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AXIAL FOCUSING OF ENERGY FROM A HYPERVELOCITY IMPACT ON EARTH* 
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Summary-We have performed computational simulations to determine how energy 
fiom a large hypervelocity impact on the Earth's surface would couple to its interior. 
Because of the first-order axial symmetry of both the impact energy source and the stress- 
wave velocity structure of the Earth, a disproportionate amount of energy is dissipated 
along the axis defined by the impact point and its antipode (point opposite the impact). For 
a symmetric and homogeneous Earth model, all the impact energy that is radiated as seis- 
mic waves into the Earth at a given takeoff angle (ray parameter), independent of azi- 
muthal direction, is refocused (minus attenuation) on the axis of symmetry, regardless of 
the number of reflections and refractions it has experienced. Material on or near the axis of 
symmetry experiences more strain cycles with much greater amplitude than elsewhere, and 
therefore experiences more irreversible heating. The focusing is most intense in the upper 
mantle, within the asthenosphere, where seismic energy is most effectively converted to 
heat. For a sufficiently energetic impact, this mechanism might generate enough local heat- 
ing to create an isostatic instability leading to uplift, possibly resulting in rifting, volcan- 
ism, or other rearrangement of the interior dynamics of the planet, These simulations 
demonstrate how hypervelocity impact energy can be transported to the Earth's interior, 
supporting the possibility of a causal link between large impacts on Earth and major inter- 
nally-driven geophysical processes. 

BACKGROUND 

Only since the advent of the space age has hypervelocity impact been recognized as an important pro- 
cess at work throughout the solar system. The appreciation of the degree of importance of the impact pro- 
cess continues to increase--underscored by this year's impact of comet Shoemaker-Levy 9 on Jupiter (e.g. 
Crawford et al., 1994)--and is probably not yet fully realized. The most obvious record of hypervelocity 
impacts is in the craters that they leave on the solid surfaces of planets and satellites; it was the cratered 
face of the moon that led to the first serious hypothesis h o k i n g  the process of hypervelocity impact by 
G.K. Gilbert (1893). Slnce then, understanding of the effects of hypervelocity impacts has focused on cra- 
tering (e.g. Melosh, 1988). 

Hypervelocity impact is now known to have had many roles beyond making craters. For example, it is 
now recognized is that shock heating was a primary contributor to the thermal state of the Earth as it grew 
by accretion of material by impact (e.g. Kaula, 1979). A more recent development started with the discov- 
ery of a layer of iridium-enriched clay by Alvarez et al. (1980) and culminated with the identification and 
dating of the Chicxulub impact structure in Mexico (Hildebrand et al., 1991, Sharpton et al., 1992). 
Because of these discoveries, it is now widely accepted that a large hypervelocity impact was responsible 
for wiping out the dinosaurs and the majority of other life forms 65 million years ago, changing the natural 
history of life on Earth. In addition to that, a new consensus about the origin of the Moon has also devel- 
oped over the last ten years. In the new theory, a monumental hypervelocity impact between the early 
Earth and another planet the size of Mars took place, melting most of both planets and ejecting the debris 
into orbit where it eventually became the Moon (e.g. Taylor, 1994). This same giant impact added enough 
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angular momentum to increase the Earth's rotation rate in addition to keeping the moon in orbit. Computa- 
tional simulations of this event (Kipp and Melosh, 1986) were instrumental in providing enough under- 
standing of the physics of such giant impacts to allow this new theory to become accepted. 

The cratering record has largely been erased on the Earth because of the constant destruction and 
renewal of its surface by plate tectonics, volcanic eruptions, glaciers, and weathering. However, compari- 
son to the cratered lunar nuface leads directly to the conclusion that the Earth has experienced hundreds of 
impacts leaving craters as big or bigger than Chicxulub, which by some estimates is 300 km in diameter. A 
reasonable question to ask is if there is other evidence of these impacts in the geologic record. 

The purpose of our computational simulations is to begin to determine-the effect of hypervelocity 
impacts of this size on the internal workings of the Earth. Such perturbations may leave evidence that sur- 
vives long after the impact structure on the surface has disappeared. If hypervelocity impacts can influence 
the Earth's interior, they may have played other roles in its history in addition to creating the Moon, deter- 
mining the length of the day, and generating the conditions that allowed humans to evolve. 

HYPERVELOCITY IMPACTS AND GEOPHYSICAL. PROCESSES 

There has been increasing speculation that energetic collisions have been.responsible for processes as 
varied as continental flood basalt eruptions, mantle plumes, continental rifting, and geomagnetic pole 
reversals. The link between impacts and such geophysical processes was first discussed by Seyfert and Sir- 
kin (1979), who suggested that impact-induced mantle plumes could be a mechanism for initiating the 
breakup of plates. Burek and Wanke (1988) listed correlations between known Cenozoic impacts and geo- 
magnetic field reversals, unconformity ages, shifts in paleotemperatures, and tectonic episodes. They sug- 
gested that major impacts could generate shock-induced phase transitions in the upper mantle and disrupt a 
delicately-balanced stability down to the core-mantle boundary. Rampino and Stothers (1988) proposed a 
quasi-periodic correlation between mass extinctions and major continental flood basalt volcanism over the 
last 250 million years and attempted to explain it in terms of episodic showers of impacting comets. Con- 
nections between impacts and the internal workings of the Earth are supported by correlations of the ages 

Antipode 

Fig. 1. Interior cross-section of the Earth illustrating the two computational domains. The shock phys- 
ics simulations are limited to the impact source region, and the seismological simulations are over the 
entire interior. Various families of compressional seismic rays are drawn, showing how they focus on 
the surface at the impact antipode, or on the axis of symmetry. 



of tektites from strewn fields with geomagnetic field reversals (Glass, 1979), and by a reversal associated 
with sediments deposited immediately after the impact that formed the Ries Crater (Pohl, 1977). 

A causal link between major impact events and global processes would probably require a significant 
change in the thermal state of the Earth's interior, presumably brought about by coupling of impact energy. 
One possible mechanism for such energy coupling from the surface to the deep interior would be through 
focusing due to axial symmetry (Figure 1). Antipodal focusing of surface and body waves from Earth- 
quakes is a well-known phenomenon (Gutenberg and Richter 1934) which has previously been exploited 
by seismologists in studies of the Earth's deep interior (Rial, 1979; Chael, 1983). Antipodal focusing from 
impacts on the Moon, Mercury, and icy satellites has also been invoked by planetary scientists to explain 
unusual surface features opposite some of the large impact structures on these bodies (Schultz and Gault, 
1975; Watts et al., 1991). For example, "disrupted" terrains have been observed antipodal to the Caloris 
impact basin on Mercury and the Imbrium basin on the Moon (Melosh, 1989). Very recently there have 
been speculations that antipodal focusing of impact energy within the mantle may lead to flood basalt and 
hotspot activity (Hagstrum and 'purrin, 1991; Rampino and Caldeira, 1992) but there has not yet been an 
attempt at defining a mechanism and subjecting it to rigorous modeling. 

energy from major impacts to the mantle by axial focusing of seismic waves. The situation is very different 
than for a giant earthquake which, in addition to having less energy, has an asymmetric focal mechanism 
and a larger source area. It should be noted that our hypothesis is fundamentally different than those pro- 
posed by many others (e.g. Green, 1972; Alt et al., 1988; Oberbeck et al., 1992; Negi, et al., 1993) which 
involve melting and excavation at the impact location. Problems with models of this type have been 
pointed out by Melosh (1989) and Loper (1991). 

We are using two different types of simulations to model the asteroid impact and resulting seismic 
disturbance in the Earth's interior (Figure 1). A single computational method cannot accurately be applied 
to this problem because of the wide range in spatial and temporal scales and in peak stresses experienced. 
For example, during the impact event, the physical processes are occurring at scales on the order of the 10- 
km diameter asteroid, and the peak shock pressures reach 6 Mbar. Much later, when the energy is being 
dissipated within the Earth, the peak stresses are in the 10 bar range, and the wave motion takes place 
within the 12,000-km diameter of the Earth. Since it is computationally difficult to represent both extremes 
simultaniously, we have divided the problem into two parts. In the first part, we investigate the source 
region, where the stresses and strain rates are high, using CTH, the strong-shock hydrodynamics code. The 
second part makes use of a normal-mode summing seismological simulation that yields synthetic seismo- 
grams for various locations within the Earth. These simulations demonstrate that displacement and strain 
amplitudes at the surface of the Earth near the antipode are orders of magnitude larger than those over 
most of the rest of the Earth's surface, and that the seismic energy remains sharply focused down to the 
core-mantle boundary. 

The computational simulations presented in this paper are proof-of-principle tests for the coupling of . 

SHOCK PHYSICS SIMULATIONS 

We have investigated the source region of a 10-km diameter asteroid impacting at 20 km/s using 
CTH, the multi-dimensional multi-material elastic-plastic Eulerian code developed at Sandia National 
Laboratories (McGlaun et al., 1990). This work is in progress, and to date we have completed two-dimen- 
sional axisymmetric simulations to determine the infiuence of asteroid shape upon its interaction with the 
Earth in the near field (to a depth of 50 km below the impact point). The Earth is modeled using an 
ANEOS equation of state (Thompson, 1989), which contains thermodynamically consistent solidmelt and 
liquidvapor phase transitions. Within a few seconds after impact, major shape differences become difficult 
to distinguish (Figure 2), demonstrating that, to first order, such an impact can be simulated as a point 
source when modeling far-field effects of the impact. 

The results of these near-field shock physics simulations can be used to generate source functions for 
the seismological simulations that are more accurate than the point source approximations, which will in 
turn yield more accurate strain histories. Shock physics simulations will be performed in a stratified, grav- 
itationally-stable Earth model. Because the seismological simulations assume linear elastic wave propaga- 
tion, the shock physics simulations must be run until the maximum pressure at the shock fiont drops below 
the elastic limit. We expect that the deviations from point source functions will become more important as 
larger impacts are investigated. We will also use 3-D computational simulations to investigate the effects 
of impact angle. 
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Figure 2. CTH simulations of the source region of the impact of a 10-km diameter astemid at 20 W s  
onto the Earth, demonstrating that shape has little effect after a few seconds and a point source function 
for seismological simulations is a good initial approximation. 



SEISMOLOGICAL. SIMULATIONS 

As suggested by the results Of the previous section, seismological simulations were carried out to pre- 
dict the global response to a hypervelocity impact by using a point source function. Displacement, stress 
and strain time histories were modeled through the use of normal mode synthetics by adding Earth's vibra- 
tional modes in the frequency domain (Chael, 1983). Each of the Earth's normal modes contributes a 
decaying sinusoid to the particle motion at a point in the Earth. The contribution of an individual mode to 
the observed motion at some point is a complex function of the source mechanism and the locations of the 
source and observation point. For our synthetics, we used the elastic, spherically-symmetric Earth model 
1066A of Gilbert and Dziewonski (1979, for which there are existing compilations of the eigedrequen- 
cies and radial eigenfunctions. The attenuation profile of the PREM model (Preliminary Reference Earth 
Model, Dziewonski and Anderson, 1981) was used to calculate the Q value (a measure of attenuation) for 
each of the 1066A modes. 

The impact source was modeled as a vertical point force applied at the Earth's surface as a delta func- 
tion in time. Assuming the impactor had a diameter of 10 km and an average density of 3 gm/cm3, and that 
it collided with Earth at 20 W s ,  we estimated the source impulse to be 3 ~ 1 0 ~  dyne-sec. Because of the 
symmetry, the Earth's toroidal modes are not excited by a vertical point force, thus only spheroidal modes 
were included in the calculations. Our synthetics represent the sum of 3382 modes, all of 1066A's spheroi- 
dal modes with frequencies less than 0.022 Hz (or periods greater than 45 seconds). 
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Figure 3. Radii displacement histories on the Earth's surface at six different angular distances from the 
impact, The peak amplitude at the antipode approaches 10 meters, similar to what it is only 2" from the 
source. 



We generated synthetic displacement, stress and strain signals at Several locations in and on the Earth, 
and measured the peak amplitudes from each of the signals. Figure 3 compares the displacement histories 
at six different angular distances from the source. This figure demonstrates the effect of antipodal focusing. 
Moving away from the source, the amplitudes of the signals decrease. Approaching the antipode (angular 
distance = A = 180°), however, this trend reverses and there is a dramatic increase in amplitude as energy 
traveling along all azimuths from the source converges. Surface displacements at the antipode are more 
than an order of magnitude larger than over most of the Earth's surface. Figure 4 shows the peak strain reg- 
istered on the surface as a function of distance from the source. In this figure one can see how sharply the 
energy is focused at the antipode. Note that the strain at the antipode reaches a level comparable to that 
only a few degrees away from the impact. 
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Fig. 4. Values of peak strain for three com- 
ponents, as a function of radial distance 
from the impact source. 
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Fig. 5. Peak radial displacement as a function 
of depth along the radius beneath the antipode 
down to the core-mantle boundary (CMB). 
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Fig. 6. Peak strains as a function of depth 
along the radius beneath the antipode down 
to the core-mantle boundary (CMB). Focus- 
ing is strongest within the asthenosphere, 
from about 100 to 300 lan deep. 

Fig. 7. Peak stresses as a function of depth 
along the sub-antipodal axis down to the 
core-mantle boundary (CMB). 



Figure 5.shows %the variation of peak displacement amplitude with depth beneath the antipode, from 
the surface to the core-mantle boundary (CMJ3). Similarly, Figures 6 and 7 present the variation of peak 
strain and peak stress, respectively, with depth. Figures 5-7 demonstrate that the largest motions along the 
antipodal axis occur in the upper 200 km. These large amplitudes are due to the fundamental-mode Ray- 
leigh surface waves. At greater depths the Rayleigh-wave contribution diminishes, and the body arrivals 
become relatively more prominent. The fact that strain amplitudes are high in the asthenosphere (depths 
between about 100 to 300 km) is an important result, because 1) this is the region where seismic waves are 
most efficiently attenuated, and 2) basaltic eruptions can result from melting of this part of the mantle 

Though the peak amplitudes decrease substantially with depth beneath the antipode, the signals at any 
depth still represent focused arrivals, with amplitudes much larger than seen at similar depths away from 
the antipodal axis. Figures 8-10 show the displacement and strain records for three different locations on 
the core-mantle boundary. Figure 8 displays the motions on the CMB directly beneath the impact. The 
direct arrival, with a spherically spreading wavefront, is notably weaker than later focused arrivals. At an 
angular distance of 90" on the CMB pigure 9), there is no focusing and the amplitudes remain small 
throughout the signal. Figure 10 shows the motions on the CMB beneath the impact's antipode. Comparing 
Figures 8 and 10, one sees that the motions on the CMB are actually greater beneath the antipode than 
beneath the source location. 

To improve on the seismic modeling, we plan to expand the set of included modes in order to extend 
the synthetics to higher frequencies. The body wave arrivals in particular will be better modeled by using a 
larger bandwidth. The shock physics simulations will be used to constrain the input source model. Finally, 
we will estimate the degradation in the focusing on the antipodal axis due to the Earth's asymmetry and lat- 
eral heterogeneity. 
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Fig. 8. Radial displacement and strain histories just above the core-mantle boundary (CMB) directly 
beneath the impact source. 
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Fig. 9. Radial displacement and strain histories just above the CMB between the impact and antipode. 
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Fig. 10. Radial displacement and strain histories just above the CMB directly beneath the antipode. 



CONCLUSIONS 

Our simulations show that displacement and strain amplitudes at the surface near the antipode (angu- 
lar distance A=180°) of a large impact event on the Earth are orders of magnitude larger than those over 
most of the rest of the Earth‘s surface. For an impact of the size that occurred 65 million years ago, the 
peak displacement at the antipode approached ten meters, exceeding the ground motion only a few hun- 
dred kilometers from the source. Seismic energy is most strongly focused in the upper mantle, within the 
asthenosphere, where is is most readily converted to heat. Peak strains fall off rapidly with depth, but 
remain sharply focused along the impact-antipodal axis down to the core-mantle boundary. Future work 
will couple the shock physics simulations of the source region directly to the seismological model and 
include simulations of oblique impacts and larger impacts. We will also apply a dissipation model to deter- 
mine the extent of the resulting thermal anomaly in the Earth‘s interior. 
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