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AMPLITUDES AT THE ANTIPODE 

BY RHETT BUTLER 

ABSTRACT 

Seismic amplitudes of I Hz compressional waves at the antipode are estimated 
using the body-wave magnitude formula and corrections for focusing at the 
antipode, Compressional wave amplitudes are found to be larger at the antipode 
than at other distances outside of the source region itself. Ellipticity effects at 
the antipode are found to be significant only for PP away from the earth's poles 
and for PKP near the equator. The effects of lateral heterogeneity on antipode 
focusing are estimated. Implications for monitoring nuclear explosions are dis- 
cussed. An antipode experiment using small (½ ton) chemical explosions opposite 
a seismic array is found to be viable. 

INTRODUCTION 

An earthquake or explosion happens. Seismic compressional waves propagate 
outward from the source. As the distance from the source increases, so does the 
surface area of the compressional wave front. Energy is conserved and the amplitude 
of the compressional waves decreases with increasing distance from the source. 
Clearly, the compressional wave amplitude is largest near the source. However, 
when we are at a considerable distance from the seismic source, where are the 
compressional wave amplitudes the largest? The answer is surprising--at the 
opposite end of the earth-- the antipode. To derive this surprising result, we need 
only Richter's magnitude formula, tables or graphs for computing body-wave mag- 
nitude, and some information on focusing effects at the antipode. : 

A series of papers have recently been written on focusing at the antipode and 
experiments at the antipode to study the inner earth (Rial, 1978a, b; Rial and 
Cormier, 1980; Butler et al., 1986). The results are clear. With the exception of the 
direct compressional wave which travels straight through the earth (i.e., P K I K P ;  
see Figure 1), all of the compressional wave arrivals at the antipode are focused. 
The nature of this focusing is not like a lens wherein the earth's velocity structure 
bends the seismic waves to an optical focal point. Rather, the focusing is simply 
due to the fact that  at the antipode the seismic energy arrives from all azimuths. 
At distances short of the antipode, a seismometer would receive only a small solid 
angle of energy from the source corresponding to the particular azimuth between 
source and receiver. At the antipode, the integrated contributions of all azimuths 
about the source are received. The focusing effect is frequency-dependent and the 
relative amplification increases proportional to the square root of frequency (e.g., 
Rial, 1978b). 

The distinction between optical focusing and azimuthal focusing can be better 
illustrated by example. A seismic source at the earth's surface will produce focusing 
for a seismometer at the antipode on the earth's surface. Now, suppose we are 
dealing with a deep focus earthquake at 700 km depth. If the focusing at the antipode 
were similar to a lens, then we would expect the focal point at the antipode to shift 
away from the surface. In fact, even deep earthquakes produce azimuthal focusing 
at the antipode for seismometers at the earth's surface. 

AMPLITUDE CALCULATIONS 

To calculate the amplitude of a seismic compressional wave at a given distance, 
we can use Richter's magnitude formula in reverse. Usually, given a measured 
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amplitude (A) and period (T) of a seismic P wave and a correction B(A, h) for 
distance and depth, the body-wave magnitude of an earthquake or explosion can be 
determined. The formula is 

mb = log(A/T) + B(A, h) (i) 
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F m _ l .  Ray paths of the principal seismic compressional waves received at the antipode are illustrated 
together with P-wave ray paths to 17° and 45 ° A. Compressional wave transits through the earth's mantle, 
outer core, and inner core are termed P, K, a n d / ,  respectively. With the exception of the direct wave 
through the earth, PKIKP, the seismic phases received at the antipode are focused from the contribution 
of all azimuths about the source. The ray path for PKP(BC) ends at about 155°A, but  long-period 
diffracted energy may be observed at the antipode. The P arrival at 17°A is composed of a reflection at 
and a refraction below the 400 km discontinuity. 

with A in units of microns, T is the period of the wave (usually ~1 Hz wave used), 
and B (A, h) is found from tables or graphs. For our purposes, the magnitude charts 
VIII-6 and VIII-8 for P and PP, respectively, from the appendix of Richter (1958) 
may be used. P is the first-arriving compressional wave out to a distance of about 
95°A, where it is eclipsed by the earth's core. PP is composed of two legs of P 
reflecting once at the earth's surface between the source and receiver. These phases 
are illustrated in Figure 1 along with the core phases PKP, PKIKP, and PKIIKP, 
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which will be discussed later. P is used to calculate body-wave magnitude at distances 
less than about 95 °, and PP may be used at greater distances. 

Let's consider the amplitude of a magnitude 4.6 earthquake with a focal depth 
less than 10 km at a distance of 45°A. From Richter (1958) Figure VIII-6, the value 
of B(A, h) is 6.7. Inverting formula (1), we have log(A/T) = 4.6 - 6.7 = -2.1 and 
A / T  = 7.9 × 10 -3 ttm/sec. If we consider a 1-Hz P wave, then the vertical amplitude 
at 45°A is 7.9 or about 8 nm. 

The largest P amplitude beyond about 5°A in Richter's graph lies at about 17°A. 
This amplification is due to a convergence of energy propagating in the upper 
mantle of the earth. At 17°A, the B(A, h) = 5.9 for the mb = 4.6 example event and 
the P amplitude of a 1 Hz wave would be about 50 nm. Amplitudes of PP are 
generally less than P amplitude over most distance combinations, and therefore at 
distances short of core diffraction P yields greater amplitudes than PP. 

To calculate amplitudes of PP at the antipode, we need only calculate the vertical 
amplitude of PP at 175°A from Richter's graph [i.e., Figure VIII-8 in Richter 
(1958)]. Then, we correct the amplitudes to 180°A using amplification factors 
derived from Figure 11.7 of Rial (1978b). The amplification factors come from 
synthetic spectra of PP calculated for 175°A and 180°A using the PEM earth models 
of Dziewonski et al. (1975) and an attenuation model from Anderson and Hart  
(1978). At a period of 3 sec, the amplification of PP from 175°A to 180°A is about 
a factor of 14.5. The amplification increases as the square root of frequency (Rial, 
1978b), and thus at 1 Hz, the amplification would yield about a factor of 25. The 
amplitude of PP at 175°A derived from equation (1) is 5 nm. Applying the factor of 
25 correction to scale the result to the antipode, the PP amplitude at 180°A would 
be about 125 nm. 

Amplitude values for PKIKP may be calculated directly since it does not experi- 
ence antipodal focusing. Harjes (1985) published B factors for PKIKP using 
smoothed Norwegian Seismic Array (NORSAR) data and results from Sweetser 
and Blandford (1973). Note that, although the NORSAR data is presented out to 
180°A, the closest seismicity to the NORSAR's antipode is the Pacific-Antarctica 
ridge about 2°A distant. At 180°A, the B factor (surface focus) of PKIKP is about 
7.8. Applying equation (1) to the mb = 4.6 example event then, log(A/T) = -3 .2  
and (A/T)  = 0.63 × 10 -3 ttm/se c. For a 1-Hz wave, the vertical amplitude of PKIKP 
at 180°A is about 0.6 nm. 

Observations of inner-outer core boundary phases such as PKIIKP (e.g., Figure 
1) are exceedingly rare due to the paucity of near-antipodal data. Data from the 23 
May 1968 New Zealand earthquake at 179.25°A were modeled by Rial and Cormier 
(1980). The amplitude of PKIIKP at 180°A (including PKIIIKP, etc., plus the inner 
core boundary head wave) in synthetic seismograms calculated by Rial and Cormier 
is about 10 per cent greater than PKIKP in Green's functions appropriate for 
frequencies less than 0.5 Hz. The calculations include the focusing effect at the 
antipode. If structure is present within the inner core, the amplitudes of correspond- 
ing seismic arrivals will be of the order of PKIIKP amplitudes and may be observed 
only in the focused environment at the antipode. The PKIIKP/PKIKP amplitude 
ratio determined for a 2- to 3-sec period can be extrapolated to 1 Hz using the 
square-root-of-frequency amplification at the antipode to yield an amplitude of 
about 1 nm at 1 Hz. 

Amplitude calculations for PKP (AB) at the antipode must proceed in a less direct 
fashion since empirical tables or graphs are not published. Chang and Lambert 
(1978) derived synthetic B factors for PKP phases using the Jordan and Anderson 
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(1974) B1 earth model. The amplitude of P K P ( A B )  at 175°A is about a factor of 
2.25 greater than PKI KP at the antipode. As with PP, the amplification of PKP 
may be calculated from Rial (1978), and again the value is about a factor of 25 at 1 
Hz. Combining these factors with the previously calculated amplitude of PKIKP,  
the estimated amplitude of P K P  at the antipode is about 35 nm. A second method 
to deduce the amplitude of P K P  at 180°A is to use the spectral ratio of P K P / P P  at 
the antipode which can be deduced from Rial (1978b). At a 3-sec period, P K P  has 
an amplitude about 35 per cent of P P  at the antipode. The amplitude ratio at 1 Hz 
will be nearly the same since the frequency scaling is common to both PP and PKP. 
Thus, using synthetic spectra of Rial (1978b) and the previously calculated ampli- 
tude of PP  at the antipode, the estimated amplitude of P K P  at 180°A is almost 44 
nm. Averaging the two methods tried yields an amplitude for PKP of about 40 nm 
at the antipode of a mb = 4.6 event. 

TABLE 1 
COMPRESSIONAL WAVE AMPLITUDES AT 1 HZ FOR 

AN m b  = 4.6 EVENT 

Distance Amplitude 
Phase (°A) (nm) 

P 17 ° 50 
P 45 ° 8 
PP 175 ° 5 
PP 180 ° 125 
PKP 180 ° 40 
PKIKP 180 ° 0.6 
PKIIKP* 180 ° 1 

* This includes PKIIIKP, etc., plus inner-outer core 
boundary head wave. 

DISCUSSION 

Table 1 summarizes the results so far. There are two interesting implications of 
these results. First, the antipode is probably the best place to detect small events at 
teleseismic distances. The Department of Defense is actively involved in monitoring 
Russian nuclear testing. We have not gained permission to put seismometers in 
Russia, so we must be content to monitor the Soviets at distances greater than 
10°A. Drawing on the results of Table 1, both PKP and P P  at the antipode of a 
nuclear explosion would have amplitudes larger than P waves recorded at 45°A from 
the same event. All of the Russian nuclear test sites are antipodal to the South 
Pacific ocean, and therefore an ocean bottom or subbottom seismometer array 
would be required. 

The second implication of Table 1 lies in the study of the inner core. Recently, 
Butler et al. (1986) discussed antipode experiments using nuclear explosions to 
study the earth's inner core and the properties of the inner-outer core and core- 
mantle boundary regions. The seismic phases of interest propagating within the 
inner core and at the inner-outer core boundary have amplitudes an order of 
magnitude smaller than PKP. The major problem with using a nuclear explosion 
source for an antipode experiment is that advance information of the time of a 
nuclear shot is generally classified. 

A way out of this dilemma is to use small chemical explosions. Seismic sources 
in the water scale as the cube root of yield (e.g., Urick, 1983). That is, to produce 
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an amplitude 10 times bigger, a shot 1000 times larger must be used. This scaling 
relation can be used in reverse for our case. A series of large underwater explosions 
were detonated in the mid-1960's (e.g., Chase III, IV, V, VI) off the east and west 
coasts of the United States. The average explosive yield was around 600 tons of 
T.N.T. and mb = 4.6 was the average magnitude of the explosions. Table 1 gives 
seismic amplitudes for an rnb = 4.6 event. Using cube-root scaling, a ½ ton explosion 
would produce amplitudes about a factor of 11 smaller. For P P  and P K P  at the 
antipode, a factor of 11 reduction would still yield measurable amplitudes, but the 
inner core seismic phases would require stacking to produce good signals. Signal- 
to-noise increases as the square root of the number of stacked data. Thus, a hundred 
½ ton explosions could be stacked to increase signal-to-noise by a factor of 10. 

Another method of increasing signal-to-noise is to use an array of seismometers. 
The basic array processing technique is beamforming, which is another stacking 
operation. Signal-to-noise also increases under optimum conditions as the ~fN, 
where N is the number of sensors. Experience from LASA (Large Aperture Seismic 
Array) in Montana and NORSAR (Norwegian Seismic Array) has shown signal-to- 
noise ratio gain generally within 3 to 5 dB of the theoretical ~fN limit for most 
teleseismic events (Ringdal and Husebye, 1982). The 90 per cent detection threshold 
in the 30 ° to 90°A teleseismic window is estimated at rnb = 3.9 at NORSAR (Bungum 
and Husebye, 1974). 

A seismic array antipodal to a series of small shots clearly presents itself as a 
viable antipode experiment to study the inner core of the earth. This experiment is 
more simple logistically than an antipode experiment involving a nuclear explosion. 
The ship need only precisely deploy the explosives. Also, a state-of-the-art digital 
seismic array such as NORSAR is far superior to a conventional ocean bottom 
seismometer array of perhaps 10 instruments. At 61°N NORSAR or the experimen- 
tal small subarray, NORESS, would be about as near to the polar axis as one would 
conveniently get. Near equatorial arrays include the Warramunga Array in Australia 
at about 200S and the Gauribidanur Array in India at 13.5°N. 

Given the possibility that small shots opposite a seismic array can be a viable 
antipode experiment, one can envision a reverse profile experiment. The antipode 
experiment discussed by Butler et al. (1986) between a nuclear test in Nevada and 
an ocean bottom seismic array in the Crozet Basin, Indian Ocean, would be one leg 
of the experiment. The reverse profile would be to use small underwater chemical 
explosions in the Crozet Basin and a seismic array at the Nevada Test Site. The 
new PASSCAL portable seismic array would be deployed at the Nevada Test Site 
to serve as the receiver array. 

PRECISION OF AMPLITUDE ESTIMATES 

The derived amplitudes of compressional waves at the antipode are quite large, 
and the assumptions upon which they are based should be questioned. First, how 
good is Richter's magnitude calibration? The large mb = 6.8 nuclear explosion 
CANNIKIN which was tested in the Aleutians produced a well-recorded P P  at 
seismic station NAT, Natal, Brazil. The distance was 125°A, the amplitude 484 nm, 
and the apparent period of the P P  wave was 1.5 sec. Richter's value of B(A, h) at 
125°A and shallow depth for P P  is 7.3. Thus mb = log(0.484/1.5) + 7.3 -- 6.8, which 
is the reported rn~ of CANNIKIN. 

Beyond the relative accuracy of amplitude estimation by using the magnitude 
formula (1), there is a question of the stability or precision of the estimates. An 
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amplitude estimated by means of magnitude represents a mean value of a population. 
That is, magnitude itself is an averaged property. Individual seismic station sites 
will characteristically have larger or smaller amplitudes than the mean value over 
all stations in a network (Butler, 1984a). The variability of amplitude in regions 
has been estimated by Butler (1984a, b). The variability of amplitude measured (in 
magnitude units) by the standard deviation about the mean ranges from 0.16 
worldwide to 0.20 in the United States to 0.11 for smaller regions and seismic arrays 
(Butler, 1984b). These amplitude level variations amount to a factor of 1.3 to 1.6 
average uncertainty. Individual seismic station sites exhibited greater variations 
from the mean. In the United States and southern Canada, for example, station 
anomalies range from +0.32 to -0.40 (magnitude units) for azimuthally averaged 
values to a range of +0.69 to -0.49 for particular azimuths (Butler, 1984a). For 
azimuthally averaged values (which are appropriate for antipode estimates), the 
extreme range for seismic station sites in the United States and southern Canada 
is about a factor of 2.5 about the mean. The implications of the amplitude variability 
measurements by Butler (1984a, b) are these: (1) the amplitude values in Table 1 
probably have an average precision of a factor of 1.3 to 1.6; (2) in the worst case, 
the estimated uncertainty is about a factor of 2.5; and (3) these uncertainty estimates 
are based solely on observed amplitude level fluctuations at seismic stations and 
arrays situated on land. 

Characteristic amplitudes and amplitude variability have not been measured from 
ocean bottom or subbottom seismometers. Therefore, the level and extent of 
magnitude anomalies in the oceans are unknown. Since most of the world is 
antipodal to ocean, this uncertainty should be recognized as inherent to many 
possible antipode experiments. 

HEURISTIC ANTIPODAL FOCUSING ARGUMENT 

A second point of consideration is the amplification at the antipode. Riars (1978b) 
calculations are rigorously correct and, when applied to an earth model, yield the 
amplification expected at the antipode for a spherical earth. Heuristic arguments, 
however, which can be stated from which the amplification at the antipode may be 
derived. Although these heuristic arguments are not formally correct, they nonethe- 
less provide a simple framework to grasp the amplification effect. 

Near the seismic source, the energy which propagates to the antipode (180°A) 
leaves the source region at angles only slightly steeper than energy propagating to 
175°A. The propagation paths within the earth for seismic energy traveling to the 
175 ° and 180°A are also nearly the same. In the case of PP,  the turning point (or 
bottoming depth) of the compressional wave in the lower mantle is about 30 km 
greater for the travel path to 180 ° versus 175°A, and lies well above the core-mantle 
boundary. Therefore, to first order the attenuation and propagation effects will be 
the same, regardless of whether the path is 175 ° or 180°A. Thus, the seismic energy 
received at 175°A is representative of that which is received at 180 °A, except that 
at 175°A the seismic energy is spread over an annulus with diameter of 5°A whereas 
at 180°A the seismic energy arrives at a point with dimensions of a wave length. A 
1-Hz P wave propagating up through the crust (velocity N 6 km/sec) has a 
wavelength of about 6 km. An annulus at 175°A with a 5°A radius and a width of a 
wavelength centered at the antipode has an area of about 21,000 km 2. Thus, the 
energy received at 175°A is spread over about 21,000 km 2, whereas at the antipode 
the corresponding area is about 28 km 2. Per unit area then, the seismic energy at 
the amplitude is concentrated by a factor of 750. Seismic amplitude is proportional 
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to the square root of energy, and thus the amplification is about ~ or 27. Using 
Rial's (1978b) calculations, a value of 25 was derived earlier in this article for a 1- 
Hz PP wave. This heuristic analysis also produces the proper frequency dependence 
of amplification at the antipode: following a 4-Hz wave through the argument yields 
a factor of 55 amplification, the square root of frequency dependence noted by Rial 
(1978b). 

While the heuristic argument seems to work well, it is not exact, nor should be. 
The underlying assumption is essentially geometric optics, which is invalid at 
caustics; and the antipode is a caustic. Heuristic arguments are no substitute for 
exact calculations requiring an earth model. However, the heuristic approach based 
on energy arguments yields results which agree surprisingly well with formally 
rigorous calculations based upon an earth model. 

E L L I P T I C I T Y  E F F E C T S  

A third area of consideration is the implicit assumption of a spherical earth in all 
of the calculations thus far. For earthquakes or explosion sources near the poles, 
the antipode results are the same, but away from the poles the earth is not axis- 
symmetric. The basic effect of the ellipticity is to change the travel time as a 
function of azimuth. Thus, the seismic energy still converges at the antipode, but 

TABLE 2 

TRAVEL-TIME VARIATIONS DUE TO ELLIPTICITY 

Antipode Co-latitude 

Travel- Travel- 
Time Time 

Variations Variations 
for PP for PKP 
(see) (see) 

Pole 0 ° 0 0 
NORSAR 30 ° _+0.35 _+0.04 
N T S  53" _+0.90 _+0.06 
Equator  90 ° _+1.40 _+0.30 

energy no longer arrives simultaneously for all azimuths. The effect is most easily 
illustrated for PP. For a seismic source at the poles, the PP reflection is at the 
equator, and the travel times over all azimuths are the same. For a seismic source 
at the equator, a different story emerges. The PP reflection at the poles arrives 
earlier than the times for the mean reference sphere, but the reflections at the 
equator (all azimuths 90 ° and 270 ° from the source) arrive later. 

Table 2 gives the range of travel-time adjustments calculated from Dziewonski 
and Gilbert (1976). Results are presented for receivers at four co-latitudes (geocen- 
tric angle from the poles): 0 °, at the pole; 30 °, near the co-latitude of the Norwegian 
Seismic Array; 53 °, at the co-latitude of the Nevada Test Site; and 90 ° at the 
equator. Table 2 contains results for PP at 180°A and for PKP at 170°A. PKP at 
180°A was not tabulated by Dziewonski and Gilbert (1976), but the data for 170°A 
will be nearly the same given the smooth properties of ellipticity corrections. The 
net variation is simply the total variation of travel time due to ellipticity about the 
average time and represents the time spread about which the seismic energy arrives 
at the antipode. For PP, the net variation for an antipode at the equator is +1.4 
sec, whereas for PKP the value is about _+0.3 sec. 

The effect of the earth's ellipticity is substantial for PP, but not so important for 
PKP. For seismic energy arriving at the antipode from different azimuths, the 
interference is constructive within a quarter of a cycle of vibration, which for a 1- 
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Hz compressional wave is ___0.25 sec. For PKP antipodal to the equator, the net 
variation +0.3 sec is slightly greater than the optimal requirements for constructive 
interference. For PP antipodal to the equator, the time shifts are greater than a 
cycle of vibration. For antipode experiments at the Nevada Test Site and NORSAR, 
the ellipticity effect should not substantially effect the focusing of PKP at 1 Hz. 
The focusing of PP antipodal to the Nevada Test Site will be affected by ellipticity, 
but antipodal to NORSAR the effect will not be great. 

The effect of ellipticity on the antipodal focusing of seismic phases propagating 
through the inner core and at the inner-outer core boundary will be minor. The 
smaller ellipticity effects of PKP relative to PP are primarily due to the smaller 
size of the core than the whole earth. Ellipticity effects for the inner core seismic 
phases will be even smaller than for PKP. Thus, the earth's ellipticity will not 
substantially degrade antipodal focusing of inner core phases. 

LATERAL HETEROGENEITY EFFECTS 

The amplitude calculations in Table 1 assume focusing at the antipode which is 
appropriate for a laterally homogeneous earth. The focusing effect increases ampli- 
tudes proportional to the square root of frequency, and thus at frequencies higher 
than 1 Hz even greater amplitudes are predicted. Obviously, at some point, the 
heterogeneity of the earth enters the question. 

Rial and Cormier (1980) were able to satisfactorily model the absolute and relative 
amplitudes and waveforms of PP and PKP at 179.25°5 recorded on a WWSSN 
long-period instrument. The predominant period of both phases was centered at 
about 15 sec with most energy above 7-sec period, and thus it may be inferred that 
the focusing effect is accurate at least for periods 10 sec and greater. 

At frequencies near 1 Hz and at higher frequencies, the effect of heterogeneity 
becomes more important. Body-wave phases traveling over faster or slower azimuths 
no longer arrive simultaneously with phases traveling other azimuths. The construc- 
tive interference of phase breaks down, and the point caustic at the antipode 
degenerates into a circular multicusped caustic. If we ignore phase and consider 
only energy, there is still a high seismic energy density at the antipode. 

For the phases depicted in Figure 1, the effects of lateral heterogeneity will 
probably be greatest for PP. The heterogeneity of the upper mantle is well known 
and PP possesses two additional traverses through this region. PP also has turning 
points in the lowermost 200 km of the mantle (Bullen's D" region). This D" region 
has been found to be heterogeneous in mantle tomography studies [e.g., Dziewonski 
(1984)]. PKP(AB) enters the core at grazing incidence through this region. The 
inner core phases may be the least affected by heterogeneity since they propagate 
at steep angles through the mantle. 

Of the actual effects the lateral heterogeneity upon the focusing effect at the 
antipode, little can be accurately predicted except that amplitudes will diminish. If 
we ignore phase and consider only energy, some crude estimates can be made. 
Consider packets of seismic energy with a frequency of about 1 Hz. At the antipode, 
if these packets arrive simultaneously from all azimuths, we have the ideal focusing 
case. Now suppose the packets arrive at the antipode uniformly distributed +1 sec 
about the mean time. Alternative distributions, such as Gaussian, could be assumed 
but the uniform case is particularly simple. In this case, the 1-Hz packets of energy 
arrive over a 3-sec interval. Thus, the average energy per unit time is about one- 
third of the ideal focusing case. With amplitude proportional to the square root of 
energy, the estimated amplitude is about 60 per cent of the ideal focusing case. The 
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approximate formula for the amplitude diminution factor is 

1363 

T ],/2 
- (2)  

where T is the period of the wave considered and T is the time spread of the arriving 
energy (i.e., +1 sec gives r = 2 sec). For a 10-Hz wave with r -- 2, the approximate 
amplitude diminution factor is about 20 per cent. 

It is clear that the actual focusing at the antipode depends upon the lateral 
heterogeneity in the earth. Conversely, in an antipode experiment, the observed 
focusing can be matched against the theory for the ideal case. With ellipticity taken 
into account, the measured focusing at the antipode presents itself as a measure of 
the lateral heterogeneity affecting each seismic wave observed. 

SUMMARY 

Two areas of research principally affected by this study are the nuclear explosion 
monitoring effort and the seismic study of the antipode itself. With regard to nuclear 
test monitoring, the results of Tables i and 2 clearly indicate that, for 1-Hz seismic 
compressional waves, amplitudes at the antipode are expected to exceed those 
recorded elsewhere away from the explosion region itself. Since the theoretical 
antipode amplification increases as the square root of frequency (e.g., Rial, 1978b, 
and discussion herein), even greater amplifications are expected at higher frequen- 
cies. However, the effects of lateral heterogeneity and the earth's ellipticity will act 
to offset major amplitude increases with frequency. 

With regard to antipode experiments to study the structure of the earth's most 
interior regions, the results of this study are extremely encouraging. Substantial 
amplitudes may be expected for moderate source strengths. More importantly, by 
stacking many small sources and conducting the antipode experiment opposite a 
seismic array, we can avoid the necessity and complication of using a nuclear 
explosion as the source. Ellipticity effects on antipodal focusing are important only 
for PP- -away  from the equator itself, inner and outer core phases are not substan- 
tially effected by the earth's ellipticity. The earth's lateral heterogeneity will be the 
most important effect limiting antipodal focusing at high frequencies. 

The compressional wave amplitude estimates at the antipode from Table 1 are 
observable. Ringdal and Bungum (1977) report mean noise levels at NORSAR for 
the period 1973 through 1975. In the short-period 1.2- to 3.2-Hz band, the mean 
noise is 1.0 _+ 0.25 nm for a single sensor. In a 1.6- to 3.2-Hz band, the mean noise 
is 0.4 nm, showing that noise is falling off rapidly at higher frequencies. Using 
scaling arguments discussed earlier, a ½ ton chemical explosion detonated in water 
would yield amplitudes about a factor of 11 less than the values in Table 1. However, 
the interplay of the explosion source spectrum systematics as a function of shot 
depth and interference between direct and surface-reflected waves (e.g., Urick, 1983) 
would force an antipode experiment using ~ ton explosions to a 2 Hz and higher 
frequency band. Richter's formula (1) gives amplitudes at 2 Hz that are half of the 
1-Hz values. On the other hand, the NORESS seismic array beam (25 sensors) can 
yield a factor of 5 signal-to-noise ratio gain, which can be further increased by a 
factor of 10 by stacking 100 shots at the NORESS antipode. Combining these 
possibilities, a signal-to-noise ratio of perhaps 5 could be obtained for 2-Hz inner 
core phases. 
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Beyond an antipode experiment opposite a nuclear explosion (e.g., Butler et al., 
1986) or an experiment consisting of many small chemical explosions, antipodal to 
a seismic array is the possibility of a reversed profile combining both experiments. 
Such an experiment would probably be conducted along the axis of the Nevada Test 
Site to Crozet Basin, Indian Ocean. In the Crozet Basin, an ocean bottom seismo- 
meter deployment would be required to record a nuclear explosion. At the Nevada 
Test Site, the PASSCAL portable seismic array (presently under development) 
would be deployed. The merits of a reversed antipode experiment are much the 
same as in standard seismic refraction profiling. A reversed antipode profile would 
enable the detection and determination of a radially inhomogeneous structure in 
much the same way that reversed refraction profiling enables the detection and 
determination of a laterally inhomogeneous and dipping structure. 
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