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Axial Focusing of Impact Energy in the Earth’s Interior:
a Possible Link to Flood Basalts and Hotspots*

M. B. BOSLOUGH, E. P. CHAEL, T. G. TRUCANO,
D. A. CRAWFORD, and D. L. CAMPBELL

ABSTRACT

We present the results of shock physics and seismological computational simulations that
show how energy from a large impact can be coupled to the interior of the Earth. The radially-
diverging shock wave generated by the impact decays to linearly elastic seismic waves. These
waves reconverge (minus attenuation) along the axis of symmetry between the impact and its
antipode. The locations that experience the most strain cycles with the largest amplitudes will dis-
sipate the most energy and have the largest increases in temperature (for a given attenuation effi-
ciency). We have shown that the locus of maximum energy deposition in the mantle lies along the
impact axis. Moreover, the most intense focusing is within the asthenosphere at the antipode,
within the range of depths where mechanical energy is most readily converted to heat. We pro-
pose that if large impacts on the Earth leave geological evidence anywhere other than the impact
site itself, it will be at the antipode. We suggest that the most likely result of the focusing for a suf-
ficiently large impact, consistent with features observed in the geological record, would be a flood
basalt eruption at the antipode followed by hotspot volcanism. A direct prediction of this model
would be the existence of undiscovered impact structures whose reconstructed locations would be
antipodal to flood basalt provinces, One such structure would be in the Indian Ocean, associated
with the Columbia River Basalts and Yellowstone; another would be a second K/T impact struc-

ture in the Pacific Ocean, associated with the Deccan Traps and Reunion.

*This work was conducted at Sandia National Laboratories under the auspices of the Department
of Energy under contract DE-AC04-94AL85000 under the LDRD program.




INTRODUCTION

The most obvious evidence for hypervelocity impacts in the geological record are 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 for the process of impact by G.K. Gilbert (1893). Since
then, understanding of the effects of hypervelocity impacts has focused on cratering (e.g. Melosh,
1988). However, impact is now known to have had many roles beyond making craters. Examples
include control of the interior and surface thermal states of the Earth as it grew by impact-accre-
tion (e.g. Kaula, 1979; Ahrens, 1994), the origin of the moon by the collision of a Mags-sizéd
object with the early Earth (e.g. Taylor, 1994), and the mass extinction at the Cretaceous-Tertiary
boundary (Alvarez et al. 1980). Evidence for other impact-induced extinctions has been cited
(McLaren and Goodfellow, 1990), and there has been increasing speculation that energetic colli-
sions have been responsible for geological processess as varied as continental flood basalt erup-
tions, mantle plumes, continental rifting, and geomagnetic pole reversals.

The cratering record has largely been erased on the Earth due to resurfacing by plate tectonics,
volcanism, glaciation, and weathering. However, comparison to the cratered lunar surface leads
directly to the conclusion that the Earth has experienced hundreds of impacts leaving craters the
size of Chicxulub or larger. The purpose of our computational simulations was to enable u—s to
develop a physical model for how a large impact could have affected the internal state of the
Earth, which may have left evidence that remains long after the impact structure on the surface
has disappeared. |

Most planetary impact modeling has been aimed at explaining phenomena that have already
been observed, and for that reason it has not been a predictive science. A notable exception is the

recent impact of comet Shoemaker-Levy 9 on Jupiter, which provided an unprecedented opportu-




nity for modelers to develop hypotheses and use them make predictions that could be directly
tested by observation. Our group was able to demonstrate the power of computational modeling
by predicting the fireball and plume phenomena (Boslough et al, 1994a,b, Crawford et al, 1994)
that were later observed by astronomers (e.g. Hammel et al, 1994). Models for features already
present in the geological record are more difficult to validate because they are not predictive. By
contrast, the model described in this paper is subject to validation, because it specifically predicts

both age and location of as-yet undiscovered impact structures.

BACKGROUND

A cause-and-effect connection between impacts and various geophysical processes has been
the subject of extensive discussion and speculation. One of the earliest suggestions came from
Seyfert and Sirkin (1979), who proposed that impact-induced mantle plumes could be a mecha-
nism for initiating the breakup of plates. Burek and Wanke (1988) listed correlations between
known Cenozoic impacts and geomagnetic field reversals, unconformity ages, shifts in paleotem-
peratures, and tectonic episodes. They suggested that major impacts could generate shock-
induced phase transitions in the upper mantle, disrupting 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. Possible con-
nections between impacts and the internal dynamics of the Earth are suggested by correlations of
the ages 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).
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A causal link between major impact events and global processes would probably require a sig-
nificant 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 sur-
face and body waves from earthquakes 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 satel-
lites 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). An antipodal relationship between
the Hellas impact basin and the Alba Patera volcanism on Mars was pointed out by Peterson
(1978), who suggested cause-and-effect. Williams and Greeley (1994) have performed computa-
tional modeling to determine the degree of focusing on Mars, and have suggested that the conver-
gence of seismic waves was intense enough to fracture the Martian crust and provide a conduit for
basaltic eruptions. There have also been recent speculations that antipodal focusing of impact
energy may lead to flood basalt and hotspot activity on Earth (Hagstrum and Turrin, 19915 Ram-
pino and Caldeira, 1992). However, these suggestions did not attempt to define a mechanism that
could be subjected to rigorous modeling.

We believe that there is sufficient evidence in the geological record to suggest a causal rela-
tionship between large impact events and episodes of basaltic volcanism. A reasonable hypothesis
is that seismic energy is coupled to the Earth’s interior by focusing on the axis due to the first-

order symmetry of both the energy source and the structure of the Earth’s interior. It should be



noted that our hypothesis is fundamentally different than those proposed 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
Mclosh7(1989), Loper and McCartney (1990), and Loper (1991). We believe that ours is a viable
hypothesis, because 1) it invokes only processes that are independently known to take place
(impacts and axial focusing), 2) it is testable by rigorous computational modeling, and 3) it is
potentially predictive, i.e. it provides a basis for predicting the existence of currently unknown
impact structures at antipodal locations to known flood basalt eruptions. The computational simu-
lations presented in this paper provide the initial proof-of-principle test of the hypothesis, and

give guidance for future work.

COMPUTATIONAL SIMULATIONS

We use 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 0.1 seconds after contact the peak shock
pressures are 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 very difficult to represent both extremes computationally, we have divided
the problem into two parts. First, we investigate the source region, where the stresses and strain
rates are high, using the strong-shock hydrodynamics code CTH. Second, we perform a seismo-

logical simulation that yields synthetic seismograms for various locations within the Earth by
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summing normal modes. 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.

CTH, the multi-dimensional multi-material elastic-plastic Eulerian code, was developed at
Sandia National Laboratories (McGlaun et al., 1990). We used it to investigate the source region
of a 10-km diameter asteroid impacting at 20 km/s. We have completed two-dimensional axisym-
metric simulations to determine the influence 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 solid/
melt and liquid/vapor phase transitions. Within a few seconds after impact, major shape differ-
ences 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 seis-
mological simulations that are more accurate than the point source approximations, which will in
turn yield more accurate strain histories. We expect that the deviations from point source func-
tions will become more important as larger impacts are investigated. In the future, we will' also
use 3-D computational simulations to investigate the effects of impact angle.

Seismological simulations were carried out to predict the global response to a hypervelocity
impact by using a point source function, as suggested by the shock physics simulations. The cou-
pling of energy from major impacts to the mantle by axial focusing of seismic waves is very dif-
ferent than for a giant earthquake which, in addition to having less energy, has an asymmetric

focal mechanism and a larger area. Displacement, stress and strain time histories were modeled




through the use of normal mode synthetics. Each of the Earth's normal modes contributes a decay-
ing 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 loca-
tions of the source and observation point. For our synthetics, we used the elastic, spherically-sym-
metric Earth model 1066A of Gilbert and Dziewonski (1975), for which there are existing
compilations of the eigenfrequencies 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 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 function in time. Assuming the impactor had a diameter of 10 km and an average density of
3 gmlcm3, and that it collided with Earth at 20 km/s, we estimated the source impulse to be
3x10% dyne-sec. Because of the symmetry, the Earth's toroidal modes are not excited by a verti-
cal point force, thus only spheroidal modes were included in the calculations. Our synthetics rep-
resent the sum of 3382 modes, all of 1066A's spheroidal modes with frequencies less than 0.022
Hz (or periods greater than 45 seconds).

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 dis-
placement 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 registered on the sur-
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face 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. In Figure 5, the vertical displacement histories over the
entire surface of the Earth are imaged, as a function of time and distance from the point of impact.
The various seismic phases, which travel at different speeds and have different arrival times,
appear as diagonal streaks on this diagram. The same information can be presented in a somewhat
more intuitive manner by using it to generate a movie of the surface displacements on a globe. We
have generated such a movie, in which surface waves and body wave arrivals can be seen propa-
gating away from the impact site and focusing at the antipode. Selected frames from this movie
are shown in Figure 6.

Figure 7 shows the variation of peak displacement amplitude with depth beneath the antipode,
from the surface to the core-mantle boundary (CMB). Similarly, Figures 8 and 9 present the vari-
ation of peak strain and peak stress, respectively, with depth. Figures 7-9 demonstrate that the
largest motions along the antipodal axis occur in the upper mantle at a depth corresponding to the
asthenosphere, where seismic energy is most strongly attenuated. These large amplitudes are due
to the fundamental-mode Rayleigh surface waves. At greater depths the Rayleigh-wave contribu-
tion diminishes, and the body arrivals become relatively more prominent. B

Though the peak amplitudes decrease substantially with depth beneath the antipode, the sig-
nals at any depth still represent focused arrivals, with amplitudes much larger than seen at similar
depths away from the antipodal axis. Figure 10 shows the displacement and strain records for
three different locations on the core-mantle boundary. Figure 10a 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 (Figure




10b), there is no focusing and the amplitudes remain small throughout the signal. Figure 10c
shows the motions on the CMB beneath the impact's antipode. Comparing Figures 10a and 10c,
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 particu-
lar 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‘é lateral heterogeneity.

IMPLICATIONS

The strong focusing of seismic energy along a radius of the Earth beneath the antipode, and in
particular into the asthenosphere, support the hypothesis that impacts can trigger rapid basaltic
eruptions at the antipode. Moreover, the fact that a thermal anomaly remains in the mantle to great
depth beneath the antipode provides a potential mechanism for the generation of a long-lived
hotspot that remains fixed to the deeper mantle as the lithospheric plates move over it. This
impact-induced thermal anomaly would mimic the mantle plumes currently postulated to be the
cause of rapid flood basalt eruptions followed by hotspot tracks. -

The impact-produced antipodal flood basalt hypothesis is attractive because it is directly test-
able on the basis of specific predictions of features in the geological record that have not yet been
discovered. One can postulate that there is more than one type of trigger for flood basalt erup-
tions--some are triggered by mantle plumes and others by impact--but such a duel explanation is
not scientifically satisfying. An economy of assumptions would require that if one episode of

flood basalt volcanism was triggered by an impact, then all were This logically must lead to the




prediction of impact structures antipodal to all flood basalt provinces (at the time of their forma-
tion). Unfortunately, the points that were antipodal to the many flood basalts observed on Earth
are now subducted. One notable exception is the relatively young Columbia River Basalt prov-
ince of the U.S. Pacific Northwest. The existence of an impact structure in the Indian Ocean,
approximately antipodal to the associated hotspot (Yellowstone), and of the correct age (17 mil-
lion years) would be sufficient evidence to confirm the hypothesis.

The impact hypothesis is in some critical ways more satisfying than current plume models for
flood basalts and hotspots (e.g. Richards et al., 1989). First, it invokes only processes that are
known to take place already; specifically large impacts and axial focusing of seismic energy. The
plume models require the assumption of an instability leading to their formation, but a detailed
mechanism subject to rigorous modeling has not been put forth. Second, the impact hypothesis is
directly testable as suggested above. The plume hypothesis, by contrast, is inherently untestable
for reasons listed by Anderson et al. (1992).

The impact hypothesis also provides a possible link between the K/T impact event and Dec-
can volcanism in India. The apparent coincidence between the timing of the largest known impact
event and the largest episode of volcanic activity since the end of the Paleozoic era has been noted
by many. There is evidence that the Deccan basalts were erupting prior to the impact (e.g."Ven-
katesan et al., 1993), but the precise timing relative to the Cretaceous-Tertiary boundary is still the
subject of some debate. The position of India relative to the Chicxulub impact structure at the
time of impact precludes the possibility of a direct link; India was thousands of kilometers west of
the antipode. The evidence of a basaltic eruption at the antipode of Chicxulub has been subducted.
However, the possibility of a simultaneous impact in the Pacific Ocean is plausible. Multiple

impacts are known to occur, and until recently the Manson impact structure in ITowa was consid-
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ered as a candidate for a second impact that the K/T boundary in western North America seemed
to suggest. Some of the suggested mechanisms, such as the splitting of a comet shortly before
impact with the Earth (Shoemaker et al., 1993), or impact by a binary asteroid (Grieve, 1993)
would be expected to lead to nearly simultaneous impacts on the same hemisphere on Earth.
Indeed, a second K/T impact site in the Pacific has been independently suggested on the basis of
spinel spherule populations in K/T boundary deposits in a core from a drill site in the Pacific
Ocean (Robin et al, 1993). If the proposed impact structure is sought, the location suggested by
our hypothesis would be at a site in the Pacific consistent with a tectonic reconstruction antipodal
to India.

The currently known impact structures are all at least partially on exposed land. Oceanic
impact structures are difficult to locate because of the lack of detailed topographic and geologic
data on the ocean floor (Grieve, 1987). The hypothetical link between the locations of flood
basalts and oceanic impact sites provides a possible clue for where to begin to search. If such a
link were to be confirmed by their existence, it would also provide a strong constraint on plate-
tectonic reconstructions independent of paleomagnetic data or a presumed fixed hotspot reference
frame. Moreover, it would provide a direct probe of mantle convection by providing the initial

conditions and locations of hotspots, so their drift could be independently determined.

CONCLUSIONS

Our simulations provide the proof-of-principle basis for a testable hypothesis: large impacts
on Earth generate thermal anomalies in the mantle that can lead to flood basalts and associated
hotspots. This model leads directly to predictions for the existence of undiscoverd impact struc-

tures, and their disocovery would be a confirmation of the hypothesis. We have shown that dis-
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placement and strain amplitudes at the surface near the antipode 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 hundred kilometers from the
source. Peak strains fall off rapidly with depth, but remain sharply focused along the impact-
antipodal axis down to the core-mantle boundary. The region in the mantle that experiences the
strongest focusing is the asthenosphere at the antipode, where seismic energy is most easily con-
verted to heat. 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 realistic dissipation model to determine the extent of the resulting thermal anom-

aly in the Earth’s interior for impacts of various energies.
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Figure Captions

Figure 1. Cross-section of the Earth, showing why seismic energy focuses on the axis. The shock
physics simulations are limited to the impact source region, and the seismological simu-
lations are over the entire interior. Various families of compressional seismic rays are

drawn.

Figure 2. Shock wave physics simulations of the source region of the impact of a 10-km diameter
asteroid at 20 km/s onto the Earth.

Figure 3. Radial 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.
Figure 4. Peak strain amplitudes as a function of radial distance from the impact source.

Figure 5. Image of vertical displacement at the Earth’s surface as a function of time and distance

from impact.

Figure 6. Selected frames from movie of seismic waves propagation away from impact site and
focusing on the antipode (a) shortly after impact, (b) 45 minutes after impact, and (c) 87
minutes after impact. Vertical displacements are shown as height above globe, relative
to maximum displacement at the time step shown. Continents are in their present loca-

tions, not at their positions at the time of impact.

Figure 7. Peak radial displacement amplitude as a function of depth beneath the antipode down to
the core-mantle boundary (CMB).

Figure 8. Peak strain amplitude as a function of depth beneath the antipode down to the CMB.
Figure 9. Peak stresses amplitudes as a function of depth beneath the antipode down to the CMB.

Figure 10. Radial displacement and strain histories at three locations just above the CMB: (a)
Beneath the impact source (A=0°). (b) Equidistant between the impact and antipode
(A=90°). (c) Beneath the antipode (A=180°).
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Peak Surface Strain vs. Distance
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