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1. TASK OBJECTIVES 

There are three broad objectives in this research effort. The first two involve the analysis of seismic 

array data to improve the accuracy of regional event locations and to develop better methods for depth 

estimation. The third objective is to develop automated techniques for the identification of ripple-fired 

quarry blasts. 

Specifically, the work statement includes the following: 

• Extending our beam-stack imaging technique to examine crustal scatterers near seismic ar- 

rays by (1) combining array processing and analysis of 3-Component seismograms, (2) keep- 

ing the phase information through horizontal migration of the scattered wavefields, (3) gener- 

alizing the technique to permit scanning full crustal volumes for scatterers, and (4) analyzing 

high-frequency local and regional events as well as teleseisms. 

• Using 3-Component data from four different arrays to (1) develop a quantitative statistical 

description of the variability of wave vector estimates with local emplacement, (2) look for 

crustal phases (reverberations) that are sensitive to the depth of regional sources. We will 

support the interpretations with finite difference and phase screen forward modeling of syn- 

thetic seismograms. Jal 

• Extending whole seismogram interpretation techniques aimed at identifying ripple-fired quarry 

blasts. We will (1) apply our sonogram technique to new array data, including 3-Component 

arrays, (2) develop and test improvements to the current strategy, which relies on the 

binarization of the sonograms, by use of the statistics of zero-crossings, and (3) reduce the 

procedure to the test of a single quantity, by generalizing the statistics of extreme values of 2- 

D cepstra. 

• Incorporating source identification and location algorithms developed as a result of our re- 

search into the IMS. 



2. TECHNICAL PROBLEM 

2.1 Imaging Prominent Scatterers 

An important aspect of seismic monitoring is to understand the generation of seismic coda, particu- 

larly the near-station mechanisms. Numerous studies (e.g. Aki, 1969; Aki & Chouet, 1975) have argued 

that coda waves generated in the continental crust are most likely due to scattering by inhomogeneities. 

Although studies quantifying the effects of scattering have mostly been statistical and have dealt with 

the influence of small-scale random scatterers, some deterministic studies {Key, 1967; Key, 1968; Gupta 

etal, 1990; Gupta, Lynnes & Wagner, 1990; Bannister, Husebye & Ruud, 1990; Lay, 1987; Lynnes & 

Lay, 1989) have produced compelling evidence that large crustal inhomogeneities or topographic fea- 

tures are capable of producing significant amounts of scattered energy, principally in the form of large, 

identifiable seismic phases, which affect nuclear monitoring and discrimination. These prominent 

scattered phases may be confused with direct arrivals (for example free-surface reflections used as 

"depth phases") - particularly if they are detected by single sensors. Being able to identify these 

"secondary" sources and anticipate the scattered phases they produce is the first step toward being able 

to reduce this confusion. Although numerous studies (e.g. Key, 1967; Gupta et al., 1990) have con- 

cluded that the most significant sources of identifiable phases are associated with free-surface topogra- 

phy, recent work by Dr. S.A. Magnier, at IGPP, concluded that buried scatterers excited by regional 

events were contributing identifiable seismic phases to seismic coda in the vicinity of the Cecil and Ida 

Green Pinon Flat Geophysical Observatory (PFO) in southern California. 

2.2 Small-event Discrimination 
A second challenge to the seismic monitoring community has arisen due to recent interest in negotiat- 

ing a Comprehensive Test Ban Treaty (CTBT) with the Former Soviet Union (FSU). As discussed by 

Stump et al. (1988), a reduced Threshold Test Ban Treaty would bring the magnitude of the largest 

allowable nuclear explosions down to that of large "engineering" explosions otherwise known as quarry 

blasts. Such a treaty requires an ability to discriminate small, common, natural or man-made seismic 

events from buried nuclear explosions - particularly buried, decoupled, events with body wave magni- 

tudes, mb, as low as 2.5 {Wallace et al, 1992). The most popular quarry blasting technique is "ripple- 

firing" - a process in which a large number of spatially deployed charges are detonated in sequence to 

enhance fracturing of the rock. 

3. GENERAL METHODOLOGY 

3.1 Imaging Prominent Scatterers 
It has been demonstrated that prominent buried and unburied scatterers near the receiver and source 

can give rise to late, high-amplitude, phases.  Very similar phases can be produced by free-surface 



bounces. To attempt to reduce possible confusion regarding the origin of late arriving phases we have 

developed a technique that uses 3-Component (3-C) array recordings of local, regional and teleseismic 

events to locate and image the point(s) of origin of the prominent late arriving phases. The technique is 

. capable of imaging scatterers located at the Earth's surface or within a volume of the crust located in 

the vicinity of the array. The algorithm back-projects the array recordings, after suppressing energy 

that has arrived directly from the original source, through a layered crust to the local points of origin. 

Our technique takes advantage of 3-C array data by simultaneously performing beamforming and po- 

larization analyses to look for scatterers generating a particular type of particle motion. This allows us 

to look specifically for local sources of surface waves or buried sources of shear or compressional 

energy. We analyze infinitesimal synthetic scatterers to gauge spatial resolution when recordings are 

made by 1-C and 3-C arrays, and to get some idea of how a point scatterer might become distorted 

when viewed in this manner. An analysis of recorded data, made by the PFBA 3-C broadband small- 

aperture array in southern California follows. 

3.2 Small-event Discrimination 

Considering the great number of seismic events that need to be considered to monitor a CTBT and the 

frequency of ripple-fired chemical blasting at small magnitude levels (Richards, Anderson & Simpson, 

1992) we have developed a technique that automatically discriminates small ripple-fired chemical 

blasts from Earthquakes and single-event explosions (Hedlin, Minster & Orcutt, 1989; Hedlin, Minster 

& Orcutt, 1990). The technique examines the manner in which the spectral composition of the re- 

corded signal varies with time. In theory we expect that ripple-fired mining events should yield seis- 

mic coda with a spectral signature that is relatively invariant with passing time. Simpler events {e.g. 

nuclear explosions) should give rise to seismic coda that is much less structured in time and frequency. 

The development phase of this project is complete and the algorithm has been automated so that it can 

deal with the large volumes of events we expect in an area of interest at small magnitude ranges. We 

are currently implementing this software as a module of the Intelligent Monitoring System (IMS). 

4. TECHNICAL RESULTS 

4.1 Imaging Prominent Scatterers -The Technique 

We {Hedlin, Minster & Orcutt, 1991) developed a systematic technique to image nearby large scatter- 

ers at the free surface or within a crustal volume near a seismic array. Since the problem of imaging 

sources of scattered energy using two-dimensional (2-D) array records is akin to the use of 1-D seismic 

reflection profiles to produce images of subsurface velocity contrasts, we relied on the experience of 

the reflection seismology community in that initial analysis. The underlying premise of our technique 

is that at least some of the teleseismic coda energy is generated by local scatterers. We consider each 

scatterer as a secondary source which is excited with a delay estimated from elementary ray theory. 

Given an array recording of the scattered waves, enough information exists to locate and image this 



secondary source using a modified beamforming technique. 

As described by Hedlin, Minster & Orcutt (1994) the spherical wavefronts produced by a point scat- 

. terer in a homogeneous medium have hyperbolic moveout when recorded in time by a spatial array. 

Given this simple situation, to achieve the greatest enhancement of seismic motions caused by this 

scatterer (at the expense of motions caused by scatterers at other locations), and thus to achieve the best 

image of the scatterer itself, we sum the motions recorded by the sensors after reversing the hyperbolic 

moveout to bring the traces into proper alignment (i.e. we remove the curvature in the scattered 

wavefront). We image the local scatterers in an area (or volume) of interest by systematically scanning 

for secondary sources at all discrete locations. This imaging approach is a simple extension of the 

hyperbola summation migration method (Yilmaz, 1987) in seismic reflection and, because of its 2-D 

nature, is referred to hereafter as hyperboloid summation migration. Since a delay-and-sum operation 

is involved, this method is akin to standard beamforming and bears some resemblance to/-k analysis. 

This technique is distinguished, however, by its cognizance of not only the wavenumber but also the 

onset time of a seismic arrival. As a result, the technique can be used to infer the likely spatial location 

of the secondary source. This method differs from previous attempts to locate large near-receiver 

scatterers since it is capable of accommodating simultaneously many primary events from different 

azimuths to give a balanced, redundant illumination of local scatterers while suppressing the influence 

of near-source scatterers. By adjusting the assumed velocity of scattered waves, we can easily accom- 

modate secondary sources located at any point in the crust. 

Although it is easy to predict, and compensate for, moveout we do not know when a scatterer might 

have been illuminated (because the incident wavetrain is not generally impulsive). As a result it is not 

obvious where to look for a scattered phase arising from a particular location in the stack (beam). By 

necessity we relate all times to the primary wave onset time at the center of the array, U, which is easily 

determined by examining the array records. The arrival time of the scattered wave at the center of the 

array, ts, is given by: 

ts=ti+A+T (1) 

where A is the time delay, at the center of the array, that separates the primary wave onset phase from 

the phase that excited the scatterer (the parent phase). The time delay between the arrival of the parent 

phase and the scattered phase is represented by %. When the Earth model is homogeneous and the 

primary source is distant we can show that, for a single hypothetical scatterer, x is given by: 

x = Ras • (Pi - Ps) (2) 

where pi is the vector slownesses of the parent phase and Ras is the spatial vector connecting the center 

4 



of the array to the hypothetical scatterer. It is possible to estimate ps by considering a suite of broadly 

distributed events and computing a number of preliminary images while varying this parameter and 

selecting the value that brings the image into the sharpest focus. The slowness of the incident energy, 

Pi, is well constrained by fitting a least-squares best fit plane (in x-y-t space) to the first breaks on the 

array records. To increase image stability we convert the beams to envelopes and convolve the enve- 

lopes with boxcar functions (typically 1 to 5 s long). To suppress the energy coming directly from the 

primary source we coherently subtract the primary source beam from the individual channels prior to 

stacking (beam correction). 

To accommodate 3-C array data we rotate each individual station prior to migration to look for a 

particular type of particle motion arriving from a specified crustal location. To accommodate primary 

events and scatterers buried within a vertically varying Earth we connect the scatterers, receivers and 

primary events with rays shot through a 1-dimensional velocity model. Raytracing provides enough 

information to guide the beamforming and polarization analyses and relates all occurrences in time. 

4.2 Spatial Resolution 

A parameter central to the understanding of spatial resolution is the time delay that exists between 

arrivals of the incident (parent) and the secondary (scattered) phases at the array. To illustrate this point 

we consider an array and a single scatterer both located at the surface of a homogeneous Earth receiv- 

ing waves from a teleseism located directly beneath. It is easy to see that a circle passing through the 

scatterer, centered at the array, describes all possible surface locations which have the same time delay 

as the scatterer. By manipulation of equation (2) it can be shown that, in general, locations which have 

a common delay time T lie on a surface described by: 

IRasI = x / [Ipsl - Ipil cos(6)] (3) 

where 6 is the angle between the vectors pointing from the array to the primary source and to the 

scatterer. When ps is greater than pi {e.g. P to Rg or P to S scattering) this describes an ellipsoid of 

revolution with one focus at the center of the array, major axis pointing to the primary source and 

eccentricity equal to Ipil / lpsl. The circle described above is simply the trace of a vertically oriented 

ellipsoid on the horizontal plane. When the primary source is not directly beneath, the ellipsoid tilts 

from the vertical and the time-delay curve on the free-surface becomes elliptical. When the incident 

and scattered wave velocities are equal {e.g. P to P scattering) the eccentricity equals 1 and the surface 

is a paraboloid of revolution. 

This observation is important because the manner in which time delay surface appears in the plane, or 

volume, being imaged determines the resolution of point scatterers and allows us to predict how scat- 

terers that might be symmetrical might become distorted in the image. If two scatterers lie on the same 

5 
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Figure 1: The Plnon Flat Broad-band array (PFBA). This 
28 element 6 km aperture array was deployed for 3 months 
in early 1991. Each element consists of 3 orthogonal STS- 
2 sensors (.0083 to 40 Hz). 
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Figure 2: Constant time delay curves passing through a 
scatterer located 35 km from an array at a depth of 35 km. 
The scatterer is located in a homogeneous volume and thus 
the time delay curves are an ellipse (P to S scattering) and 
a parabola (P to P). The scatterer is excited by a teleseismic 
arrival with infinite phase velocity. 

time-delay surface it will be relatively diffi- 

cult to resolve them since, by definition of 

the curve, their seismic offspring will arrive 

at the array at the same time. Resolution 

along constant time-delay surfaces will be 

relatively poor and will be determined by 

the rate at which the slowness of scattered 

waves changes along the constant time-de- 

lay curves. If the slowness of scattered 

waves recorded at the array happens to be 

invariant for all scatterers on the same time 

delay surface, we would have no ability to 

resolve any of the individual scatterers. If, 

as is often the case, the slowness is slowly 

varying along a time-delay curve the reso- 

lution will likely be poor, and directly pro- 

portional to the aperture of the array. Reso- 

lution along paths orthogonal to the time- 

delay surfaces is determined by the tempo- 

ral resolution of the scattered wave sources. 

As we (Hedlin, Minster & Orcutt, 199A) 

found in our analysis of teleseismic signals 

because of the protracted nature of the inci- 

dent wavetrains it was necessary to perform 

deconvolution of the seismic recordings 

prior to imaging to compact the signal in 

time and obtain acceptable time-resolution. 

As we will see, in our analysis of small, lo- 

cal and regional events, the short source 

times involved preclude the necessity of this 

additional processing. 

When scatterers are located in an 

inhomogeneous medium the surfaces of con- 

stant time-delay deviate from simple sur- 

faces just considered. This complication 

will be considered in section 4.4. With these 

observations in mind in the following dis 
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Figure 3: (On the left) A synthetic point source ofP and SV/SH energy was placed at the location considered in Figure 
2. Synthetics were calculated individually for each sensor in the array. In the upper figure the imaging algorithm is 
seeking P to SV scatterers in a vertical plane passing through the synthetic scatterer. A significant amount of energy is 
dispersed along the elliptical constant time-delay-curve. The energy near the array is due to P propagating from the 
scatterer. In the lower figure the algorithm is seeking sources of P excited by incoming P. A significant amount of 
energy, due to SV produced by the scatterer, is being improperly placed at shallow depths. Additional energy is placed 
along the parabolic curve passing through the scatter. 

Figure 4: (On the right) Images calculated by simultaneously seeking P and SV energy detected by the PFBA (top) and 
NORESS (bottom). The 3-Component PFBA is capable of much higher resolution. 

cussion we will make repeated reference to slowness- (along time-delay curve) and time-resolution. 

4.3 Teleseismic Excitation of Crustal Scatterers - An Illustration of the Technique. 

Although this contract is mainly concerned with regional event locations it seems appropriate to begin 

this discussion with an analysis of teleseismic excitation of local scatterers in a homogeneous crust. 

This scenario is relatively simple and can be used to illustrate the concepts important to understanding 

the regional problem. The simplicity is due to planar-incident and spherical-scattered wavefronts. 

4.3.1 Resolving Buried Scatterers - Analysis of Synthetics. To gauge imaging resolution we will con- 

sider a buried scatterer excited by a vertically incident impulsive teleseismic P wave. Both the incident 

and scattered wavefields are recorded by a small-aperture 3-C array deployed at the free-surface. The 

array geometry is taken from the 28 element PFBA array deployed at the Pifion Flat Observatory (PFO) 

in 1991 (Figure 1). Using Wavenumber Integration (Apsel andLuco, 1983; Luco andApsel, 1983) we 
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Figure 6: The upper half of this figure repeats that pre- 
sented in the upper half of Figure 5. In the lower figure we 
display the horizontal slowness expected for P to P scat- 
tered phases. 

place a point source of compressional and shear energy at 35 km depth, 35 km laterally from the array 

and calculate synthetics individually for each station in the array. As illustrated in Figure 2 the constant 

time-delay curves for the P and SV scattered waves caused by the vertically incident teleseism are the 

ellipse and parabola respectively. As illustrated in Figure 3 (top), when we look for vertically polarized 

scattered energy we place most of it at the correct location but the slowness-resolution is quite poor. In 

addition, a small amount of energy is placed just beneath the array (at a depth of 20 km). This is due to 

unsuppressed P wave energy. Steering for radially polarized energy, Figure 3 (bottom), we again 

backproject the P wave energy to the correct location however a significant amount of energy is dis- 

persed along the constant delay time parabola. Although through the use of array and polarization 

processing the algorithm is seeking P to P scattered energy it is not completely suppressing the SV 

energy produced by the synthetic scatterer and is improperly backprojecting this energy to shallow 

depths. It is difficult for the array to distinguish between a deep source os SV and a shallow source of 

P. Similarily, P wave images of shallow P/SV scatterers are contaminated by the SV energy. 

This weakness can be remedied, somewhat, by simultaneously seeking P and SV scatterers. By doing 

8 



p wave time-delay curves 

-60 -40 -20 0 20 40 
distance from PFBA  (km) 

60 

p tuave image  - mabcde rings 

-60 -40 -20 0 20 40 
distance from PFBA  (km) 

60 

Figure 7: The lower half of this figure displays the image calculated using the full (28 element) PFBA. A 
considerable amount of energy lies within 1 s of the onset - this is due to uncorrected primary energy. The P 
to P bounce energy is correctly placed on the lower interface. Other energy in the figure is due to unsuppressed 
P-SV scattering. 

so we will stack energy dispersed along parabolic and elliptical curves. In Figure 4 (top) we see that 

this approach yields a much more highly resolved view of the scatterer. In the lower half of the figure 

we see that if we are limited to single component data (in this case the NORESS array) that resolution 
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is, for the most part, worse. A further 

gain in resolution can be obtained pro- 

vided that the scatterer is omnidirec- 

tional, or we have some notions about 

the radiation pattern. As shown by 

Hedlin, Minster & Orcutt (1994) by il- 

luminating the local crust with a widely 

distributed set of primary events we 

can, in effect, increase the aperture of 

the array and greatly increase resolu- 

tion. 

4.4 Imaging Buried Sources Excited 

by Regional Events in a Vertically 

Varying Earth. 

4.4.1 Spatial Resolution. To test the 

resolution of scatterers in a layered 

Earth we have again calculated and ana- 

lyzed Wavenumber Integration synthet- 

ics. In this simulation, however, the 

synthetic source (an omnidirectional, 

Figure 8: The upper half of this figure repeats that presented in the impulsive explosion) plays the role of 
lower half of Figure 5. In the lower figure we display the horizontal Drimary event not the scatterer (as 
slowness expected for P to SV scattered phases arising from the Earth r          J            > 
model. before) and occurs in a layered Earth. 

Calculating the Earth's response to this point explosion within a small aperture at the surface (at the 

PFBA array) we use only a limited number of ray paths. The points at which the recorded energy 

converts (reflects/transmits) can serve as buried point scatterers. Therefore, we have proposed a simu- 

lation in a vertically inhomogeneous medium that can allow us to test the ability of our technique to 

image scatterers located in a layered crust and excited by a regional event. We can also use the tech- 

nique to compare 3-C with single (vertical) component arrays and compare different 3-C array geom- 

etries. In Figure 5 we display the time delay curves for P to P (top) and P to SV (bottom) scattering. 

The model consists of a two layer crust over a high velocity half-space. The layer boundaries are 

indicated by the horizontal lines. The triangles in these figures indicate the points at which the conver- 

sions recorded by the array occur. The star reveals the location of the primary event. The conversions 

occur where the time delay curves become tangent to the interfaces - this corresponds to the point at 

which the time delay is a minimum (i.e. Fermat's principle is obeyed). These curves are the projection 

of 3-dimensional ellipsoidal (P to SV) or parabolic (P to P) surfaces on to the cross-section. As dis- 

cussed above, in a homogenous model, the constant time-delay surfaces are ellipsoids or paraboloids of 
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Figure 9: The lower half of this figure displays the image calculated using the full (28 element) PFBA. P to SV 
conversions at the layer interfaces are imaged, although with limited beam resolution. Other energy in the image is 
due to unsuppressed P to P scattering. 

revolution which have one focus at the center of the array. In this example, abrupt discontinuities in the 

time delay-surfaces occur at impedance contrasts. The time-delay surface in a low velocity layer con- 
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sv zuave  time—delay curves 
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Figure 10: This figure is the same as Figure 9 except that only a single 3-C station was used to image scatterers. The 
beam resolution is relatively poor however the station has correctly placed much of the energy at the interface conver- 
sion points. 
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sv -wave time—de Lay curves 

-60 -40 -20 0 20 40 
distance from NORESS (km) 

60 

sv wave image  — mabcd rings 
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Figure 11: Same as Figure 9 except the synthetics were calculated for the NORESS array.  This single component 
array is unable to permit proper back-projection of the energy since particle motion caused by P to SV scattering is 
largely horizontal. Beam correction has been particularly ineffective. 

nects to another surface of lower eccentricity in a neighboring high-velocity layer. 
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events  during  saaZ  experiment 
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■116.8 -116.4        -116.0 
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The upper figure illustrates 

that the P-P bounce at the 

lower interface will arrive at 

the array roughly 5 s after 

the direct arrival. From the 

lower figure we see that the 

P to SV conversion at the 

upper interface arrives 

roughly 2.25 s after the on- 

set. In Figure 6 we consider 

the P to P scattering. The 

lower figure shows the 

slownesses corresponding 

to the scattered phases. For 

example, the P-P bounce at 

the lower interface that ar- 

rives 5 s after the direct en- 

115 6 ersy ^as a sl°wness °f -063 
s/km. In Figure 7 we dis- 

play the P wave image cal- 

culated from the synthetics. 

Clearly the beam suppres- 

sion is not completely effec- 

tive. The elliptical smear of 

energy arriving within 1 s 

of the onset is uncorrected direct energy. The beam correction is ineffective because of pronounced 

amplitude variations across the array. The primary energy is smeared out over a fraction of a second 

after the onset because of time averaging (in this case 1 s). The P-P reflection at the lower interface (at 

55 km) is clearly resolved although with limited slowness-resolution. 

Starting with Figure 8 we display the results of processing the same simulation; however, we are now 

seeking S V scattered energy. The lower half of Figure 8 reveals that P-SV conversions at the upper and 

lower interfaces should arrive at the array with slownesses of. 12 and .09 s/km respectively. The image 

calculated from this simulation is displayed in Figure 9. The unsuppressed direct energy is located at 

the array and clearly is insignificant relative to the P-SV conversions. Both are imaged with high time- 

resolution but rather limited slowness-resolution. The energy that appears in the figure between the 

ellipses associated with the P-SV conversions arrives roughly 5 s after the direct energy and is due to 

the P-P bounce at the lower interface. In the regional simulations we see that energy of one type (e.g. 

14 

Figure 12: Map showing events that occurred during the PFBA experiment. The 
crosses indicate epicenters of events below Ml=2.5, the diamonds show events that 
were larger. Faults are indicated by the faint lines. The array is represented by the 
black triangle, the scattering location is represented by the star. 
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Figure 13: Vertical component recordings of an event (91057061432) that occurred roughly 85 km to the northeast 
of the array. Note the phase arriving 2.25 s after the onset energy. The recordings have been band-passed between 
4 and 6 Hz. 

P) appears in images of another type of energy {e.g. SV) however the degree of contamination is sig- 

nificantly less than in the teleseismic example. 

The regional images were calculated by taking advantage of the full PFBA array. To demonstrate the 

resolution possible with a single 3-C station we have included Figure 10. Steering the station for 

vertically polarized energy we see that the time-resolution is unchanged; however, the slowness-reso- 

lution is poor since with a single station all we have to constrain the direction of propagation is polar- 

ization analysis. Surprisingly, a single 3-C station still outperforms a full single (vertical) component 

array. In Figure 11 we display the SV image calculated by recording the synthetics with a NORESS 

array. The P-SV conversions have little influence on the vertical components (the particle motion is 

largely horizontal) and are barely resolved. This image contains uncorrected direct energy (at the 

origin) and energy due to the P-P bounce at the lower interface (appearing at 30 km). 

4.4.2 Recorded Data. We have applied our generalized imaging technique to regional and teleseismic 

events recorded by the 28 station broad-band (.0083 to 40 Hz) 3-C small-aperture PFBA array. During 
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p-p event yiObVUm4HZ 

-20 -10 0 to 20 30 40 
distance from PFBA (km) 

p-p  -  event 91057061432 
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the winter months of 1991 the array 

collected triggered (100 sa/s) re- 

cordings of 130 local and 140 re- 

gional and teleseismic events as well 

as continuous (20 sa/s) recordings 

of these, and other smaller, events 

(see Figure 12). The events are clus- 

tered along the most significant 

faults in the area, the San Andreas 

(passing just north of the array) and 

the San Jacinto (just south). Among 

the events recorded in the triggered 

mode are a minority that appear to 

have excited prominent scatterers at 

the free surface and deeply buried 

within the crust. As we will see, re- 

gions of the local crustal volume that 

seem to be responsible for particu- 

larly large scattered phases bear an 

interesting relationship to local tec- 

tonic features. 

Figure 14: Time delay and slowness curves for the event introduced in 
Figure 13 on a vertical plane passing through the array and bearing 14°      One event (which occurred on day 
east of north. The Earth model used was taken from Scott (1992). Q57) occurred g5 j^ from the ^y 

at a back-azimuth of 35° and at a 

depth of 6 km. The coda contains a significant phase delayed 2.25 s after the P wave onset (figure 13). 

A/-k analysis indicates that the onset phase arrives from the azimuth of the event, at a phase velocity of 

6.2 km/s while the later phase arrives from a back azimuth of 14° at 12 km/s. In Figure 14 we display 

the time-delay and slowness surfaces on a vertical plane that passes through the array bearing 14°. 

Assuming that our velocity model is correct and that this phase has resulted from a single scattering 

interaction, this figure can be used to predict where the point of re-direction lies. The intersection of 

the 2.25 s time-delay curve (not highlighted) with the slowness curve corresponding to 1/12 s/km 

indicates that the energy was redirected at a considerable depth (roughly 30 km) and lies just north of 

the array. The lower haif of Figure 15 contains an image calculated from this event. Although the 

slowness-resolution is imperfect it is clear that an isolated source exists, as we predicted, at roughly 30 

km depth and roughly 20 km to the NNE of the array. The beam correction has been effective - little 

energy in the image lies at short (less than 1 s) delay times. This result is considerably better than one 

we would have obtained if the PFBA array contained vertical component stations only. We observe 
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Figure 15: 3-Component image calculated using event 91057061432 on the vertical plane introduced in Figure 14. 
Energy is concentrated at a depth of 30 km roughly 20 to 40 km to the north of the PFBA. 

much poorer slowness-resolution and less effective beam correction in the image calculated from the 

vertical channels (Figure 16). Using the 3-C data, and imaging on a 30 km deep horizontal slice, we 

see the energy smeared out on elliptical time-delay curves but well confined to a location NNE of the 
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Figure 16: This figure is the same as Figure 15 except only the vertical components of the PFBA were used in the 
imaging. Beam-resolution is inferior to that possible using the full 3-Component array. 

18 



p-p  -  event 31057061432 
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Figure 17: A horizontal slice at 30 km depth confirming that the source 
of the energy is east-northeast of the PFBA. 
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Figure 18: Epicenters of events above Ml=2.5 that occurred within 10 km of 
the plane introduced in Figure 14. The scattering location is represented by 
the star. This apparent scatterer is well below the seismogenic zone at the 
northern end of the gap in seismicity. 
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Figure 19: Depth slices through southern California seismicity (events with Ml above 2.5 con- 
sidered). The deep seismicity (20 to 25 km) is concentrated just northeast of the apparent scat- 
tered 
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array (Figure 17). The proximity of this location with the San Andreas fault is intriguing (it is repre- 

sented by the star in Figure 12). The depth is puzzling, however, since at 30 km it is well below the 

seismogenic zone (Figure 18). Although it is intriguing that seismicity maps of southern California 

(Figure 19) indicate that most of the deep events are clustered near this feature we are not yet close to 

understanding what this scatterer might be due to and what, if any, relationship it bears to the San 

Andreas fault. 

This event is one of a cluster that were recorded by the PFBA array (figure 12). The other events in the 

cluster recorded in the triggered and continuous modes also, not surprisingly, contained the same phase 

in the coda. Other large events (the diamonds) appear to have not excited a scatterer at this location 

indicating that if a scatterer is located here it is highly directional. We will be using the continuous 

data, which provides tighter spatial coverage, to test the existence of this scatterer and explore, more 

fully, the nature of its directionality. 

4.5 Depth Determination 

The imaging algorithm has been modified so that it can now scan 1-D layered volumes for scatterers 

excited by regional events. With a few additional modifications it can be used to constrain the depth of 

the regional events. By treating the near source free-surface bounce as a scatterer and iteratively vary- 

ing the source depth to bring that energy on to the free surface in the image we can constrain the source 

depth. This phase of the project is just beginning and we have no results to date. 

4.6 The IMS Project 

Currently, we are modifying our time-frequency discrimination code (described by Hedlin et al., 1989 

and Hedlin et al, 1990) to make it accessible to the IMS. This involves a significant reorganization of 

the existing program and writing and debugging existing code to hook the main program up with the 

appropriate tables and relations in the database. We are currently seeking the most appropriate way to 

get the necessary information from the database into the program to allow it to carry out its discrimina- 

tion processing. Simply put, we are constructing the custom interface which will is required to connect 

our program to the Generic Database Interface (GDI). 

5. IMPORTANT FINDINGS AND CONCLUSIONS 

By analyzing the effects of infinitesimal synthetic scatterers we have gauged image resolution and 

learned how images of small, symmetrical, scatterers constructed using small-aperture array data might 

be distorted. We have demonstrated that deploying three orthogonal sensors at each array element, 

rather than just a single vertical sensor, greatly enhances our ability to resolve scatterers near the array 

because these components permit us to place much tighter constraints on the direction of propagation 

of the scattered waves and allow us to separate more effectively the scattered waves from the primary 
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field. Our analysis of synthetics has demonstrated the degree to which we might expect image resolu- 

tion to be improved by simultaneously seeking P and S scattered energy. 

To date, we have identified a prominent source of scattered energy near PFO using the 28 station PFBA 

array deployed during 1991. This scatterer appears to be deeply buried within the crust in the vicinity 

of the San Andreas fault, just north of the observatory. We are currently analyzing a large number of 

events recorded by this array to refine our view of this apparent scatterer. It appears that the scatterer is 

highly directional since only a minority of events we have analyzed to date seem to contain phases 

coming from this location. 

6. SIGNIFICANT HARDWARE DEVELOPMENT 

none 

7. IMPLICATIONS FOR FURTHER RESEARCH 

• We will explore, more fully, the apparent scatterer north of PFO. It is not yet known whether only a 

limited ray geometry leads to scattered phases at the PFBA location. The events recorded in the con- 

tinuous mode are, generally, smaller than those for which we have triggered records. They provide a 

denser spatial coverage which might allow us to answer this question. 

• The algorithm can, without significant additional alterations, be used to constrain regional event 

depth using small arrays. 
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