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[1] Weinvestigate the effects of planetary curvature and the
crust-mantle boundary on the shock pressure field around
impact basins on Mars using acoustic ray path calculations
and hydrocode simulations. Planet curvature and, to a lesser
extent, increasing sound speed with depth shallow the zone of
wave interference, where shock pressures decay rapidly to
the surface. The depth to the interference zone boundary
diverges from the flat surface solution for projectile-to-Mars
radius ratios greater than ~1% (transient craters greater than
~300 km); the difference increases with distance from the
impact point and projectile size. In hydrocode simulations
(but not the simple ray path model), the presence of the crust-
mantle boundary produces nearly vertical pressure contours
in the crust. Around Hellas basin, demagnetization occurs
at shock pressures between 1.1 (£0.2) and 3.4 (+0.7) GPa,
where the range is due to the uncertainty in the transient crater
diameter. Citation: Louzada, K. L., and S. T. Stewart (2009),
Effects of planet curvature and crust on the shock pressure
field around impact basins, Geophys. Res. Lett., 36, L15203,
doi:10.1029/2009GL037869.

1. Introduction

[2] Recent interest in the shock pressure field around
impact basins has been fueled by observations of unmagne-
tized crust around the younger basins on Mars [e.g., Hellas
basin, Acuria et al., 1999] coupled with experimental evi-
dence of pressure demagnetization of magnetic minerals at a
few GPa [e.g., Hargraves and Perkins, 1969; Nagata, 1974,
Cisowski and Fuller, 1978; Rochette et al., 2003; Kletetschka
et al., 2004; Gattacceca et al., 2007; Louzada et al., 2007].
It is hoped that understanding shock demagnetization will
provide constraints on the mineralogy of the crust [Cisowski
and Fuller, 1978; Kletetschka et al., 2004; Bezaeva et al.,
2007].

[3] Near the surface around impact craters, compressive
waves and rarefaction waves reflected from the planet’s
surface interact, leading to a zone of reduced shock pressure
[Melosh, 1984]. The shock pressure distribution in the crust is
sensitive to the geometry of this interference zone. Previous
estimates of the shock pressure distribution in the crust
surrounding Martian impact basins have not included an
interference zone [Hood et al., 2003] or used an adaptation
of the stress wave propagation and reflection model for flat
homogeneous surfaces by Melosh [1984] [e.g., Kletetschka
et al., 2004; Mohit and Arkani-Hamed, 2004].
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[4] In this work, we investigate the effects of planet cur-
vature and the crust-mantle boundary on the geometry of the
interference zone and the shock pressure distribution in the
crust around large impact events. We perform numerical
wave propagation calculations and solve for shock pressures
in the interference zone. We compare ray path results for a
Hellas-size event to two- and three-dimensional simulations
using the hydrocode CTH [McGlaun et al., 1990]. Finally, we
discuss the implications for shock demagnetization on Mars.

2. Method: Near-Surface Pressure Field
2.1. Interference Zone Boundary for a Flat Surface

[s] The stress wave propagation and reflection model of
Melosh [1984] likens the impact to an explosion centered at
burial depth, d. At any point in the subsurface, shock waves
emitted from this point are followed by reflected waves from
the planet’s surface with an arrival time delay, Az. The
pressure history of the material can be approximated as the
sum of the two waves (Figure 1). In the interference zone,
the arrival time difference between the two waves is less than
the shock rise time (Az < 7), and the peak shock pressure
is reduced. The interference zone boundary is defined where
At=T.

[6] Melosh [1984] calculated the depth of the interference
zone boundary (Djzp) as a function of distance along the
surface, s:

Dunls) = evr[(4( +) — ) e )] )

T is approximated by r,,,/vi; 7, is the projectile radius, v; is the
impact velocity and d = 0.7-ry, [Pierazzo et al., 1997]. The
waves are assumed to travel at a constant longitudinal sound
speed, ci..

[7] Previous pressure field estimates around impact basins
on Mars using equation (1) differed in (1) the value of d,
(2) the impact conditions (projectile diameter and velocity),
and (3) the method for calculating the reduced pressure in the
interference zone, either a linear decay to the surface from the
maximum pressure at depth [Kletetschka et al., 2004] or
summing of two triangular-shaped waves (a function of At
and 7 [Mohit and Arkani-Hamed, 2004]). These studies did
not include two potentially important factors. First, due to
curvature of the planet’s surface, the difference in path length
(and arrival time) between the direct and reflected waves is
larger in a spherical planet than in a flat planet (Figure S1,
auxiliary material).” Second, the interference zone may be
affected by variable wave speeds and the presence of the
crust-mantle boundary.

2Auxiliary materials are available in the HTML. doi:10.1029/
2009GL037869.
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Figure 1. Schematic of interaction between triangular-
shaped direct and reflected waves above, at, and below the
interference zone boundary (IZB) [after Melosh, 1984]. The
pressure history of the material is the sum of the two waves
(thick solid line).

2.2. Ray Path Model for a Spherical Planet

[8] Here, we incorporate flat and spherical planet geome-
tries in ray path calculations to solve for the interference zone
boundary. Mars is modeled with three internal structures
(Figure S2): (I) homogeneous (crust only), (II) heteroge-
neous with a 50-km thick crust, 2000-km thick mantle, and
1376-km radius core, and (IIT) heterogeneous without a crust
(the mantle extends to the surface). Waves are propagated
radially away from the burial point and refracted or reflected
according to the local longitudinal sound speed. The propa-
gation time step is constrained by the cell size in a two-
dimensional grid (rectangular or polar). In each grid cell, the
arrival times and ray path lengths of the compressive and
reflected waves are collected, and the depth to the interfer-
ence zone boundary is determined. Grid resolution, angle
spacing and time step sensitivity tests are shown in Figure S3.

2.3. Shock Pressure Decay

[o] In the ray path calculation, the amplitude of the waves
is assumed to decay as a function of the total distance
traveled, /. The maximum shock pressure occurs near the
impact point in the isobaric core (Pj,., ~ 130 GPa for basaltic
materials and typical impact velocities of 9 km/s for Mars
[[vanov, 2001]). Outside of the isobaric core, the shock
pressure amplitude decays exponentially as a (segmented)
power-law with distance [Ahrens and O’Keefe, 1987,
Pierazzo et al., 1997]. Figure 2 shows the results of shock
pressure decay with distance from CTH simulations using the
impact conditions described in section 3.1. Since we are
interested in the few GPa pressure regime and Pierazzo et al.’s
[1997] scaling laws do not extend past 5-r,, we utilize
the pressure decay results from the CTH simulations in the
ray path calculations.

[10] Ineach grid cell, the pressures of the direct (P> 0) and
reflected (P < 0) rays are determined from their path lengths
and the pressure function. The effective pressure, P, in cells
located in the interference zone is a function of the arrival

the impact conditions and therefore its transient crater. Hellas
basin is elliptical with inner (floor) and outer (rim-to-rim)
topographic boundaries of 1400-2000 km and 1900—
2300 km, respectively. Previous workers [Hood et al.,
2003; Kletetschka et al., 2004; Mohit and Arkani-Hamed,
2004] have assumed that the transient basin diameter is
comparable to the inner topographic boundary (~1300—
1500 km), which must be an upper limit. We initially make
the same assumption here.

[12] Using II-scaling for flat surfaces [e.g. Melosh, 1989,
section 7.7; Melosh and Beyer, 1998], a 230-km radius
asteroid (3000 kg/m3) at a typical (vertical) impact veloc-
ity of 9 km/s onto Mars (3000 kg/m®) produces a 1250-km
diameter transient crater in competent rock. Hydro-
dynamic CTH calculations (auxiliary material) using the
same impact parameters produce transient crater diameters
of 1300—-1400 km.

3.2. 1ZB for a Flat Versus Spherical Homogeneous
Planet

[13] First we consider a homogenous planet (case I) to
assess the effect of planet curvature. Using the ray path
model, we compare the depth to the interference zone
boundary, Dz, for a flat and spherical Mars. The blue dots
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Figure 2. Shock pressure versus radial distance from a burial
depth of 0.7-r,, recorded by tracers below the interference
zone in the crust and upper mantle (inset), for a 230-km radius
projectile at 9 km/s. The 2D (triangles) and 3D (diamonds)
results are nearly identical. Power-law exponents are indi-
cated with standard deviations in parentheses.
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