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A REPLY 

BY JAMES H. WHITCOMB 

I thank Drs. King and Cleary for their comments on my paper. They correctly point out 
the possibility of scattering in the forward direction from small irregularities (close to 
the size of a wavelength) near the crust. They then suggest that this mechanism can explain 
all precursors o f  P 'P '  except for the P'650P'  reflection, and that the reflection scattering 
hypothesis in Whitcomb (1973a) is unlikely. I feel that they were somewhat hasty in 
rejecting P'dP'  phases (0 < d < 650 km), the hypothesis of reflection scattering, and also 
the usefulness of Vespagram analysis (.Davies et al., 1971) in removing the problems of 
asymmetric P'P '  phases. 

King et al. state that in the upper mantle " . . .  the totality of observational and theo- 
retical seismic evidence as well as petrological evidence indicates that the existence of 
discontinuities sufficiently large and sharp to reflect significant energy is veryunlikely...". 
This generalization suggests that seismologists should immediately stop the search for 
discontinuities in the crust and upper mantle and reinterpret the mass of crustal and 
Mohorovi~id discontinuity reflection data as well as the "unchallenged" P'650P' phase. 
The "petrological evidence" referred to presumably means solid-solid phase changes in 
an ideal binary mixture of two end members having quite different transformation pres- 
sures. Few petrological systems are this simple, and all discontinuities are not necessarily 
phase changes. In fact, petrological evidence has already pointed out one possibility for 
a first-order discontinuity in the olivine-/~ spinel-spinel phase relationship (Whitcomb 
and Anderson, 1970, Figure 8). In view of the various possible mineral combinations in 
the mantle (some of which were outlined by Whitcomb and Anderson, 1970), and our 
current lack of knowledge of the nature of the phase relationships of these combinations, 
it is desirable to avoid making a priori assumptions on the reasonableness of seismic 
results. Instead we should concentrate on the uniqueness of the seismic results in order 
that they might provide an independent constraint on petrological models. 

An assertion is made by King et al. that reflection scattering is in doubt as an inter- 
pretation of asymmetric P'P '  because inclined horizons at the land surface or ocean 
bottom of lateral extent greater than 100 km are exceptional. Indeed, the opposite is the 
case. While this is true for most continental areas, ocean bottoms associated with con- 
tinental slopes and oceanic trenches have the required dips in the range of 1 ° to 2 ° (Whit- 
comb, 1973a, Table 1), are of the order of 100 km wide, and can be relatively smooth over 
hundreds of kilometers in length. Thus, a large number of reasonable reflectors are avail- 
able to support the reflection scattering hypothesis of Whitcomb (1973). 

When calling special attention to the fact that scattered P'P '  would involve contribu- 
tions from wide azimuthal ranges, King et al. apparently missed the point of the LASA 
beam azimuth response calculations of Whitcomb (1973a, Figure 6) which estimated the 
uncertainty in the Vespa process due to the finiteness of its azimuth filtering (the Vespa 
process is simply filtering in f-k space). These calculations were entirely responsible for 
the 0- to 10-sec lead time uncertainty assigned to the Vespagram analysis. The effect of 
side lobes of the Vespa f-k filter has been found to be insignificant due to the low ampli- 
tudes and short duration of the precursors. 

The primary goal of Whitcomb (1973a) was to attempt a quantitative estimate of the 
amplitudes of possible reflected asymmetric P'P '  phases on single seismograms and, 
therefore, the probability that they be misinterpreted as P'dP' .  While King et al. correctly 
show that forward-scattered energy can give the required precursory times by referring 
to Whitcomb's analysis for reflected scatterers, they make no attempt to estimate the 

725 



726 LETTERS TO THE EDITOR 

amplitudes from a reasonable earth model for such a process, admittedly not a simple 
task. A perfectly symmetrical Earth can be thought of as a scattering volume where all of 
the scatterers are small and evenly distributed enough so that, for a maximum time phase 
such as P'P', all of the energy exactly cancels until the time of the main phase; that is, the 
phase is not stationary until the time of the main P'P' arrival. In order to generate 
precursors to the main P'P' phase, many of which are impulsive in nature (see, for example, 
Whitcomb and Anderson, 1970, Figure 3), the near-surface scatterers' distribution would 
have to be modified so that energy arriving from several scattering sources would arrive 
at the same time and not be canceled out by energy arriving at slightly different times. 
This requirement is certainly satisfied by a large nearly planar dipping interface as pro- 
posed by Whitcomb (1973a) which would modify the dt/dA of both reflected and refracted 
energy. However, it is not clear that the scatterers as proposed by King et al. are dis- 
tributed in such a manner as to satisfy this requirement. 

These points lead me to retain my conclusion that reflections from nonhorizontal 
boundaries (reflection scattering) at or near the surface of the Earth are the most reason- 
able candidates for explaining the times and amplitudes of impulsive asymmetric P'P' 
phases as discussed by Whitcomb (1973a). Another likely candidate might be asymmetric 
P'P' phases whose dt/dA has been changed by passage through a dipping Mohorovi6i6 
discontinuity (forward scattering) if the surface of the discontinuity is relatively smooth 
over distances of 100 km or more. However, little is known about the details of the 
discontinuity as to whether it might fulfill this requirement. Forward scattering from 
irregularities of a characteristic size similar to the energy's wavelength as proposed by 
King et al. is certainly adequate to explain the emergent "coda" before the P'P' main 
phase as is the reflection scattering of Whitcomb (1973a). However, it is unlikely that 
scattering from small irregularities is an adequate explanation of the larger more impul- 
sive arrivals on individual seismograms of up to 150 sec lead time. These smaller irregular- 
ities near the crust are likely to be so numerous and widely distributed that their scattered 
energy cannot satisfy the stationary phase requirements for a discrete arrival. This is, of 
course, an opinion based on a particular concept of the distribution of scatterers in the 
crust and upper mantle. 

Fortunately, Vespagram analysis largely eliminates all of the above uncertainties for 
lead times greater than about 10 sec as pointed out by Whitcomb (1973a). A more 
extensive Vespagram analysis of P'P' precursors in Whitcomb (1973b) provides bounds 
on the depth variation of the 650-kin discontinuity and added support for reflectors at 
depths shallower than 650 km. 
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