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SUMMARY

We examine focusing of seismic waves at the antipode of large terrestrial meteorite impacts,
using the Chicxulub impact as our case study. Numerical simulations are based on a spectral-
element method, representing the impact as a Gaussian force in time and space. Simulating
the impact as a point source at the surface of a spherically symmetric earth model results in
deceptively large peak displacements at the antipode. Earth’s ellipticity, lateral heterogeneity
and a spatially distributed source limit high-frequency waves from constructively interfering at
the antipode, thereby reducing peak displacement by a factor of 4. Nevertheless, for plausible
impact parameters, we observe peak antipodal displacements of ~4 m, dynamic stresses in
excess of 15 bar, and strains of 2 x 107> . Although these values are significantly lower than
prior estimates, mainly based on a point source in a spherically symmetric earth model, wave
interference en route to the antipode induces ‘channels’ of peak stress that are five times greater
than in surrounding areas. Underneath the antipode, we observed ‘chimneys’ of peak stress,
strain and velocity, with peak values exceeding 50 bar, 107> and 0.1 ms™!, respectively. Our
results put quantitative constraints on the feasibility of impact-induced antipodal volcanism
and seismicity, as well as mantle plume and hotspot formation.

Key words: Guided waves; Computational seismology; Wave propagation; Impact phenom-

ena; Large igneous provinces; Planetary volcanism.

1 INTRODUCTION

Ground motion induced by a major meteorite impact on Earth can
lead to peak displacements exceeding those produced by even the
largest earthquakes (Toon et al. 1997; Collins et al. 2005). An initial
supersonic shock wave generated by the impact decays into strong
compressional body waves, and powerful Rayleigh surface waves
are emitted in all azimuths. At shallow impact angles, strong shear
body waves and Love surface waves are also produced.

Since Earth is nearly spherical it acts as a lens, focusing seis-
mic waves on the opposite side of the globe, the antipode. Body
waves, which travel through the interior, are focused by reflection
and refraction. Surface waves, the main carriers of seismic energy,
propagate circularly away from the impact location along Earth’s
surface and converge at the antipode.

Both artificial impacts in laboratory environments (Gault &
Wedekind 1969) and theoretical studies suggest that antipodal fo-
cusing results in severely increased displacements, leading to a
notable aftermath at the opposite side of a planet or moon (Schultz
& Gault 1974; Hughes et al. 1977). Furthermore, predictions of
antipodal disruptions lead to structural constraints on planetary
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interiors (Watts et al. 1991; Bruesch & Asphaug 2004). Planetary-
scale impacts may even produce antipodal crustal removal and melt-
ing (Marinova et al. 2008, 2011; Nimmo ef al. 2008).

So far, studies have employed spherically symmetric planetary
models, neglecting influences of ellipticity, lateral heterogeneity or
oblique impact. For example, antipodal focusing after the Chicxu-
lub impact, widely believed to be responsible for the 65 Ma mass
extinction event, has been modelled using normal-mode summation
for a spherically symmetric earth model (Boslough et al. 1996; Ni
& Ahrens 2006). Previous studies have linked focusing effects to
triggering of antipodal volcanism and seismicity, and the creation of
mantle plumes and hotspots, which seem to frequently occur in an-
tipodal pairs (Rampino & Caldeira 1992). In the case of Chicxulub,
antipodal triggering effects are particularly interesting in connection
to the K—T mass extinction.

In this study, we wuse the spectral-element solver
SPECFEM3D_GLOBE (Komatitsch & Tromp 2002a,b) to
simulate global seismic wave propagation induced by a Chicxulub-
scale impact. The spectral-element mesh honours Earth’s ellipticity,
topography, bathymetry and crustal thickness variations. Wave
speeds and densities are determined by mantle model S362ANI
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(Kustowski et al. 2008) in combination with crustal model
CRUST2.0 (Bassin et al. 2000). The simulations accommodate
rotation, self-gravitation and attenuation.

In the first instance, the source is modelled as a point force ori-
ented in the impact direction with a Gaussian source—time function,
using Chicxulub-scale impact parameters. In addition, we com-
pare the effects of a finite source distributed approximately over
the crater region with those of a point source. The duration of the
impact is controlled by the width of the Gaussian source—time func-
tion. Finally, we examine effects of oblique impacts, and provide
quantitative estimates for peak displacements, velocities, stresses
and strains at the antipode and throughout the mantle.

2 IMPACT MODEL

Just as earthquakes may be represented by an equivalent centroid-
moment tensor (effectively a double-couple point source), thereby
capturing global long-period ground motions, an impact may be
represented by an equivalent single-force point source. Such a rep-
resentation is, of course, invalid in the impact’s inelastic vicinity—
approximately one crater width (Ahrens & O’Keefe 1977; Melosh
1989)—but accurately captures the long-period seismic wavefield
elsewhere. Short-period waves, which are not accurately represented
by our simplified source spectrum, become more important for
peak quantities as we approach the source. The appendix provides
a qualitative comparison with a detailed impact source calculation
by Ivanov (2005).

2.1 Point force

We model the impact of a stone bolide with a 10 km diameter as a
point force, using a momentum of Ap = 3 x 10" N, following
prior work by Boslough et al. (1996), and additional parameters
summarized in Table 1. This momentum is transmitted by the force
per unit volume

flx, 1) = FFS(t)s(x —x,) (1)

with amplitude F = 3 x 10'° N, normalized impact direction f,
impact location x; and normalized time- and frequency-domain
Gaussian source—time functions

S(t) = \/:jz exp (—m*t* /%), )

S(f) = exp (= f°7°). 3)

The parameter T denotes the period below which the amplitude of
the radiated waves is decreased to 1/e (the e-folding time). This pa-
rameter is important for determining the necessary mesh resolution
and therefore the frequency resolution of the solver. The parameter
t also describes the width of the source—time function, which is con-
nected to the dissipating shock wave after the impact. Its exact value
remains unknown, but we show that its influence across the range
of impact-appropriate values is limited. We therefore approximate

Table 1. Chicxulub-scale impact

parameters.

Diameter 10 km
Density 2.7gem™3
Velocity 20 kms™!
Momentum ~3 x 101 N's

Kinetic energy ~ ~3 x 102 J

its value by scaling the kinetic energy of the impactor (see Sec-
tion 2.3), realizing that the uncertainty associated with determining
7 is dwarfed by other uncertainties. We model oblique impacts with
a westward (270°) directed force at a 45° angle to the surface. Since
Chicxulub’s impact direction and obliqueness are controversial and
difficult to obtain from the shape of a crater (Elbeshausen et al.
2009), these values are arbitrary but plausible.

2.2 Earth model

Our earth model combines 3-D mantle model S362ANI (Kustowski
et al. 2008) with crustal model CRUST2.0 (Bassin et al. 2000). We
incorporate the solid inner core, fluid outer core, ellipticity, topogra-
phy and bathymetry, the oceans, rotation and self-gravitation using
the spectral-element solver SPECFEM3D_GLOBE. Our spectral-
element mesh accurately resolves waves with periods of 17 s and
greater. The grid is designed to maintain at least five gridpoints per
minimum wavelength and satisfies the Courant stability condition,
as governed by the compressional and shear wave speeds. At the
surface, it reaches an average node spacing of 10 km. Details about
the implementation and mesh may be found in Komatitsch & Tromp
(2002a,b). For spherically symmetric reference simulations, we
use transversely isotropic model PREM (Dziewonski & Anderson
1981), including effects of attenuation and self-gravitation.

Since our 3-D model is based on today’s Earth’s structure, the
impact location and corresponding antipode location are inaccurate
with respect to past continent configurations. The impact location
was chosen to mimic Chicxulub’s impact location with respect to
the Eurasian and American landmasses, which were closer together
65 Ma. The chosen position therefore deviates from the present-day
crater position in the Yucatan and lies in the Atlantic Ocean (25°N,
63°W). The ancient antipode position was north of Australia and not
on the continent, as in our simulations. We therefore merely use the
simulations to demonstrate the effects of today’s heterogeneities,
which should be comparable to the influence of ancient Earth’s
structure.

2.3 Source energy

In solving the momentum equation, we do not explicitly specify
source energy in spectral-element simulations. To estimate its value,
we approximate the source energy analytically for a point force in
a homogeneous medium, following Madariaga (2007):

L
Ep—e - S°(¢t)dt !
) lznw}/_w (1) dr, “)
F? R
Eo—e —— S°(¢) dt, :
§ 67tp,33 ./—oo () ()
F273/2 1 2
Eseis(r):m<ﬁ+rﬁ3>, *

where Ep, Eg and E;, denote the P-wave, S-wave and total seis-
mic energy, respectively, and the source—time function is defined
by (2). The parameters p, o and 8 denote density, compressional
and shear wave speeds, respectively, which we choose as in a crustal
environment. Decreasing the parameter t therefore increases the ra-
diated energy (as also stipulated by eq. 3).

Since we solve a momentum conservation equation—the linear
seismic wave equation as in Komatitsch & Tromp (2002a,b)—we
fix the total transferred momentum, as the integral of force over
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time, to the momentum of the meteorite (parameter F' in eq. 1). The
total seismic energy as a fraction of the impact energy, or seismic
efficiency, depends on the particular form of momentum transmis-
sion, specified by S(¢). Seismic efficiency of a large impact is not
well constrained, but may be estimated from results of laboratory-
scale impact experiments, missile impacts and explosions, as well
as from theoretical arguments.

Values from Schultz & Gault (1974) suggest that the seismic
efficiency factor k, which is defined by Es = k X Eyin, is around
k = 10~* (where Ey, denotes the kinetic energy of the impactor).
However, they also report efficiency factors of 10~ and 107, and
even suggest it may be larger than 10~ for large, deeply penetrating
impacts. A newer theoretical study by Shishkin (2007), however,
finds a decreasing dependency of seismic efficiency on impactor
size as well as velocity, and suggests values between 10~ and 1073
for our scenario. In comparison, Shishkin (2007) proposes up to
k ~ 1072 for slower, smaller impactors (100 m diameter, 12 km s~
velocity), and & ~ 10~ for buried explosions.

The kinetic energy of the Chicxulub impact is on the order of
Ein ~ 3 x 102 J. We may use a source-time function with t
between ~20 s (k ~ 4 x 107) and ~200 s (k ~ 3 x 107%) to
produce energies of 10'8-10% J, appropriate for a range of seismic
efficiencies. We use a default value of r = 58 s, which corresponds
in a crustal environment to an energy of Eqis = 4 x 10" Jand k ~
10~ (see Fig. 1). To demonstrate the influence of a higher seismic
efficiency, we use T = 19 s, which corresponds to k ~ 4 x 1073,

Note that the equations we solve scale linearly with momentum
but not with energy. Keeping t constant, twice the momen-
tum simply leads to twice the displacement. Keeping the momen-
tum constant, twice the energy decreases t, thereby amplifying
high-frequency displacements while leaving low-frequency am-
plitudes basically unchanged (see eq. 3). Of course, momentum
and 7, or seismic efficiency k, cannot be seen as two independent
variables. Following Shishkin (2007), increasing mass or velocity—
and thus momentum—decreases the seismic efficiency and in-
creases . Apart from the seismic efficiency argument, it seems
plausible to assume a larger impact to have a wider source—time
function, generating a broader, longer lasting pulse. A direct calcu-
lation of t from impact parameters should be feasible, but would
require detailed modelling of the impact process.

10 T ! ) !

energy in )
[
%

=107+ r~58 |

10‘1?

1 1 | 1

0 50 100 150 200

width r of the Gaussian source time function in s
Figure 1. Seismic energy Eis, given by eq. (6), radiated by a point force in
a homogeneous medium. A seismic efficiency of k = 10~#, roughly denoted
by the black circle, leads to a Gaussian source—time function with a value
of © = 58 s. The two black crosses show the approximate upper and lower
limits for plausible &, T combinations. The kinetic energy of the bolide, Exin,
is indicated by the red horizontal line.
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For antipodal peak displacements, short-period waves play a less
significant role, since on their way to the antipode they are more
strongly influenced by lateral heterogeneity and are less likely to in-
terfere constructively due to their short wavelengths. Therefore, lin-
ear scaling with momentum still holds for antipodal peak displace-
ments, since constructive interference of lower frequency waves is
less sensitive to t. Nevertheless, higher frequency waves do affect
antipodal peak stresses, as illustrated in Section 3.5. Away from the
antipode, peak displacements scale increasingly less than linear with
momentum, since, together with the efficiency, the high-frequency
content is reduced.

3 RESULTS

3.1 Influence of the source spectrum

In our model, the impact spectrum is determined by the Gaussian
source—time function (2), which limits high frequencies. Unfortu-
nately, the precise parameter value of t for the Chicxulub impact
is uncertain. Shorter durations produce higher frequency waves,
which should affect resulting peak amplitudes. Fig. 2 shows peak
antipodal displacements after a vertical impact for various values
of T . Decreasing t leads to higher peak displacements in the spher-
ically symmetric model, where waves with arbitrary frequencies all
constructively interfere. However, peak antipodal displacements in
the 3-D model are relatively unaffected by high frequencies.

Since short-period waves are more significantly influenced by
lateral heterogeneity than long-period waves, the main contribu-
tion to peak antipodal displacements comes from the constructive
interference of low frequencies. A finite source has a similar ef-
fect, which we model by distributing the force over a larger surface
area using a Gaussian with an e-folding distance of approximately
100 km (resembling a crater with a diameter of ~200 km). This dis-
tributed source reduces peak antipodal displacements, as illustrated
in Fig. 2.

Stress and other higher order parameters (i.e. parameters involv-
ing differentiation of the displacement) can increase dramatically
with a higher frequency source spectrum. For such parameters, we
explicitly model a higher seismic efficiency to assess their sensitiv-
ity to 7.

20 1 T L L L] L]
finite  point
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10F

peak displacement at the antipode in m

L ke L L 'l
0 20 40 60 80 100 120 140
width r of the Gaussian source time function in s

Figure 2. Peak antipodal displacements in spherically symmetric model
PREM (blue solid and dashed lines) and 3-D model S362ANI+CRUST2.0
(green solid and dashed lines). Dashed lines correspond to a point source,
solid lines to a finite source. The red vertical line shows the mesh resolution
limit of ~17 s.
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Figure 3. Close-up of the antipodal vertical velocity wavefield after a
Chicxulub-scale impact for spherically symmetric model PREM (left-hand
side) and 3-D model S362 ANI+CRUST?2.0 (right-hand side) using a vertical
impact direction. Note that contours of the continents are today’s, not their
end Cretaceous positions, and therefore do not show the original Chicxulub
antipode 65 Ma.

3.2 Time evolution of the wavefield

The influence of lateral heterogeneity on antipodal focusing can
be seen in a snapshot of the vertical velocity wavefield on the sur-
face due to a vertical impact, as shown in Fig. 3 . On the left-hand
side, we use spherically symmetric earth model PREM. On the
right-hand side, we use 3-D mantle model S362ANI in combina-
tion with crustal model CRUST2.0. The strong blue and red waves
are Rayleigh waves which are just converging on the antipode. The
effects of lateral heterogeneity are clearly evident by comparing the
two snapshots. In the symmetric model, surface waves are expected
to constructively interfere at a single point due to their identical
great-circle path lengths, leading to dramatic peak antipodal dis-
placements well in excess of 10 m, confirming prior estimates (see
the appendix for a quantitative comparison between our spherically
symmetric calculations and prior work by Boslough et al. 1996).

In the 3-D earth model, path lengths and antipodal traveltimes
differ, and Rayleigh waves do not necessarily constructively inter-
fere at the antipode. This reduced constructive interference leads
to reduced antipodal displacements. In contrast to a spherically
symmetric model, where surface wave rays intersect exactly at the
antipode, a 3-D model produces complicated antipodal surface wave
caustics.

t

bl

wn
T

cemen
L
(=]
T

pla

[y

n
L)

0.0 - i . g

0 30 60 90 120 150 180
distance in *

Figure 5. Peak vertical (Z), radial (R) and transverse (7) displace-
ments along a great circle for a vertical impact in 3-D model
S362ANI4-CRUST2.0.

3.3 Peak amplitudes

Peak displacement values may be visualized in terms of isosurfaces
to demonstrate their 3-D distribution. Since the largest displace-
ments occur near the surface, due to the strong surface waves, the
isosurfaces create cap-like structures directly beneath the surface.
Fig. 4 compares peak displacement isosurfaces in the impact and
antipodal hemispheres. Fig. 5 illustrates peak vertical, radial and
transverse displacements along an arbitrary great circle through the
impact point, for the vertical impact case, illustrating the negligible
generation of transversely polarized Love surface waves.

In the impact hemisphere, the influence of strong lateral hetero-
geneity leads to the rugged structure of the isosurface caps. The thick
slow crust of the Andes, for example, bends waves towards them,
increasing peak amplitudes, as in a waveguide. Such effects lead to
an antipodal focusing structure with a star- rather than a point-like
shape. The topology of antipodal caustics was ray-theoretically sim-
ulated by Wang et al. (1993). At the antipode, peak displacements
reach values of ~4 m.

In the 3-D model, interference of surface waves on their way to
the antipode leads to channel-like structures (see Blitz 2009, for
similar simulations of such channels on the asteroid Eros). Fig. 6
shows the peak norm of the stress tensor, ||T|| = \/LE(T :T)'/?, at
a depth of 60 km. Peak stress decreases rapidly towards the surface
because the traction vanishes at the free surface. Due to caustics,

Figure 4. Isosurfaces of the norm of the peak displacement vector after a vertical impact for the impact hemisphere (left-hand side) and antipodal hemisphere

(right-hand side).

© 2011 The Authors, GJI, 187, 529-537
Geophysical Journal International © 2011 RAS

020z A1enuge4 | uo Jasn aouel Binogsens ap ausIaniun Aq 81.8%9G/62G/1//8 1 Aoelsqe-ajo1ue/[6/woo dno-ojwapeoe//:sdpy woly papeojumoq



Figure 6. Peak of the norm of the stress tensor at 60 km depth in the
antipodal hemisphere for a vertical impact. Note the 4-5 bar stress ‘channels’
associated with focusing of the Rayleigh surface wavefield.

/

0.06

i— 0.04

Figure 7. Norm of peak inner core displacement vector. Focusing of com-
pressional body waves induces displacements in excess of 10 cm in the inner
core. The impact direction is shown by the red arrow. The two focusing spots
reflect the predominantly ellipsoidal shape of the Earth.

peak channels of stress—seen as green stripes in Fig. 6—involve
five times larger stresses than in surrounding areas. In the antipodal
hemisphere and near the surface, peak stresses are 1-5 bar and
approach 15 bar at the antipode. A simulation with a value of T =
19 s and a 40 times higher seismic efficiency increases peak stresses
at 60 km depth by a factor of ~3 (figure not shown).

Peak displacements inside the inner core show two focusing re-
gions slightly offset from Earth’s centre, as shown in Fig. 7 . This
is a consequence of Earth’s predominantly ellipsoidal shape: in a
spherically symmetric earth model the waves would focus at the
centre. Inner core peak displacements reach more than 10 cm.

3.4 Angle of impact

Fig. 8 illustrates the effect of impact angle on peak displacements.
The two cross-sections indicate that an oblique impact direction
results in more evenly distributed peak displacements throughout

© 2011 The Authors, GJI, 187, 529-537
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the mantle. The shear wave, radiating in a direction perpendicular to
the impact direction, clearly contributes significantly to the peak dis-
placement. Focusing occurs in both cases along the impact-antipode
axis.

3.5 Peak amplitudes at the antipode

Of special interest is the region beneath the antipode, since here
we expect the highest amplitudes of stress and strain away from the
impact site, which, it has been proposed, could lead to fracturing
of rocks, melting and triggering of secondary phenomena, such
as earthquakes or volcanism. Fig. 9 shows cross-sections of peak
stress, strain and velocity through the mantle beneath the antipode
for vertical and oblique impacts.

As expected, the highest stresses occur along ‘chimneys’ con-
necting source and antipode. Focusing is always along this axis,
irrespective of impact angle, but the pattern of amplification and
deamplification is influenced by the direction and angle of impact.
For a 45° impact, high peak stresses (10—15 bar) are observed in
the mantle in the depth range ~1200-1600 km. For a vertical im-
pact, focusing is distributed more evenly along the axis, with peak
values of 7.5-10 bar. In both cases, the highest stresses (10—15 bar)
occur at the base of the crust, although the vertical impact has a
larger focus spot with slightly higher stresses than the 45° case.
An increased seismic efficiency (r = 19 s), however, dramatically
increases peak stress mainly inside the mantle by a factor of almost
10, approaching 100 bar.

Compared to stress, seismic efficiency has only a minor influence
on the peak values of strain and velocity, increasing them by a
factor of ~2. For the default efficiency, strains are on the order of
2 x 1073, with velocities of 0.2 ms™!.

The displacement is also relatively unaffected by the choice of .
Higher frequencies do slightly increase peak displacements at the
surface, but, more importantly, they increase the size of the region of
high-amplitude displacement surrounding the antipode (Fig. 10).

4 DISCUSSION

Our simulations demonstrate that several far-field geological con-
sequences are to be expected after a Chicxulub-scale impact, as
follows.

(i) Triggering of seismicity. Peak stresses are comparable to ob-
served stress drops in moderate to large seismic events (Allmann
& Shearer 2009), making triggering plausible. Triggered events
have been reported for peak amplitudes exceeding a few micros-
trains (Gomberg & Johnson 2005), which we surpass by an order of
magnitude. Moreover, a strong correlation has been found in labo-
ratory experiments between faulting and stress loading, occurring
for periodic shear stresses above 3 bar (Lockner & Beeler 1999).
According to this value, distinctly higher triggering rates would
occur inside previously mentioned channels of high stress.

(ii) Triggering of volcanism. Manga & Brodsky (2006) show a
correlation between seismicity and volcanism, and point out the sig-
nificance of dynamic stresses due to far-field seismic waves. At the
antipode, we exceed typical stresses associated with triggering (1 —
10 bar) by an order of magnitude. Even so, since multiple triggering
mechanisms could be involved, the dependence of triggering rate
on stress amplitude and period is not obvious.

(iii) Fracturing of rock. The ultimate strength required to frac-
ture common rocks at atmospheric pressure and room temperature
ranges from tens to hundreds (tension) to thousands (compression)
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Figure 8. Norm of peak displacement throughout the mantle for a vertical impact (left) and a 45° impact (right).

90°  stress (r = 58s) 45° strain (v = 583, 90°) velocity (7 = 58s,90°)
Okm =
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[ 555 ) S bar P, 1076 m————— e T
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90°  stress (T = 19s) 45° strain (T = 19s,90°) velocity (7 = 19s,90°)
Ok = e = —— ey
1000km
2000km
2890km

TR, PR bar
100

WP, . <100 ey ey T
001 0.1 0

05 1 10 30 3

Figure 9. Close-up views of ‘chimneys’ of peak stress, strain and velocity in a cut-away through the mantle. For peak stress, we consider vertical (column
one) and oblique (column two) impact directions, whereas for peak strain (column three) and velocity (column four) we consider a vertical impact. The values
of the source parameter  and seismic efficiency k are T = 58 s, k = 10~* (top row) and = 19's, k = 4 x 10~ (bottom row).

of bar (Kim & Lade, 1984). Under confining pressure, deeper
in the crust, these values can significantly increase (Handin &
Hager 1957). Increased temperatures, on the other hand, weaken
rocks (Handin et al. 1967). While the latter effect dominates
in deeper parts of the crust, in shallow regions the former ef-
fect is more important (Kearey et al. 2009). At the antipode,

our simulations exhibit peak stresses close to those required to
fracture weak rocks under surface conditions. Nevertheless, be-
cause of the complexity of the mechanisms involved, and because
we are at the cusp of the breaking strength, we cannot draw a
final conclusion whether fracturing will or will not occur at the
antipode.

© 2011 The Authors, GJI, 187, 529-537
Geophysical Journal International © 2011 RAS

020z A1enuge4 | uo Jasn aouel Binogsens ap ausIaniun Aq 81.8%9G/62G/1//8 1 Aoelsqe-ajo1ue/[6/woo dno-ojwapeoe//:sdpy woly papeojumoq



T =>58s,k~ 1074

(iv) Melting. Impact-induced antipodal melting has been linked
to creation of antipodal hotspot pairs (Rampino & Caldeira 1992),
but the energy required for direct melting of corresponding basaltic
volumes by dissipation of seismic waves was shown to be orders of
magnitude higher than what is to be expected from antipodal seismic
dissipation (Melosh 2000). However, as in the case of triggering
seismicity and volcanism, the whole anomaly does not have to be
created completely by the impact. Discussion about mechanisms is
still ongoing (Hagstrum 2005), but a concise quantitative treatment
is lacking.

(v) Tsunamis. Apart from a tsunami created directly by an oceanic
impact, the antipodal seismic wavefield can also generate a tsunami,
even after a continental impact. Our simulations produce oscilla-
tory antipodal displacements with an amplitude of several metres
over a large surface area (~500km x 500 km), potentially excit-
ing tsunami waves with similar periods of 100 s and greater (Ward
2002). Dawson & Stewart (2007) claim an initial water displacement
of at least a metre is required to produce recognizable tsunami-
generated deposits, which may be identifiable in the geological
record.

5 CONCLUSIONS

We have demonstrated that Earth’s lateral heterogeneity and ellip-
ticity and a finite crater size dramatically reduce the influence of
high frequency waves on peak antipodal displacements. Compared
to peak antipodal displacements of 15 m in a spherically symmetric
model, we observe peak displacements of ~4 m in a more realistic
3-D earth model, mainly determined by constructive long-period
waves.

En route to the antipode, the highest wave amplitudes occur
along ‘channels’, where stresses are five times greater than in the
immediate surrounding areas and displacements are approximately
doubled in magnitude. These channels reflect focusing and defo-
cusing of seismic surface waves, and their width is influenced by
Earth’s heterogeneous structure and the spectrum of the waves. In
addition to surface channeling, significant antipodal focusing occurs
in the mantle, creating ‘chimneys’ of stress, strain and velocity. An
oblique impact does not greatly affect peak surface displacements
at the antipode, but does influence the distribution of focusing along
mantle chimneys.

Our simulations provide an accurate estimate of seismic effects
associated with a Chicxulub-scale impact. The effects of any com-

© 2011 The Authors, GJI, 187, 529-537
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T=19s,k~4 x 1073

Figure 10. Peak norm of antipodal displacement for a vertical impact with lower (left-hand side) and higher (right-hand side) seismic efficiency & and frequency
content 7.

parable or smaller scale impact may be modelled using the same
approach. Modeling a giant, planetary-scale impact requires a non-
linear approach, for example, based on smoothed particle hydrody-
namics (Marinova ef al. 2008, 2011).

Detailed source models based on impact simulations (e.g. [vanov
2005) could further increase the accuracy of our simulations in
regions closer to the source, for example, by using such impact
simulations as initial conditions for our simulations at sufficiently
large distances from the impact location. Finally, impacts are a
convenient seismic source on other planets and our results show how
simulations of seismic wave propagation can reveal information
about a planet’s heterogeneous structure.
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APPENDIX: BENCHMARKS

In this appendix, we briefly discuss a comparison of our results to
a hydro-code calculation close to the crater, and two independent
benchmarks of our simulations against normal-mode summation
in a spherically symmetric earth model using a vertical impact,
focusing on the seismic far field.

Ivanov (2005) reports peak displacements of ~70-80 m and
peak velocities of ~10 ms~' at a crater distance of 300km
in a Chicxulub impact model that was tuned to recreate ob-
served crater features. Ivanov (2005) used an impactor ve-
locity of ~12kms™! and diameter of ~14km, resulting in a
momentum of ~4.6 x 10" Ns (larger than in our simulations)
and an energy of ~2.8 x 102 J (similar to our simulations).
In our approach, at a similar distance, choosing v = 19 s,
we find peak displacements of ~45 m and peak velocities of
~10 ms~!, whereas for T = 58 s we obtain peak displacements
of ~10 m and peak velocities of ~0.7 ms~!. While our results and
those of Ivanov (2005) are of the same order of magnitude in the
first case, they are significantly smaller in the second case, even ac-
counting for the smaller impact momentum used in our simulations.
This may be attributed to the dominance of higher frequency waves
close to the source, confirming the need for an accurate radiation
spectrum close to the impact. In the far field, on the other hand,
details of the source spectrum are less important.

Fig. Al shows vertical surface displacement as a function
of time at the antipode as simulated by SPECFEM3D_GLOBE
and normal-mode summation using a point source with a
value of T = 178 s and magnitude F = 3 x 10" Ns.
The two results are almost indistinguishable. For earthquakes,
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Figure A1. Comparison of vertical-component normal-mode and SEM syn-
thetic seismograms recorded at the antipode due to a vertical point force in
spherically symmetric model PREM.
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Figure A2. Peak strain after a vertical impact of momentum of
3 x 10" Ns calculated with SPECFEM3D_GLOBE for PREM and by
normal-mode summation (by Boslough et al. 1996) for model 1066A. The
spectral-element calculation uses a Gaussian source-time function with
T ~ 48 s. The modes have periods greater than ~45 s. The ‘scalloping’
in the spectral-element calculation is due to sharp upper-mantle discontinu-
ities in PREM, which are largely absent in 1066A.

© 2011 The Authors, GJI, 187, 529-537
Geophysical Journal International © 2011 RAS

Antipodal focusing of seismic waves 537

rather than point forces, SPECFEM3D_GLOBE was extensively
benchmarked by Komatitsch & Tromp (2002a). The purpose of this
benchmark is to validate the equivalent single-force point-source
implementation.

Fig. A2 shows a comparison between our SEM calculations and
normal-mode summation for peak strain values along a great circle.
The mode calculation was performed by Boslough et al. (1996) us-
ing modes with periods >45 s and a vertical point force. The total
transferred momentumis Ap =3 x 10'° N's. Modes were calculated
for model 1066A (Gilbert & Dziewonski 1975, including attenua-
tion), and we obtain comparable results for a point source with a
value of 7 = 31 s. Since we use a different model and source-time
function, small deviations are expected, and this figure shows gen-
eral agreement. We already see that dramatic focusing effects at the
antipode lead to peak antipodal strains comparable to regions close
to the source. From Fig. A2, it is clear that the region of intense
focusing is small. Earth’s ellipticity and lateral heterogeneity ‘blur’
the focusing spot, thereby significantly reducing peak displacement
and strains, as discussed in the main body of this paper.
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