2000 3000 0 1000 2000 3000
X(km) X(km)
| — | ——
0 20 40 60 80 100 0 20 40 60 80 100
Tincrease (K) Tincrease (K)
6000 6000
€ £
=< 5000 =< 5000
4000 4000
0 1000 2000 3000 0 1000 2000 3000
X(km) X(km)
L —— | — |
0 20 40 60 80 100 0 20 40 60 80 100
Tincrease (K) Tincrease (K)

Figure 14: Temperature increase after an impact within a differentiated Mars size planet.
The first line: R;,,,=S0 km and V’,,=10 km/s, and the second line: R;,,=150 km and V/,,=10
km/s (Left: Model with strength, Right: Hydrodynamic model). All panels represents the
model obtained from our scaling laws (Eqs. 1a, 1b and 1c¢) combined with the impact
induced temperature increase model (Eqs. 4, 5 and 6) from Watters et al., (2009) (with
C=7.24km/s, $=1.25, p=p,, for the mantle and C=4km/s, $=1.6, p=p. for the core [Arkani-
Hamed and Olson, 2010]). The white dashed line represents the CMB.
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Table 1: Typical physical parameter values for numerical hydrocode models.

Target radius R 3400 km (Rivoldini et al., 2011)
Target core radius Reore 1700 km (Rivoldini et al., 2011)
Impactor radius Rimp 50-200 km
Impact velocity imp 5-20 km/s
Mantle properties (Dunite) : (Benz et al., 1989)
Model with strength
Initial density Pm 3314 kg/m’
Heat capacity Cp 1200 J/kg/m’
Equation of state type ANEOS for dunite (also stands for hydrodynamic models)
Poisson ratio 0.25
Strength Model Rock
(iISALE parameters) (Yio=10 MPa, n=1.2,Y;,=3.5 GPa)
Acoustic Fluidization Model Block
(iISALE parameters) (to=16's, ¢yp=0.1 m/s,
Vibya=200 m/s)
Damage Model [Ivanov et al., 1997]
(iSALE parameters) (ep=10" B=10"", P=3x10° Pa)
Thermal softening model [Ohnaka, 1995]
(iISALE parameters) & 1.2
- 1375 K [Davison, 2010]
Low density weakening and None
porosity models
Core properties (Iron): (Thomson, 1990)
All models
Initial density De 7840 kg/m’
Heat capacity Cp 800 J/kg/m’

Equation of state type

Damage, low density weakening

thermal softening and porosity

models

ANEOS for iron

None
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Table 2: Typical numerical parameter values for numerical hydrocode models.

Horizontal cells 2000

Vertical cells 4000

Grid spacing 2 km

Cells per projectile radius (CPPR) :
Impactor : 25 (for Rinp=50km) to 100 (for R;,,=200km)
Target Mantle 1700
Target Core 850

Maximum time step (dt.x) 0.05s
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1115
1116  Table 3: Values of b;, by, b3, by and bs obtained by fitting the results from the numerical
1117  models (Figures 10a and 10b) with Eqs. 2a and b. The values for models with strength are

1118  separated from those of hydrodynamic models with no strength and are shown as a

1119

function of R;,, and V.

Models with bl b2 b3
strength
Riny=50km (V;,,=10km/s) 2.16 1.x107 -2.4x107
Riny=100km (V;,,,=10km/s) 2.15 1.2x107 2.4x107
Riny=150km (V;,,,=10km/s) 2.1 1.x10° -2.x107
Riny=200km (V;,,,=10km/s) 2.1 1.x107 -2.4x107
Vimp=5 km/s (R;,,=50km) 2.17 1.1x10 -2.3x107
Vimp=10 km/s (R;,,=50km) 2.16 1.x107 2.4x107
Vimp=15 km/s (Ri,,=50km) 2.16 3.x10™ -1.8x107
Vimp=20 km/s (R;,,=50km) 2.16 9.x107 -2.x107
Hydrodynamic models b4 b5
Riny=50km (V;,,=10km/s) 1.35 7.5 x10™ -
Riny=100km (V;,,,=10km/s) 1.3 -4.7x107 -
Riny=150km (V;,,=10km/s) 1.28 -1.2x107 -
Riny=200km (V;,,,=10km/s) 1.33 6.2 x107 -
Vimp=5 km/s (R;,,=50km) 1.3 -2.2x10™ -
Vimp=10 km/s (R;,,=50km) 1.35 7.5 x107 -
Vimp=15 km/s (R;,=50km) 1.29 -4.x107 -
Vimp=20 km/s (R;,,=50km) 1.28 -3.8x107 -
1120
1121
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1122
1123
1124

1125
1126

Table 4: Velocity of the peak shock pressure propagation in the mantle and in the core for

the models with strength and hydrodynamic models, obtained fitting the results from

Figure 12 with a linear expression.

Target mantle

Target core

Models with strength
Rinp=50km (¥V,,=10km/s) 8.84 km/s 6.38 km/s
Rimp=100km (Vin,=10km/s) 8.52 km/s 6.44 km/s
Rimp=150km (Vin,=10km/s) 8.58 km/s 6.47 km/s
Rimp=200km (Vin,=10km/s) 8.93 km/s 6.50 km/s
Vimp=5 km/s (Rinp=50km) 9.04 km/s 6.33 km/s
Vimp=10 km/s (R;n,=50km) 8.84 km/s 6.38 km/s
Vimp=15 km/s (R;n,=50km) 8.80 km/s 6.36 km/s
Vimp=20 km/s (R;n,=50km) 8.60 km/s 6.38 km/s

Hydrodynamic models
Rinmp=50km (Vi,p,=10km/s) 6.96 km/s 6.36 km/s
Rimp=100km (Vin,=10km/s) 7.60 km/s 6.40 km/s
Rimp=150km (Vin,=10km/s) 8.33 km/s 6.46 km/s
Rimp=200km (Vin,=10km/s) 8.77 km/s 6.53 km/s
Vimp=5 km/s (Rinp=50km) 6.76 km/s 6.41 km/s
Vimp=10 km/s (R;n,=50km) 6.96 km/s 6.36 km/s
Vimp=15 km/s (R;n,=50km) 8.33 km/s 6.46 km/s
Vimp=20 km/s (R;n,=50km) 8.79 km/s 6.53 km/s
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