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is compared to coda from deep te]eseism§,recorded at State College, Pennsylvania, and

. 1t is seen that scattering is more severe at PAS, as reflected in higher coda levels

and slower decay rate. Consideration of energy partitioning and coda amplitude suggests
that much of the coda consists of scattered surface waves. Analysis of a major

Ps conversion arriving 3 s after direct P indicates that a major crustal discontinuity
at about 20 km depth dips at moderate angles to the north under the San Gabriel p
Mountains. This interface probably represents the crustal tectonic boundary between
the Transverse Ranges and the Los Angeles Basis.

The codas of long-period Rayleigh waves recorded at WWSSN and Canadian network
stations in Western North America from eight underground explosions at NTS are
examined in an effort to separate scattering and anelastic attenuation efiects. Coda
behavior of 0.1 and 0.2 hz Rayleigh waves follows coda characteristics seen in
studies of short-period S waves. Coda decay rate is seen to be a stable observation
over most stations in Western North America zond is consistent with the hypothesis
that backscattered surface waves from heterogeneities contained within the western
half of the continent form the Rayleigh wave coda. The basic data observables of
coda level and decay are internreted using several plausiblc = d:zlz. The cingle
scattering model yields a coda Q consistent with previously determined Rayleigh
anelastic attenuation coefficients. Separation of anelastic and scattering Q is
possible using an energy flux model and shows that scattering Q is one to two orders
of magnitude higher than anelastic Q. However, an energy flux model which incorporates
a layer of scatterers over a homogeneous half-space shows that all Rayleigh wave
attenuation can be explained purely by scattering effects which include Rayleigh
to body wave conversion. Coda can be fit equally well by these mutually incompatible
models. It is not likely that the mechanisms of scattering or anelastic attenuation
can be addressed by coda observations of a single homogeneous data set.

P waveforms from two moderate-sized earthquakes in Zambia are used to determine
an upper mantle P-wave velocity model for southern Africa. The events are:

5/15/68, m,=5.7, depth = 28 km; and 12/2/68, my=5.9, depth = 6 km. Focal parameters
for these events are constrained by previous workers from teleseismic body wave —
inversion, Synthetic seismograms are generated for various mantle velocity models

using a wavenumber integration method until an acceptable fit to the data is obtained.
Quality of fit is measured primarily by the Pn/PL amplitude ratio. Source-station
geometry also allows for the independent sampling of the upper mantle beneath the
Kapvaal-Rhodesian craton and the mobile belt provinces. Synthetics from a three-layer
crust over half-space mantle model do not show prominent precursor arrivals

seen in the data; these are interpreted to be P-waves turning in the upper mantle.

The synthetics also give a too low Pn/PL amplitude ratio. Synthetics for models

with a mantle P-wave velocity g .iient of 0.00333/sec fit the cratonic path data

very well. since there is no inc .ion of interaction with a low-velucity zone,

this gives a mirimum lithospheric . ickness of 120 km. A slightly lower gradient

is indicated for the mobile belt regions, with a minimum lithospheric thickness of

140 km. Though the data is small, there is no evidence for a major low velocity

zone beneath either province. Different velocity gradients between the two

provinces implies different temperature structure, which supports the hypothesis 1 4
that a deep, cool lithospheric root exists beneath the Kapvaal-Rhodesian craton.
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Report Summary
Task Objectives

The general objective of this research is to understand the factors important in shaping the
seismic signature of small events recorded at local and regional distances. Specific objectives
are 1) the identification of deterministic aspects of the wavefield from small earthquakes and
explosions to allow the inference of source depth and other source parameters, and 2) to under-
stand the effects of scattering and lithospheric heterogeneity on the propagauon of hlgh fre-
quency regional phases. The combined analysis of "deterministic” and "stochastic” wave
propagation effects is required to unravel the complex1ty of regional phases for the purposes of
event discrimination.

Technical Problem

Regional phases from small events are affected by complex interactions between source radi-
ation and wave propagation effects due to structure in the crust and upper mantle. Because
observations are confined to the high frequency band (>2 hz), lithospheric heterogeneity
becomes important in shaping high frequency regional phases. Typical wave lengths are much
shorter than the total travel path and are comparable to known geologic structure. An aspect of
the problem of regional wave propagation is examined here involving the nature of coda asso-
ciated with major arrivals. Simple wholespace scattering models are often applied to the coda of
regional S phases to deduce scattering or anelastic attenuation. The level and amplitude decay of
coda is a characteristic of the data which seems to be robust for particular regions and can be
used to deduce source magnitude, once calibrated. Factors affecting the level of scattering near
the source and near the receiver are also obviously important in yield estimation problems and
waveform modeling for source parameters. It is impcrtant, therefore, to investigate the major
assumptions contained in these wholespace models and to determine which are appropriate.

Several problems have been addressed in this research and include analysis of P wave coda
from teleseismic events, analysis of long-period Rayleigh wave coda from explosions at NTS,
and regional wave propagation of P and S body waves. The first two problems are reciprocal in
some respects and involve the nature of scattering of waves in the lithosphere and how such scat-
tering affects the seismogram. The analysis of body wave and surface wave data using similar
formalisms is useful in characterizing observed scattered coda waves behind the direct arrivals
and in investigating the degree of lithopheric heterogeneity. Specific problems concerning tele-
seismic P coda waves are 1) determination of the behavior of P wave coda, and 2) deducing the
scattering mechanisms involved in supporting high coda energy levels. Long-period Rayleigh
waves were studied to determine characteristics of coda, if any, and the relationship of coda Q
measurements to other standard attenuation measurements. This study is also a prelude to deter-
mining whether Rayleigh coda would be a useful measure of yield. In addition to studies of scat-
tered waves several other deterministic studies of long and short-period waves were performed to
determine vertically inhomogeneous earth structure.

General Methodology

The general methodology of this research involves theoretical development of scattering
models to apply to time series data and the simulation of wave propagation of in models of plane
layered elastic earth structure. In all cases synthetic seismograms are computed to compare with
the observed seismic data.

Technical Results

The scattering of waves by 2 and 3D heterogeneity in the lithosphere is a complex process
which is poorly understood. In the first section of this report, broadband teleseismic P wave data
from PAS station was studied to develop an appropriate scattering model. Scattering under the
station was seen to be quite severe because of the existence of a substantial tangential component
of motion comparable to vertical and radial motions. The level and decay of coda was modeled




first using simple 1D stochastic structure models. The results of this study showed that unrea-
sonably high 1D velocity variations, amounting to 20% and more, were needed to explain the
slow decay and high level of coda. The 1D simulations also showed that the single scattering
model for a simple plane wave in a homogeneous wholespace was not particularly useful in
interpreting coda behavior. In fact, the interpretation of coda decay with the single scattering
model would imply that scattering attenuation is greatest for those structures which are not heter-
ogeneous. The 1D models showed that decay rate decreases with degree of scattering. Observa-
tional aspects of the coda data were modeled using an energy flux model for scattering in a layer
over homogeneous halfspace. The energy flux model is a useful parameterization of the
teleseismic coda data which can be used in comparative coda studies between seismic stations.

These unusual results prompted a study of coda from regionally propagating waves. The
teleseismic scattering model suggested that apparent attenuation deduced from coda decay is
strongly affected by the gross distribution of scatterers as well as their density. Fast coda decay
with time, and consequently low Q, implies that waves quickly radiate into the mantle rather than
being attenuated through scattering losses. Section 2 describes a study of long-period Rayleigh
wave coda where various mechanisms of coda formation were investigated. There has been
extensive previous work on attenuation of Rayleigh waves in western North America using
amplitude decay of fundamental mode Rayleigh waves. The coda study was attempted to first
determine if long-period Rayleigh waves had coda (they do) and then to investigate whether scat-
tering mechanisms could be separated from anelasticity (they can’t). The single scattering model
and two different energy flux models were used to model coda. The results show that coda
decay is the most observationally robust measurement and that coda decay could be due to ane-
lastic attenuation. However, an energy flux model which allows the scattering and subsequent
radiation of surface wave to body wave conversions into the mantle produces attenuation effects
comparable to the scattering of teleseismic P waves seen in the PAS data. Both of these scatter-
ing studies raise very interesting questions on the mechanisms of scattering as well as on the role
of scatterer geometry in controlling the characternistics of coda.

1in conjunction with these studied on coda, an analysis of regional P wave propagation was
completed to determine upper mantle structure in the South African shield (Section 3). This was
prompted by observations of anomalous P, waveforms for crustal events believed to be asso-
ciated with southern extension of the east African rift zone into Zambia. Structure and wave
propagation in shield areas-is a recurring problem in discrimination and detection since there are
large shield areas of Asia and Europe which must be monitored. Past studies of the P, phase
have concentrated in using this phase to infer gross crustal structure and focal mechanisms. In
the present study, aspects of the observed P,; phases were used to infer the character of P wave
velocity gradients in the upper mantle. The study showed that substantial positive velocity gradi-
ents are required to fit the large long-period P, waves observed in the data. Positive velocity
gradients in the uppermost mantle give rise to turning waves and high relative amplitudes for
direct P and S wave phases seen at regional distances. This kind of structure is conducive for
detection of small of events at regional distances. It is also important to recognize when such
structure exists between source and receiver since magnitudes and yields determined from direc.
body wave phases may be overestimated due to the more efficient wave propagation.

Important Findings and Conclusions

Analysis of coda in teleseismic receiver functions suggests that there are other mechanisms
which control the formation and decay of scattered coda waves which are separate from intrinsic
or scattering attenuation. In particular, the simple geometry of an elastic scattering layer over
halfspace produces coda decay which would be interpreted as an attenuation effect but is due to
the simple redistribution of scattered energy from the layer to the halfspace. Such effects can be
studied first by analyzing coda from teleseismic events at a receiver or array and then applying
the parameters of the layer model to an appropriate energy flux model for a source contained
within the layer.

Study of regional long-period surface propagation shows that several mechanisms affect
coda decay and level. Although coda decay can be explained and is consistent with anelastic

vi




attenuation measured previously, scattering mechanisms can be assumed to create the same
effects. This has important implications in the interpretation of coda in all wave propagation
regimes.

Significant Hardware Development
N/A

Special Comments
N/A

Implications for Further Research

Scattering Q models are based on a number of assumptions concerning the distribution of the
reservoir of energy contained in the scattered field. Further research will concentrate on
combined application of teleseismic scattering determiniations and regional phase scattering.
This combined analysis may offer constaints on scattering physics not obtainable by analysis of
each data set alone. Results of this research will have important implications on studies of
regional phase propagation, discrimination of small events, and yield estimation problems.

The work performed on this contract has generated several new areas of research which are
being pursued. Figure 1 shows results of a finite difference calculation designed to study the
energy flux model developed here for teleseismic P waves and receiver scattering. The finite
difference model consists of a 2D scattering layer over a homogeneous halfspace (acoustic case
only). The calculations are being performed to first test the assumptions that go into the energy
flux model and then to gain understanding of the nature of scattering in the 2D layer compared to
the 1D structures used before. Simulations in solid elastic structure are also being performed to
look at the partitioning of scattered waves into rotational and dilatational fields and how such
partitioning affects the interpretations of the parameters of the energy flux model. Such calcula-
tions will also be extended to scattering with a source in the layer for regional wave propagation
studies.

An observational study of high frequency data recorded by the NORESS array has also
been started to investigate regional phases and the influence of deterministic (1D structure) vs
stochastic earth structure. Figure 2 displays several wave forms from different events recorded
by NORESS. The study is taking advantange of the array capabilities by analyzing any individ-
ual phase seen sweeping across the array. i-k analysis and beam forming is being used to first
detect phases and then to model their characteristics using plane layered models. Figure 2 shows
the result of stacking individual time windows about an observed phase at the optimal phase
velocity (velocity show by numbers, time windows by vertical dotted lines). Each stack is then
patched together, for an event, to display an enhanced seismogram. Incoherent scattered waves
are reduced by this method. The stacked data show a number of impulsive phases, some with
quite high phase velocities. The high velocities can be undersicud by cunsiderning the crustal
structure inferred for the area. For example, the 9.2 km/sec velocity is consistent with a precriti-
cal wide angle P reflection from the Moho. Initial results from this study show that a number of
unusual phases occur in the data associated with multiples and conversions within the crust.
These phases can be used to locate the event as well as determine crustal structure. Ultimately,

. we want to be able to understand the short-period regional seismogram to find near-source depth
phases for discrimination purposes. This particular study is also a prelude to a larger study of
scattering of teleseismic and regional P waves at NORESS, following up on several issues asso-

. ciated with the energy flux model developed in this contract.
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Scattering of Teleseismic Body Waves Under Pasadena, California

CHARLES A. LANGSTON
Department of Geosciences, Pennsvivania State Unversity, University Park

Telesersmic recerver functions for srructure under Pasadena. Cahforma (PAS) are denved from an-
muthally disiributed teleszismic P waves recorded on Bemioif 1-90 instrumentation. The broadband
three-component Bemofl 1.90 system 1s peaked at a l-s period ard allows resolution of major crustal
interfaces from large Ps conversions seen in the receiver function data. The observed body wave data are
quite complex. showing exceptionally large Ps conversions and scattered waves on honzontal compo-
nents. Radial and tangenual motions are of equal magnuude and show major off-azimuth corverted Fs
waves. suggesting large-scale crustal heterogeneity beneath ihe station. Stochastic simuiations of one-
dimensionsl plane layered structure show that geologically unreasonable one-dimensional models are
required to fit the data. The observed coda decay yields a scattering Q estimate of 239 at a 2-s penod
using an energy flux model for a propagating plane wave interacting with a scattering layer over a
homogeneous half-space. Observed and synthetic coda decay follows the theoretical exponential decay
predicted by the model and is due entirely to diffusion of coda energy out of the layer into the half-space.
PAS coda s compared 10 coda from deep teleseisms recorded at State College. Pennsylvama, and s
seen that scattering 1s more severe at PAS, as reflected in higher coda levels and slower decay rate
Consideratton of ensrgy rarti:cmng and coda amplitude suggests that much of the coda consists of
scattered surface waves. Analysis of a major Ps conversion arriving 3 s after direct P indicates that a
major crustal discontinuity at about 20 km depth dips at moderate angles te the rorth under the San
Gabnel Mountains. This interface probably represents the crustal tectonic boundary between the Trans-

verse Ranges and the Los Angeles Basin.

INTRODUCTION

The analysis of teleseismic receiver functions represents an
inexpensive and convenient way of imaging major crustal and
upper mantle discontinuities under isolated receivers. The
transmissivity of structure under a threc-component seismo-
meter 15, inferred from the timing and amplitude of Ps conver-
sions seen on horizontal ground motions and is modeled to
determine the location and velocity contrasts of the causitive
interfaces [Burdick and  Langston, 1977; Langston, 1979
Owens, 1984]. The technique has been particularly useful in
large-scale structure studies using long-period body waves
(e.g. Burdick and Lungston, 1977; Langston and [saacs, 1981 ;
Hebert and  Langston, 1985] to determine average crustal
thickness and 1s :ncreasingly being applied to broadband,
high-frequency data to obtain more resolution on structure
[Owens. 1984 Owens et ul.. 1984 1987).

One of the inevitable trade-offs in using higher-frequency
data is increased sensitivity to lateral heterogeneity in crustal
structure. In one sense this is desirable since a goal of such
studies is to determine as much information about structure
under the receiver as possible. However, it is also obvious that
the wave field is severely spatially aliased through observa-
tions made at only a single surface point. Imaging procedures
implicitly rely on modeling assumptions such as plane layering
or, at most, simple curved interfaces. It i often observed that
much of the wave field 1s inaccessable to standard explanation
.sing simple modeling techniques [ Langston, 1979; Owens et
al., 19871 For example, receiver function data often display
anomalous wave behavior such as P wave particle m~tions
which have significant tangential amplitudes.

A purpose of this paper 15 to examine strategies of treatment
of broadband recetver function data which take into account
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both stochastic and deterministic scattering effects due to het-
erogeneous structure. Structure under the station Pasadena,
California (PAS) will be the focus of this effort. This station
lies 1n a geologically complex area of southern California and
has had broadband instrumentation over a long period of
time (Figure [} The study was initially motivated by observa-
tions of complex particle motions in the teleseismic P wave
data [Langston, 1977]. The data were previously examined by
lLee [1983], who attempted to model the receiver functions
ustng dynamic ray tracing with models consisting of homoge-
neous layers separated by curved three-dimensional interfaces.
Lee’s study was partially successful in explaining quclitative
aspects of the data for early arrivals, but he found that ray
theory was inadequate to explain the high amplitude of n-
ferred coverted waves and the duration of signal.

In this paper the receiver function data will be examined
from two points of view. The first is from the standard method
of treating the data to infer major velocity discontinuities
under the staucon using observations of isolated body wave
phases and simple velocity models. Ps conversions [rom tele-
seismic P waves are found to be unusally large and are used to
suggest the cxistence of a large velocity contrast interface n
the lower crust which dips to the north under the San Gabriel
Mountains.

The other point of view is to treat the data as resulting from
an unknown scattering process and to attempt to infer the
severity of wave scattering under the station. Using simple
measures of the P coda amplitude decay along with one-
dimensional stochastic structure simulations. the question is
asked: Are the data consistent with scattering due to reason-
able plane layered structure”? The negative answer for PAS
suggests that such an analysis can be used to jusuly or not
justify a research etfort in modeling data with simple plane
layered structurs models. The severity of observed scattering
under PAS also points out deficiencies in some simple scatter-
ing models and the need to develop appropriate models for
two- and three-dimensional stochastic structures.
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Fig. 1 Sketch map of southern Califorma showing the Ie- ation of
PAS station and major faults of the area.

PAS STATION AND REGIONAL STRUCTURE

PAS statiun has been in operation since the mid-1930s and
has had a full complement of experimental long- and short-
period instrumentation. Of interest to this study are the Be-
nioff 1-90 (seismometer period is | s. galvonometer period is
90 s) and. to a lesser extent, the Press-Ewing 30-90 systems.
The Benioff 1-90 system is peaked at 1-s period but records
across a wide frequency band comparable to the intermediate-
period Digital World-Wide Standard Seismograph Network
{DWWSSN) passband (see the appendix). The system has rou-
tinely recorded teleseisms throughout its existence. Although
the data are recorded in analog photographic format, the
broad passband of the mstrument allows for significant time
resolution of crustal Ps conversions. This potential, in con-
junction with the compiexity of the receiver signal [ Langston,
1977] as well as the tectonic problems associated with the
Transverse Ranges Province of southern California. motivates
the present study of crustal structure under the receiver.

PAS station lies near the southern boundary of the Trans-
verse Ranges Province and the Los Angeles Basin- Peminsular
Range Province (Figure 1). Crustal thickness from long-range
refraction [Hadley and Kanamori. 1977) and time term analy-
sis [Hearn and Clayton, 1986b] suggest that the crust under
PAS is about 31 km thick. Geologic structure of the upper
crust is known to be quite complex with major active faults
separating regions of diverse rock type. For exampic, crys-
talline rocks of the San Gabriel Mountains a few kilometers
north of PAS abut valley sediments that attain depths of up to
10 km in the surrounding basins [ Yerkes ef al. 1985). The
geology of the Transverse Ranges and the San Gabriel Moun-
tains suggest that these ranges are in part allochthonous,
being thrust over younger rocks of the Peninsular Range
Province.

Hadley and Kanamori [1977] review a number of long-
range refraction and travel time studies for the area and show
that the Transverse Ranges are a locus of hoth upper mantle
and crustal velocity anomalies. Using the Southern California
Seismic Network. they showed that P deluys from a PKIKP
ph-. * outlined an east-west trending sone of high velocities in

the upper mantie This 7one was studied by [fumphre s et ul
[ 1984] using a tomograph ¢ imaging techmgue for teleseismic
P waves recorded by the network. They determined thiat the
vertical zone of high muantle veiocities war contaoned within
the Transverse Ranges Province and attained depths of a
least 150 km. This zone was interpreted as a region of mantle
downwelling analogous 1o a subduction zone but driven by
relative movements of microplates making up the San An-
dreas fault system. In this model. upper crustal microplate
movements may be decoupled from lower crust and upper
mantle structures vith the re<ult that the surface expression of
the San Andreas fault is offset by a midcrustal horizontal
shear zone from the fault at depth [Webb und Kanamori,
1985].

The Transverse Ranges are also a locus of change in crustal
structure between the western Peninsular Ranges-Los Angeles
Basin and the Mojave Block to the east. Hudley und Kanamor:
(1977] suggest that a high-velocity lower crustal layer com-
prises about haif of the crust in the Peninsular Ranges but
tapers to only a few kilometers in the Mojave Block. Tomo-
graphic study of Py and Pn waves in southern Calfornia
[Hearn and Clavton, 1986u. b] support this suggestion by
showing slower average velocities in the Mojave Block relative
to crust to the west.

A major goal of the present work was iniuatly to provide
constraints on crustal thickness uncer this important transi-
tion between tectomic provinces. Site specific information pro-
vided by the receiver function technique will complement
these earlier crustal and upper mantle structure studies but
will also show the presence of a major midcrustal to lower
crustal interface.

DATA aND SOURCE FUNCTION EQUALIZATION

Wave form data from 21 teleseismic earthquakes were ob-
tained from the seismogram archives of California Institute of
Tecnnology (Table 1). The seismograms were photographed
and enlarged for hand digitizanon. Wave forms were digntized
at an irregular sampling interval and interpolated to an equal
sampling interval of 0.1 s. Processing included vector rotation
of the horizontal components into the theoretical back azi-
muth of the P wave arrival to obtain radial (positive away
from the source) and tangenual (positive clockwise around the
source looking at the recetver} ground motions.

A source function equahization procedure wus then per-
formed to remove the instrument respe- ¢ and unknown ef-
fective source function from the r» .ai and tangential wave
form data [Langston, 19791 ‘.. this procedure the vertical
component of motion is .ssumed to be {ree of any effect of
near-receiver structure (reverberalions or conversionsj but
contains the common instrument response and wave propaga-
tion effects from the mentle and near-source region The data
are tme-windowed and Fourier-transformed The vertical
spectrum 15 divided into the horizontal spectra and then
multiplied by a Gauss:an function to remove high-frequency
notse. The spectral division 1s also accompanied by prewhiten-
ing the vertical component spectra using a “water level” pa-
rameter to remove spurious spectral holes. The water level
used for data considered here was 0.1". of the maximum of
the vertical component amphtude spectrum  The Gaussian
filter used s equivalent to a Gauswian puise 10 the ume
domasn with g half widthof L <je.a = 16710 e 2",

Figure I shows examples of wave form data for events in
the three major back azimuth ranges 128 235 and 31§
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TABLE 1. Event Parameters for Pasadena Data
Time. Latitude. Longitude, Depth. Distance, Back Azimuth, Stack
Ornigin Date uT deg deg M, km deg deg Group
March 17. 1966 1550:32 2118 179.2W 6.2 639 79.9 236.1 235
Nov. 20, 1971 0728:01 {3.45 179 9W 6.0 AN 8.9 2348 235
Feb. 1. 1973 0514:20 2278 62 2W 61 9 776 128 4 124*
Dec. 28. 1973 053106 2398 180 OE 6.3 S49 82.3 234.5 238
March 23, 1974 1428:35 2398 179.8E 6.1 S3s R2.S 2346 238
Oct. 20, 1974 0412:29 17.98 178.6W 6.0 602 77.4 2381 238
Nov. 29,1974 2205:22 307N [38.3E 6 [ 419 833 302.5 31se
Feb. 22, 1975 2204:37 24,95 179.1W 6.2 378 R2.4 233.7 RN
June 29, 1975 1037:4) 38.8N 130.0E 6.2 Sel 839 31322 s
Jan. 23, 1976 0545:30 7.5S 119.9E 6.4 614 120.0 282.4 23¢
Dec. 12, 1976 0108:50 28.0N 139.6F s9 491 839 299.7 s
Sept. 23. 1978 1644:26 11.08 167.2E 6. S 200 85.4 249.9 23S
Apnl 24, 1979 0156:14 20.8S 178.7W 6.0 450 79.4 236.0 238
May 13, 1979 0638:15 18.9N 145.3E <9 250 84.8 289.2 31s
May 21, 1979 2232:58 15.28 70.1W 6.0 208 67.1 128.8 128
June 27,1979 095803 TN 82.0W bR} [N 429 120.6 128
Aug. 16, 1979 2142:44 41 8N {30.7E 6.1 S¥X 81.9 3182 IS
Nov. 23, 1979 2349:04 4.8N 76.2W 6.4 2(0) 48.6 17.4 128
Dec. 11. 1980 1826:26 21.38 68.1W 6.1 100 79 131.6 128

*Used in coda analysis.

Also shown are PKIKP wave forms of the January 23, 1976.
event which was used in Hadley and Kanamori's [1977] study.
This phase will be used as a contraint on structure under the
station. Note that. in all cases, the magnitude of tangential
motions excited by the P wave is comparable to radial mo-
trons. In a radially stranfied earth, P and resulting P-SV con-
versions would be restricted to the sagittal plane containing
the ray. Note also that tangential and radial motions differ
quite substantially in wave form. suggesting that simple instru-
ment miscalibration or magnification differences cannot give
.15€ to these anomalous particle motions (see the appendix).

The PKIKP phase fo the January 23, 1976, event aiso
shows very anomalous particle motions. This phase is incident
below the crust at an incident angle of about 4°. Horizontal
motions, however, are not small as expected. They are about
half the size of the vertical P wave. and both components are
grossly different. Furthermore, this event has a back azimuth
in which the observed E-W component is almost perfectly
radial, and the observed N-S component, tangential. The data
of Figure 2 strongly suggest that heterogeneous three-
dimensional structure is causing large scattering eflects in the
receiver function data.

Because of the location of teleseismic source zones, the
equalized radial and tangential component data were grouped
into three back azimuth groups and stacked (see Table 1 for
groupings). The stacking was done by shifting all traces to a
common ume based on the P first arrival and then adding
them. Wave forms for one standard deviation about the mean
at each sample point were also computed. The resulting wave
form stacks are shown in Figure 3 with their standard devi-
ations. A comparison of stacks from the three back azimuth
groups are shown in Figure 4. Displays of this type yield
information on the coherency of arrivals within the wave form
and of the level of processing noise [Owens, 19847

Only the first 15 s of the wave forms are shown in Figure 3.
The data of Figure 2 show major arrivals in the horizontal
wave forms for at least 60 s. This poses a dilemma for veloaity
maodels that can be considered. since 1t is difficult to get such
arnvals from piausible plane layered models. This problem

3

will be addressed in a later section; here | concentrate on
major initial arrivals.

Figure lu shows the wave form stacks for events from a
back azimuth of 128 . The bounding envelope for one stan-
dard deviation is large for taigential motions and for arrivals
after direct P on the radial component. A phase marked “Ps”
on the radial stack is also observed on the radial data of the
cther back azimuth groups.

The other two back azimuth groups (Figures 3b and 3¢}
show remarkably large arrivals. The Ps conversion is roughly
halfl the size of direct P on the radial components and is also
large on the tangential components. Note that the tangential
components show that the direct P wave amplitude is variable
within the noise of measurement. There are indicatio s of
later. coherent arrivals in the wave forms, but these are f b-
lematical.

Figure 4 shows the stacks displayed together with P ana I's
phases annotated. My working hypothesis is that this secor -
ary phase is a direct P-to-SV conversion beneath the statio
Its large size, relative to direct P, on all except the 128
tangential stack is remarkable and can be directly seen in the
data of Figure 2 (also see the appendix). Figure 5 shows parti-
cle motion plots of the radial and tangertial stacks for 315
and 235° back azimuths. Note that the direct P wave con-
forms to nearly radial motions as expected for ideal P particie
motion but that the Ps conversion has been rotated 45" or
more out of the sagittal plane. It is very difficult to produce
such Ps arrivals from simple dipping interfaces that dip only a
few degrees or have velocity contrasts typical of continental
crustal models [ Langston, 1977 Lee, 1983]. The implication is
that there is a major discontinuity under PAS which has high
dip and/or high S wave velocity contrast.

These arrivals are also evident in long-period data. Figure 6
compares observed wave forms for the November 29, 1974,
cvent recorded on the Benmoff 1-90 and Press-Ewing 30-90
systems at PAS. The data have been shifted to a common time
base. The verucal components, although showing some scat-
tered waves in the coda, are pulselike and show one major P
arrival. The N-S 1-90 component is dominated by the Ps con-
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Fig. 2 Selected data from deep earthguakes (see Table 1) recorded on Beniofl 1-90 instrumentatior - PAS Z. N-S,
and E-W wave forms denote observed vertical. north-south, and east-west components. R and T war( ,orms are the result
of rotating the observed horizontal components into the theoretical back azimuth of the ray lhe distance and back
azimuth angle are given. in order, in the parentheses to the nght of each event’s date. Note ine time scale Jitference for the

January 23. 1976, event.

version, and direct P is a minor imtial arnival. The 30-90 N-S
record shows that the Ps conversion (arrow) aiso dominates
the long-period wave form. The Ps conversion is present on
the E-W components, but direct P. the first pulse, 1s larger.
The Ps conversion is evident, having the etfect of broadening
the initial pulse by a factor of 2 compared to the vertical
fong-period P wave, producing a shoulder on this pulse. This
comparison of data recorded on two different seismometer
systems demonstrates that the crustal structure responsible for
these scattering effects 1s large and that the etfect i1s not an
artifact of instrument miscalibration.

Langston [1977, 1979] suggests that the amphtude and po-
larity behavior with azimuth of tangenual Ps can constrain
the direction and magnitude of interface dip. Unfortunately.

1
4

this phase is only well developed 1n the 235 and 115 azimuth
groups, although it may be signmficant that it 1s poorly devel-
oped in the 128 azimuth group. The PK/K P phase from the
January 23 1976, event, however, offers some independent
information in this regard

Since this phase propagates nearly vertically, any Ps con-
version from a dipping interface will be contained in the plane
of the ray and dip direction. Thus a simple plot of particle
motion of the Ps conversion will be a direct measurement of
the dip direction (Figure 7). The Ps conversion 1s the largest
arrival on the N-S component and is easily seen in the particle
motion plot. Note that it 1s polanized aimost perfectly north-
ward. Because Ps is the same polarnity as direct radial P
(Figure 4), 1t 15 due to conversion at the boundary between
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deeper high velocity material under shallower lower velocity
material. Taking the negative polarity of the PKIKP phase
into account yields a northward dip direction for the postu-
lated interface. This is consistent with the tangential Ps polari-
ties displayed by the 235 and 315° stacks.

DETERMINISTIC MODELING OF THE Ps CONVERSION

Recent efforts in modeling receiver function data have con-
centrated on formal inversion of the data to obtain plane-
layered crustal and upper mantle models [e.g., Owens et al.
1987). Characteristics of the Pasadena data set preclude this
approach. The duration and amplitude of the horizontal com-
ponent coda and large tangential amplitudes all argue against
finding reasonable plane layered models. Figure 8 shows a
comparison of observed and synthetic radial component wave
forms. The radial stack for 235° azimuth is shown below a
synthetic radial seismogram computed for a crustal model
proposed for the area by Hadley and Kanamori [1977). The
Thompson-Haskell method was used to construct the synthet-
ic [Haskell, 1962]. The crustal model is shown in Figure 9
with parameters tabulated in Table 2. The Moho occurs at 31
km depth and produces a moderately large Ps conversion
which arrives 4 s after direct P (shown by arrow in Figure 3).
The observed Ps conversion is larger and arrives at least | s
carher. suggesting several other models.

First.of tne Ps conversion is from the Moho. then the crust
must be at most 27 km thick if Hadley and Kanamori's veloci-
ties are assumed. However, Hearn and Clayton's (1986a] study
using Py waves suggested average crustal P wave velocities in

5

the area of about 6.3 km/s and a crustal thickness of about 31
km. It is possible that the receiver function data are sampling
a local anomaly unresolved by Hearn and Clayton's data.
Alternatively. if the crust is 31 km thick, then the average S
wave velocity in the crust must be at least 4 km's. The corre-
sponding P wave velocity would be high at 6.9 km/s. assuming
Poisson ratios near 0.25 appropriate for crustal rocks. In
either the case of a slow thin crust or a thicker high-veloaty
crust there should be an anomalous mass excess in the crust
and upper mantle column which would show up 1n the gravity
field. No such anomaly is observed [Hadley and Kanamori.
1977].

One simple solution to this problem is to accept the thick-
ness and crustal velocities f[rom previous studies and to infer
that a midcrustal interface causes the large Ps conversion. A
plane layered model which shows this hypothesis is plotted in
Figure 9 (and Table 2) with the corresponding radial synthetic
seismogram in Figure 8. Ps arrivals from the Moho are mini-
mized by making the structure approximate a smooth gradi-
ent in that region. The large Ps amplitudes observed require a
high S wave velocity contrast. This, in turn. implies a velocity
inversion in the midcrust. The synthetic seismogram shown in
Figure 8 for this kind of low-velocity zone (LVZ) structure
approximates the arrival time and the double-peak character
of the actual data.

Obviously. the plane layered model does not explain the
anomalous particle motion of the Ps conversion A series of
ray theory calculations were performed to test the dipping
interface model [Langston, 1977]. The tangential Ps data re-
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quire that the interface dip northward under the San Gabriel
Mountains. Experience with such calculations indicates that
there can be considerable trade-off between interface dip and
velocity contrast e.g. Langston, 19791 Waves which ap-
proach a dipping interface from the downdip direction will
have an effective angle of incidence which is larger than waves
approaching a horizontal interface. This will produce a larger
conversion. Waves approaching from the updip direction will
tend to have lower angles of incidence with less conversion.

A number of dipping interface models based on the Hadley
and Kanamori crustal model of Table 2 were examined. The
top of the 6.8 km:s layer was ailowed to dip up to 40. Two
rays were traced through the model. These were direct P and
the Ps conversion from the dipping interface. It was quickly
seen that. although it may be possible to produce large Ps
conversions for rays which approach the structure from the
downdip direction, models with dips greater than 10° consis-
tently produced low-amplitude Ps conversions for rays trav-
eling from the updip direction. Indeed. for P velocity contrasts
of 6.2-6.8 km,s and 5.0-6.8 km's tassuming a Potsson solid).
dips of 30" resuited in Ps conversions which had opposite
polarities relative to direct radial P. inconsistent with the data
(Figure 4) Thus interface dip should be of the order of 10- or
less. The S wave velocity contrast should also be greater than
I km.s. The calculated Ps/ P ratio for updip ray incidence is
(.19 for the 50-6.8 km:s interface with 10 dip. The observed
Ps. P ratio for the 315 stack is 0.57 (Figure 4), which represent
waves coming updip but at an angle from the northward dip
direction. Calculated tangential amplitudes for the Ps conver-
sion are comparable to the radial amphtudes and agree with
the 45 polarization anomaly seen 1n the Jata.

fy

STOCHASTIC STRUCTURE MODELING

Up to this point the data have been treated from 4 Jdeter-
ministic point of view The data show that the nrst P conver-
sion 18 indeed a major wave propagation etlect. and it 15 rea-
sonable to assume that other carly arnivais wil be due to
direct interactions with discontinuities tn the structure. How-
ever, the Ps conversion 1s simply the first of many large arny-
als in the horizontal P wave coda. Are these later arnvals
fundamentally different from early arnvals’ What do these
large arrivals imply about the heterogeneity of the structure
under the station” In particular, since there is recent emphasis
on modeling such data with formal inversion methods. can
plane layered structure mimic the coda seen in the daia and. if
so. what are the implications?

First, 1 make the assumption that all arrivals seen after
direct P in the data represent waves scattered in structure near
the receiver. This assumption 1s probably poor for shallow
earthquake sources simply because of known propagation ef-
fects like near-source surface reflections. Deep events, how-
ever. should be less affected by near-source scattering.

For deep teleseisms, tangentiai amplitudes in the coda are
as large or larger than the verticat cogc Therefore if these
coda waves are due to scattering (P to P or S to /) in struc-
ture near the source they must finally convert to P waves 'o
arrive soon after the direct P at the recetver. If they are P
waves, they must have azimuth anomalies greater than 45
since they are so large on the tangential component. This
contradicts the near-source scattering hvpothesis since the
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scattered waves themselves must originate at teleseismic dis-  normally distributed velocity values ofz) with zero mean and
tances from the source. The conclusion is that large horizontal  umit variance was generated from a pseudo random number
coda amplitudes relative to horizontal P must be due to scat-  generator. A 0.25 km sampling interval was assumed for a

tering near the receiver (see also Cessaro and Butler [1987]). layer of thickness 30 or 60 km. The velocity function was
Synthetic seismograms were computed for a series of receiv-  Fourier-transformed to the wave number domain to obtain
er models with plane layered stochastic structure. The pro-  1{k). An exponential correlation function N(z) = ¢™*° was as-

cedure used by Frankel and Clayton [1986] was adopted to  sumed for the medium where a is the correlation length. The
generate a random velocity-depth function. A random series of ~ wave number spectrum of N{z}, N(k) = 2a/(! + ka?). was then
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Fig. 7. Particle motion plot of the horizontal data for the January
13, 1976, event. Data included within the bracket are plotied below
with arrows occurring every 0.5 s. The Ps conversion is polarized
almost perfectly northward and indicates the direction of dip of the
causative interface.

used to filter v{z). The filtered velocity spectrum was inverse-
transformed and scaled to a selected velocity variance and
mean. Synthetic seismograms were computed using the
Thompson-Haskell method [ Haskell, 1962].

Calculations were performed with a Gaussian correlation
function as well, but the exponential correlation function
proved to create more scattered arrivals since its spectrum is
richer in higher wave numbers. A correlation length a of | km
was assumed. For 0.5-Hz waves considered in this study, the
corresponding value of k,a is approximately equal to I, where
k, is the vertical component of the wave number. S wave
velocities were derived by assuming a Poisson solid, and den-
sity was held constant. Velocity parameters for the half-space
below the random crustal Jayer were generally set to those of
the lowermost crustal layer.

Two basic velocity models were considered in the one-
dimensional simulat'ons. The first consisted of a hetero-
geneous crustal layer 30 km thick with a mean velocity of 5.5
kmy/s and velocity standard deviation of 10%. The top pair of
wave forms in Figure 10 are typical examples of the free sur-
face displacements computed from a number of realizations of
the stochastic parameters. Figure 9 shows the corresponding
velocity-depth functions for the iower and upper pair of syn-
thetics. The incident wave time function assumed was the time
derivative of the Gaussian function discussed above in the
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" source equalization section. A quick glance at these synthetics

anu the data of Figure 2 show that synthctic coda levels are
significantly lower than those observed and that th: coda at-
tenuates quickly with time.

It might be expected that a Moho with a large velocty
contrast would trap more scattered energy in the crustal layer.
The middle pair of synthetics shows this case for the model
used to compute the upper synthetics but assuming a half-
space P wave velocity of 8 km/s. Minor changes occur in the
resuiting synthetics. The largest change is to accentuate the
Moho Ps conversion by about a factor of 2 (arrow). The coda
is largely unaffected.

Increasing layer thickness tends to increase the duration of
coda. Increasing the velocity standard deviation 1o 20%, over
a layer 60 km thick with a mean velocaity of 6 km s produces
eynthetic seiemograms which start to mimic the data (bottom,
Figure 10). Large Ps conversions and reverberations start to
attain amplitudes comparable to the direct radial P wave, and
coda duration superficially appears to agree with the observed
data.

Thus it appears that one-dimensional velccity variations in
excess of 20% over a significant thickness of the lithosphere
are needed to match the receiver data at PAS. This would
suggest that a series of layers which vary in velocity from
about 8.4 to 3.6 kmy/s from the surface into the mantle over a
scale of about 1 km are present. which is geologically unrea-
sonabie.

Alternatively, it is possible that there is significant body
wave to surface wavc scaitering in near-surface layers [Dainey
et al., 1974; Aki and Chouet. 1975; Dainty and Toksoz, 1977]
This might be expected on the basis of the heterogeneous
geology alone. [t is also clear that two- and three-dimensional
structures are required in the area to produce the large
tangential particle motions observed in the data. Numerical
expcriments with two-dimensional elastic fimite difference
methods show that, for an equal amplitude scattered field.
velocity variations in two dimensions are about hail that
needed for velocity vaniations in one dimension [ McLaughlin
et al., 1985].

RAD'AL COMPONENTS
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Fig. 8 Compurison of syathetic radial wave forms for the two

models of Tabte 2 with the 215 radial wave form stack The arrow
for the H-K (Hadley-Kanamort model) wave form shows the location
of the Ps conversion (rom the Moho. The arrow for the LVZ dow
veloaity zone model) wave form shows the locauon of the Ps conver-
ston praduced at the base of the crustal low-velocity zone. The base-
hines of the svathetic wave forms have bheen shifted for viewing pue-
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and the LYZ model used in constructing the synthetic seismograms of
Figure 8. Also shown are the stochastic one-dimensional models used
in the calculation of the synthetics displayed in Figure 10. Note that
velocity and depth scales are different among the plots.

ENERGY FLUX MODELS FOR PLANE WAVE SCATTERING

Teleseismic P wave coda has been the subject of a number
of studies [e.g., Aki, 1973; Dainty and Toksoz, 1977; McLaugh-
lin et al., 198S; Levander and Hill, 1985, Frankel and Clayton,
1986 Cessaro and Butler, 1987]. These studies are closely re-
lated to general problems in coda generation due to litho-
spheric structure in local and regional data sets [e.g.. 4ki.
1969, 1980; Aki and Chouett, 1975; Dainty and Toksoz, 1977
Gao et al., 1983; Richards and Menke, 1983; Gupta and Bland-
ford. 1983; Wu and Aki, 1985a, b; Cessaro and Butler, {1987,
Frankel and Wennerberg, 1987 Vidale and Helmberger, 1988].

A number of techniques are available to parameterize the
coda level and time decay based on the Born approximation
of weak single scattering or of diffusion of coda energy for
extreme scattering {e.g.. Aki and Chouet, 1975, Aki, 1980:
Dainty et al.. 1974]. Recent work has concentrated on simula-
tinn studies using finite difference acoustic and elastic wave
propagation methods [Levander and Hill, 1985, Frankel and
Clayton, 1986] which implicitly include the entire scattered
field. Levander and Hill [1985) examined scattering character-
istics of a rough boundary between a surface layer and un-
derlying half-space and showed that much of the scattered
neld 1s dominated by Rayleigh wave propagation. Frankel and
Cluvton [1986] and Mc! aughlin e+ al. (1985] examined P-SV
propagation in two-dimensional random media to ¢xamine
scattering of high-frequency (f > | Hz) seismic waves. Subse-
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quently, Frankel and Wennerberg {1987] developed a simpie
theory based on previous finite difference simulations to pa-
rameterize coda levels, scattering attenuation, and intrinsic at-
tenuation for two- and three-dimensional scalar wave fields.

The success of a number of receiver function studies in de-
termining plane-layered crustal and upper mantle structure
indicates that the scattered wave field may be thought of being
composed of a “coherent”™ contribution from Ps conversions
and reverberations from discrete interfaces and a “stochastic”
contribution from smaller-scale heterogeneities. The coherent
field can be seen over a large solid angle of ray paths. The
stochastic field changes quickly with ray parameter and ray
azimmuth. Examples of the stochastic field are variation in
tangential P wave hrst motions over the events of the 235
stack in Figure 3b as well as coda arrivals with !ong lanse
times from the first arnval. The success of any deterministic
receiver {unction study depends critically on the coherent field
being dominant. However, the incoherent field. which is usu-
ally ignored in such studies, also contains statisticas iniui-
mation on the degree of heterogeneity in the structure which
may be very useful.

A heuristic approach will be used here to develop an oper-
ational theory appropriate to the three-component recerver
data. The purpose of deing this is to empirically compare
coda levels and decay between different receivers for classifi-
cation purposes and to suggest avenucs of research that will
address the actual wave propagation problems. This heuristic
4pProacii wii wiso e used o quantify the difierences petween
one-dimensional structure coda development and coda ob-
served in the data.

A useful method of parametenizing the P coda can be
derived following Frankel and Wennerberg [1987]. They
examined scalar two-dimensional finite difference simulations
and suggested that scattered energy behind a cylindrical or
spherical wave front distributes itself uniformly over the
volume behind the wave front. Aki and Chouet [1975] arrived
at the same conclusion when examining coda of regional
carthquakes. This simple assumption yielded useful formulae
for coda level and decay in cases of strong multiple scattering
as well as the limiting case of weak single scattering.

Consider first a source of plane waves which radiates two
oppositely propagating plane waves in a scattering whole

TABLE 2. Plane-Layered Crustal Models
V.. V.. Density. Thickness,
Layer km’s km/s gem? km
Hadley and Kanamori Model
i 5.5 0 2.6 4.0
2 6.2 1S 2.7 16.0
3 6.8 8 2.85 11.0
4 7.8 4.5 31 10.0
5 8.3 48 3.35
Low-Velocity Zone Model
1 s.s 30 2.6 4,
2 6.2 35 27 6.
3 6.5 3.78 2.7 S.
4 5.6 iy 27 6.
S 6.6 381 2.5 2.
6 72 416 29 h
7 74 4.27 2.95 2.
8 76 420 o S
9 ¥.0 4.62 32 f
K] g2 4 R 3.3s
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fFig. 10. Typical plane wave synthetic setsmograms comput=d for three reahzations of one-dimensional stochasue
velocity structure Vertical and radial displacement compc aents are shown. The top traces are for a3 model contdining a
laver 30 km thick with an average velocity of 5.5 km s and a standard deviation 107, of the average The venter pucr o
synthetics are for the same crustal model as the top pair hut wetn the addiion of a high velocity (R0 km st hall-space lie

arrow points to the Moho Ps conversion on the radial component
laver thickness of 69 km. average veloaity of 6 km s, and velocaty standard deviation of 20".

reverberations start to attam amphtudes seen in the PAS data

space. The total instantaneous energy or power £, is given by
the sum of the direct wave power £, and the coda power E.:

E,=E,+ E_ in

Specify that

Ep=E;e o (2

where ¢ 1s time, w is circular frequency. and @, is the quality
factor for attenuation due to wave scattering. Substitution of
(2)into (1) gives

Ec=EAdl —e @) 3

Coda amplitude 4, is refated to the coda power density
through the principal assumption that the coda energy distrib-
utes itself uniformiy behind the two propagating plane waves
First, we have

o= diea)'? (4

where d is a scaling factor. For P and S plane waves d = p "' *

where p s density. If 35 is the unit plane wave area. r the
propagation distance from source to recerver, and x P wave
velocity, then the coda power density is

. E, E, E,
;(';-_,:———2- A (5’
b 2roS 2 o8
where 1 s volume. Using (31 (4). and (5) we obtain
d(E"lA'” e QL2
4. = (6

T2t R

E, can be estimated using the observed duect wave amphtude

and correcting it for attenuation through the scattering
medium. Thus

. )
Ep =2k, ™% 1M

10

The lower pair of synthetics we ¢ comptted sy o
Py conversions and

where Ep is the observed direct wave power and ¢, -~ x The
factor of 2 comes {rom the fact that two piane waves are
propagating in the medium and contribute o the scattered
neld. Plane wave propagation theory 1s used (o obtain the
estimate of direct wave power. First. consider the integral of
the squire of the ground velocity 44

1700 i X

Times r, and 7. bound the direct wave arrnval and are esu-
mutted from the data. The direct wave power iy therefore

d*Ep = 21,38 9
Substitution of (9) into (71 and of (7Y into 161 gives
A=t e Ty - e (10

As Franhel and Wennerbera 1
tenuation due to scatternine determines the mtial lesel of the
coda scattered from the direct wave, but coda decay with time
s mainly controlled by the time-dependent mncrease in volume
behind the wave front. In this plane wave case the (7' 7 de-
pendence is due to the hinearly increasing volume between the
two oppositely propagating plane waves

Rclation (1} is useful for describing the coda for a plane
wave propagating in a thick layer where coda lapse times
iwave arnve time relative to the direct waved are less than the
arnival time of waves which interact with the jower boundary
of the laver, assuming the observation pomnt 1s at the surface
This corresponds to lapse tmes of less than S s for recenvers
on typical continental crust. A more appropriate model for
receiver function coda s scattering in a heterogeneous layer
overtying 4 homogeneous. 1sotropic half-space In this situ-
ation a vertically propagating plane wave sweeps through the
layer once on 1ts way to the recener. reflects from the free

a7 ] show, the etfect of at-
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‘rface, and sweeps through yet another time on 1ts way back
te ihe half-space. Energy is scattered from the plane wave into
coda energy.

A varation of this problem was studied by Dainty et al.
{19741 and Dainty and Toksoz [1977], where they assumed
that scattering in the layer followed solutions to the diffusion
equation. Also, assuming that all energy within the layer was
scattered energy, they obtained the following analytic solution
for the scattered energy ficld at the free surface m(t) (assuming
no intrinsic attenuation):

x

i) 4 T a, cos a, t&,a,? (n
= - — X —
h.o Za +sin2a, P\ e

where h is layer thickness and &, is the vertical diffusivity of
energy through the boundary of the layer into the half-space.
The coeflicients a, are found as solutions of the following
equation:

a, tan a, = 4hv/¢, {(12)

where v is the seismic velocity of the half-space.

The dominant term of (1{) for long lapse times and a high
vertical diffusion rate can be shown to be for n = 1. Thus for
cases wnere wiffusion of scattered energy occurs quickly, coda
energy decays like

mit) e " (13

where 7 = £ a,? 4h?. This behavior can be incorporated into a
hybrid model containing aspects of plane wave propagation in
a layer with assumption of homogeneity of the scattered field
within the layer.

Consider a horizontal scattering layer of thickness h overly-
ing a homogeneous and isotropic half-space. A vertically
propagating plane wave is incident from below, passes
through the layer, reflects from the frec surface, and passes
back through the layer into the half-space. The total power in
the system can be written as

E,=E,+E-+E, (14)

where a new term E; has been introduced to describe the
amount of instantaneous energy which diffuses out the bottom
of the layer at the expense of the coda instantaneous cnergy
E.. On the basis of the behavior of (11) above I assume that

dE,/dt = vE. (15
which by simple :ntegration yields
Eq=Ede” = 1) (16)

where it is specified that £, = 0 at ¢ = 0. As before, the power
in the direct wave after interacting with the layer is

E, = Ege vt (17

where the factor of 2 in the exponent comes from the wave

passing twice through the layer. Obviously, (14) is appropriate

for short-duration direct waves and times greater than 2t,.
Substituting (17) and (16) into (14) gives

E(~ - ﬁ,{l _ e-m}mQ,)e-vl “8)

Also. recognizing that the volume swept by the plane wave is
now h 48, the coda power density becomes

le=Eq 1,88 (19)

Il

As belore, the 1otal instantaneous energy availabie to the
system can be estimated from the observed direct wave power
E, by

E;=Eper=@ 120

and using (9 gives
_4(7 = (’Dl 2 {‘1 zk,n.u.,zq,” _ e—wluQ,)l L 2 (2”

Note that this form for coda amplitude looks superticially
the sume as that tn (10) except for the exponenuai factor of
time in the numerator of {21). Indeed, the ume decay of the
coda 1s controlled entirely by this factor. If » = 0 1s assumed
so that no coda energy can diffuse out of the laver, then the
coda level 1s constant for all ume, consistent with the plane
wave assumption of a packet of energy being homogencously
dispersed throughout the layer. Thus the decay of the coda
ficld 15 functionally equivalent to the leading term for the
formal solution of (111 and (13), particularly considering that
energy s proportional to the square of amplitude.

Anelastic attenuation can be included in relations (10) and
121} as the factor

¢ ‘g 20,{, -t 2Q

where @, 1s the intninsic attenuation of the medium. The first
exponential in this factor 1s the correction factor to determine
tota) energy from the direct wave and the second exponential
gives the attenuation of coda amplitude. Note that the etfect of
coda energy Ditfusing out of the layer given in (21) 1s exactly
the same as intrinsic attenuation. It would be expected that it
would be very difficuit or impossible to separate the two ef-
{ects 1 practice using the teleseismic coda data.

An implicit assumption in developing (10) or {21} is that the
scattered field is of the same wave type as the primary. These
equations are appropriate for. say, the scattered pressure field
from an incident P wave. Even for simple one-dimensional
layered structures, much of the scattered field is composed of
P-to-S conversions. For two- and three-dimensional structures
there is evidence that much of the scattered field scen at the
surfac. is composed of low group velocity surface waves
[Dainty et al.. 1974; Aki and Chouet, 1975; Levander and Hill,
19857. Thus there is a procedural problem of relating observed
coda wave amplitude to energy since the wave type contained
in the coda must be known beforchand. In principle, it is
possible to directly infer the energy contained in a wave field if
strain observations are availible. However. three-component
displacement data cannot be used without assumptions on
wave type.

Recognizing these limitations, equations (10) and (21} are
used as guides to the analysis of the three-component data.
These equations will be useful in parameterizing relative levels
of coda and coda decay between isolated recievers but are
clearly deficient in addressing all of the scattering mechanisms
which are probably important in teleseismic coda devel-
opment.

Some operational aspects of examining coda decay are pat-
terned alter previous studies [e.g.. Richards and Menke, 1983
Frankel und Wennerherg, 1987]. Observed three-component
data for a single event aie {irsi narrow-band-pass-filtered with
a Butterworth recursive filter in the forward and backward
directions. The two-pole filter used had corner frequencies of
0.25 and 1 Hz so the following results are appropriate for 0.5
H7 waves Once the data were filtered the intensity of the
direct P wave at 0 3 Hz was esumated by squaring the signal,
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Fig. 11. Envelope stack of the three~component data of four

carthquakes (see Table 1) recorded at PAS. The envelope is shifted 10
s for display purposes. Lines show predicted coda levels for assump-
tion of scattering @, of 100, 200, 300, and 400 using the whole space
energy flux model (equation (10)). Scattenng @, at PAS is approxi-
mately 200 1o 300, but the coda appears to decay shghtly faster than
predicted by the model.

choosing 1, and 1, {equation (R)) from the duration of large
motions on the vertical component, and integrating over this
time interval. The power of the direct wave was estimated
using all three components of motion over the ume interval
inferred (rom the vertical component. The integral of the
squared velocity used for equations (10) or (21} was the square
root of the sum of the squares of the integrals from each
component of ground motion. Each component was then
scaled by dividing the square root of this total squared veloci-
ty integral. The envelope of each component was then com-
puted by forming the analytic signal [Farnbach, 1975] and
taking its modulus. The total coda time series for one event
was then found by summing the squares of the envelopes of
the three components at each time point and taking the
square root of the sum. Resulting coda envelopes for separate
events were then averaged to obtain a better estimate of coda
level.

Figure 11 shows the results of this process using four deep
earthquakes recorded at PAS (Tabie 1). Deep events were
chosen to avoid contamination by near-source scattering ef-
fects. The observed levels of coda are very high. Indeed. an
examination of the raw data (e.g.. Figure 2) shows that much
of the coda comes from the horizontal components. Theoreti-
cal curves computed using equation (10) are superimposed on
the coda decay curve in Figure 11 and show that an apparent
scattering Q, of 200 to 300 is required. The coda time decay
appears to be very slow and s roughly consistent with t7 ! 2
found 1n this model of scattering.

Figure 12 demonstrates. however, that the simple one-
dimensional simulations are not consistent with coda decay
following equation (10). The coda curve for the “20°." model
was const:ucted by stacking 10 vertical and honzontal com-
ponent reafizations of models which had a velocity standard
deviation of 20" and a laver thickness of 60 km. The 104"
curve was obtained by stacking nine vertical and horizontal
component realizations for models which had a velocity stan-
dard deviation of 10" and a layer thickness of 30 km. The
observed coda decay is linear on the logarithm plot and falls
off much faster than implied by (101 The nhnear fall-off 1s
consistent with the scattening laver-cver-half-space model
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where coda energy diffuses out of the laver into the haif-space
governed by equation (15} The one-dimensional simulations
inciuded nv effect of anelastic attenuation

Figure 12 also shows least squares linear tits to the coda
decay to obtain Q, and y in equation i21) The slope of the
log-coda curve yields 7, and the zero time intercept can be
used to solve directly for Q,. The standard deviation of the
least squares fit was also used to estmate allowable Q, van-
ation by adding and subtracting the standard deviauon {rom
the zero intercept time to find a lower und upper bound of Q,,
respectively. These values are displayed in Tabie 2 Coda from
the simulations show that the diffusing layer imodei correctiy
predicts the form of coda decay although the model does not
formally treat the scattering mechanism of P 1o $ conversions
within the layer. The decay rate is very sensitive 10 the velocny
standard deviation, but Q, estimates are surprisingly the same,
within the error of determination.

It is interesting to compare results for PAS with those from
another station to get an appreciation for the level of scatter-
ing imphied oy wune data. Thnree deep evenns recorded on the
broadband DWWSSN system at State College. Pennsylvania
(SCP) were analyzed in the same was Event parameters can
be found in Table 4, and the data are displayed in Figure 13
The Benioff 1-90 and intermediate-period DWWSSN syvstems
are sufficiently similar for the purposes of this companson.
particularly since the same band-pass hiter wus used on the
data.

Figure 14 compares the coda decay curve: for PAS and
SCP. Structure under SCP is seen to be simple: than that at
PAS [ Langston and Isaacs, 1981, Ammon, personal commun-
cation, 1988] and gives rise to lower amphtude Ps conversions
as well as coda. Coda decay for SCP 1s twice as fast as that
observed for PAS (Tabie 3). 0, is found to be lower for PAS
with use of equation (21), giving a value of 239 compared to
582 for SCP.
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Fig 12 Coda envelope stacks for the one-dimensional simula-

ton. The 10 7 envelope 1s the stack of 1N vertical and radial syn-
thetic seismograms produced by mine reakizations of the 30-km-thick
laver muodel with average velocity of €& km s and veloaty standard
deviaton of 10 . The “20° 7 envelope s the stack ot 20 vertical and
radial syntheuc sennmograms produced by 10 reahizations of the 60
km thick laver madel with average scloats of 6 km s and velouy
standard deviation of 200 The straight snes are least squares fits of
the coda @ values are those nferred from the zero lapse tme inter-
wpt of the hinedr hts (see texty Note the' coda decay i the ene-
dimensional simulations agree with the cssumpion that coda energy
Tolows o ditfusion Taw for feakmy into the hailspace Coda decay s
controlled entirely by this process in the oneimensionai simulations
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TABLE 3.

@, and v Determinations tor Coda Stacks

Least Squares Fit

Standard
Coda Stack Intercept Slope Deviation o, y High @ Low @
1097 simulation ~-0.970 —-0.080 0.079 Sdd 0.229 7R IR0
20 simulauon -0.985 -0.0098 0.057 SKg 0.045 Gy 450
PAS data -0.789 -0.0047 0.075 AR 0.022 17 169
SCP data -0.984 —-0.0092 0.105 SK2 0.043 944 359

Scattenng Q determinations were found using equation (21) tor « -km-thick scattering laver with

an average P veloaity of 6 km/s.

Discussion

The scattering layer-over-half-space model reproduces the
principal behavior of the one-dimensional st-ucture simula-
tions (Figure 12) and is consistent with coda decay in the PAS
and SCP data. The simple assumptions of homogeneity of the
coda field and diffusion of energy into the half-space seem to
describe the basic mechanisms of coda formation and is con-
sistent with previous chservations of the behavior of data and
two-dimensional simulation studies.

Akt and Chouet [1975] estimated the diffusivity of the litho-
sphere 1in Japan and Califorma using a diffusion model of
coda formation applied to local earthquake data. They found
high diffusion rates having the etfect of homogenizing the coda
field behind the wave front. Frankel and Wennerbery {1987]
took these 1deas further by examining the coda field in finite
difference simulations and constructing a simple energy flux
theory to explain the formation of coda. Although the as-
sumptions of homogeneous coda and diffusive energy flow
across the layer boundary are reasonable, the actual mecha-
nisms of coda formation are not directly addressed in an equa-
non like (21), which leads to the problem of estimating coda
energy from an unknown wave field.

Much of the coda in the one-dimensional simulations is a
product of P to S conversions and reverberations. The energy
scattered into S waves is obviously a function of ray parame-
ter. As the direct wave incidence angle increases, more P to §
conversions will occur. This can be verified dir=ctly by calcula-
tion but can be seen in the behavior of the conversion coef-
ficient at a boundary. Thus it can be expected that coda fall-
off and levels will change for waves of different incidence angle
if one-dimensional structure i1s appropriate. P to § scattering
in two-dimensional structures 15 more complex [Frankel and
Clayron, 1986: McLaughin et ul.. 1985] but appears to become
less sensitive to incidence angle. P and S to Rayleigh scatter-
ing 1s pruuzhlv a major component of the coda field at rela-
tively low frequencies ( < 1 Hz) [ Aki and Chouet, 1975]. These
scattering mechamisms may control the coda formation in the
data presented here. In terms of the application of equation
t21) the problem amounts to estimating d. the scaling factor

relat:ng cnergy density to wave amplitude in equation (4).
Even for one-dimensional structure. d depends von incidence
angle and includes the free surface receiver functions [eg.,
Helmberger, 1968 ] It 1s of some interest to examine the energy
parutioming in the coda of the simulations and, muking some
simple assumptions. the partitioning seen in the data

As an approximation, consider the coda power being com-
posed of $ wave E. and P wave E. powers

Ec= Eo + Eq, (22

Also detine the energy partitoning cocfficient by

E
r=-—4 23
Ee,
For plane wave propagation
Ec. = l’ﬁ[s
124)
EC, = p:lp

where I, and [, are the esumated integrals of squared velocity
for § wave and P wave motions, respectively. The § wave
velocity i1s given by . For one-dimensional structure models
and for inadent P waves of small incidence angle. S waves
occur primarily on the honzontal component and P on the
vertical. The respective wave integrals can therefore be directly
estimated using (8) by performing the integration over the
filtered and squared wave form from the end of the direct
wave arnval to some reference ume in the coda. This was
done for the wave forms obtained from the 10°. and 20%.
one-dimensional simulation models. Both models give similar
results where. tor the ray parameter considered (0.06 s km) in
constructing the synthenies. roughly 70, of the scattered
energy occurs as § wave energy. (A value of 0.7 + 0.3 was
obtained for both simulations using the individual wave forms
of each model reaiization.) Changing the ray parameter to 0.04
s km. appropriate for source distances of 85, reduces the §
wave energy to 50°. and less for the synthetics. The free sur-
face effect 1s assumed to be the same for both P and S for
these fow angles of inaidence

TABLE 4. Event Parameters tor State College Data
Ongin
Time, Latitude.  Longitude. Depth.  Distance.  Back Azimuth.
Date uT deg deg v, km dog deg
Dec 21, 19R3 121418 2R 28 61 2W NN oo Ihh
Aug K. 19Y8< (615 <R 6 1S AERIS <" 96 144 0 ul
Aug 12, IYR< 0416:43 708 117 2% Sh S [E R LR
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noise seen on some horizontal wave forms (¢ g August 12, 1985) was largely removed by the band-pass filter used in this

study

Small differences in correcting the data for wave propaga-
tion effects are of little consequence 1o this discussion since
wave types in the observed coda duta are largely unknown.
We treat the observed data in the same way where the § and
P wave integrals are defined as

L=de v i e

«

1, =1

r s

where the subscripts Z, V. and E denote the component of
gronnd motion Assuming only S and P wave partiboning in
the PAS data yields a partitioning coefficient of 1.7 + 04, a
factor of 2 3 greater than expected compared to the one-
dimensional simulations. This resuit 1s consistent with the
coda being composea of low group velocity surface waves
scattered from incident P and S waves Instantaneous energy
will be proportional to the group velocity so that assuming a
higher § veloaty in (25) will cause the energy to be overesti-
mated. These observations are consistent with observations of
the coda at arrays [ 4ki 1973, 4hi and Chouet. 1975]) and from
theoretical wave propagation calculauons {e.g.. Levander and
Hudl, 19857 Powell and Meltzer { 1984] also found direct evi-
dence for a high level of scatterning under ~outhern California
in their study of coherency across the Caltech-US. Geological
Survey large seismic array (SCARLETL

It thus appears that coda level and coda decay at PAS s
inconsistent with plausible one dimensional Earth models
The observed data show slow coda decay. implying a rela-
tuvely long dwell time of coda energy 1n the crust ds well as
high amplitudes The high amplitudes are consistent with the
coda tield being primanly composed of scattered surface
waves. Even the coda decay seen at SCP imphes unreasonable
one-dimensional structure. since the Jdata imply wvirtuaily the
same attenuation and decay as the 20, veloaty modei (Table
Y

These aspects of the receiver function data can be routinely
quantified in other data sets to motivate an interpretation of
structure under a recenver If the recenver function coda data
tendencies that are with simple one-
dimensional models, then inversion of selected phases at long
lapse times ( > 10 5) from the first arrival or inversion of the
entire wave form becomes suspect. 1his result 1s not surprising
when one simply looks at the anomalies contained within the

show inconsistent

data, but the theoretical treatment presented here can help
quantify both the gross charactenstics of the observed data
and the justiicabion of a particular modehng strategy.

Ps-P arrival times suggest that a major discontinuity occurs
in the mudcrust under PAS. Although the polanty of radial
and tangential Ps is consistent with the interface dipping
northward under the San Gabriel Mountains. dip 1s of the
order of 10 or less, and the § wave velocity contrast must be
unusually large (*1 km s) Qualitatively, a major crustal low
velocity zone can explain these observations, but the ex-
tremely large Ps P amplitude ratios probabiy :mply that other
factors are affecting the wave form such as ray focusing [Lee.
1983, Lee and Langston, 1983a. b).

The northward dip of the interface suggests that it 1s a
major structure associated with the southward overthrusting
of the San Gabrniel Mountains. If the amplitude of the conver-
sion s due to large velocity contrasts, then a low velocity zone
1s required at midcrustal to deep crustal leveis. [t 1s interesting
to note that this low veloctty zone occurs just under the seis-
mogenic zone of the region and may be the seismic signature

TAS AND SIP lATA A Te iR s vl

Frg 14 BErvelepe stacks ol the PAS and SUP data show.ng ieast
squares ity of g hine through coda with lapse imes greater than 10 «
¢, interced rom cach hines’ zero time intercept 15 alse displayed Coda
exarted at PAS attains higher devels and fails oY more sdowly than
coda at SCP
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of the decoupling zone of upper crustal and lower crustal-
upper mantle microplates { Humphreys, 1984; Webb und Kuana-
mori, 1985].

The high veloaity mantle anomaly under the Transverse
Ranges inferred from past studies may have some etfect in
perturbing the incident P wave ray path. Rays will tend to be
bent toward the vertical and toward the interior of the anoma-
ly. However, the expected perturbation will only be a few
degrees. The observed scatienng effects induced by crustal het-
erogeneity dominate the character of the horizontal compo-
nents of the teleseismic wave forms.

CONCLUSIONS

The receiver function data set for PAS suggests that the
scattering 1s occurring in a highly heterogeneous crust. Broad-
band Benioff 1-90 data from teleseisms show anomalous
tangential particle motions and a high-amplitude coda which
decays slowly. Initiai poritons of the radial and tangential
receiver functions show a coherent inferred Ps conversion
which displays a polanzation anomaly of 457 for most data.
Using the amplitude, polarity. and timing of this phase seen in
stacks of the data and from a direct observation in an incident
PKIKP phase. a high S wave veloaity contrast {>1 km s)
interface is inferred at approximateiy 20 km depth. The inter-
face dips less than 10 to the north and appears to be a major
structure associated with southward overthrusting of the San
Gabrniel Mountains.

Observed coda level and decay was examined using two
methods. One was direct simulation of one-dimenstonal sto-
chastic structures. Plane wave synthetic seismograms were
computed for random plane-layered models with an ex
ponential correlation function and with 10% and 20°. stan-
dard dev:ations in velocity. The PAS data showed larger scat-
tering effects than the simulations, indicating that geologically
unreasonable onc-dimensional models are required to expiain
the coda data. The one-dimensional models also are obviously
deficient in explaining the degree of off-azimuth scattering
seen in the data.

The other method consisted of examining coda behavior
using an energy flux model developed for a scalar plane wave
incident on a scattering layer over a homcgenecus half-space.
A scattering layer model was considered since it is likely that
major velocity perturbations are largely confined to the crust.
Two fundamental assumptions were mads to develop the
model and were based on previous empirical observauons of
the behavior of earthquake coda and numerical experiments.
[t was assumed that the coda field distributes itscif homoge-
neously within the layer and that coda cnergy diffuses across
the layer-half-space boundary. Coda decay 1s seen to be con-
trolled entirely by the ditfusion constant of ener,,, o 2cross
the layer boundary. Synthetic seismograms from the one-
dimensional simulations show that the simple energy flux
model explains the form of coda decay. One implicavon of
this model 1s that the diffusion effect 1s indistinguishable from
anelastic attenuation. Thus it 15 likely that teleseismic coda
data cannot be used tu estimate local anelastic attenuation.

PAS and SCP data from selected deep earthquakes were
analvzed using this model and it was found that PAS had 4
Fower wcattening Q¢ ~ 239) compared to SCP ( ~ S82) and that
the Goda decay for SCP was twice as fast as that for PAS The
absolute vatues of scattering @ obtained with the model are
subrect o assumptions on the types of wases contaned with

the wave tickd and probably represent fower hounds to the

Bony WavEes 1949

actual @ values. The companison between the two stations
shows that scattering is fower 1n a tectonically quiescent area
with fess variable geology as expected.

An analysis of energy in the honizontal and vertical compo-
aents of the one-dimensional svnthetics and the PAS data
suggests that much of the cnergy contained 1n the observed
coda 15 from scattered surface waves.

APPLNDIX

Nomunul instrument constants for the Bemoff 1-90 system
arg pendulum period of | s, galvonometer period of 90 s,
damping constants of 1 {o. both the sersmometer and gal-
vonometer. a coupling constant of 0.05, and magmtication of
000 (H. Kanamori personal communication, [1987). A cal-
bration of the svstem was started in 1962 but was never totally
completed  Calibration of the vertical componen! showed a
peak 2700, 10", under nomunal specifi-
cazons. Exvperience with the system suggests that instrument
constants are good to about 30V, Because calibration of the
instruments can atfect the results of rotation of the data and
the source equalization. 1t 15 of some interest to examine the
results of errors in the instrument constants.

Assuming that the receiver response 1s ideal and consists of
motions contined to the sagittai plane containing the rav,
vector rotation of the honizontal displacement components to
obtain radial and tangential ground motions yields

magmtication of

welth = Riey = [if0) cos® 1 « 1411 sin® ¥]
(A1)
i = Rtoy « [igr) — i) sin 202

where the subscripts R and I' denote radial and tangential
motions, respectively. and the subscripts n and ¢ denote north-
south and east-west motions, respectivelv. The ¢ 1s the back
azimuth angle to the source from the receiver. The respective
imstrument responses are given by 1 (7) and 1,(1). and R(r)1s &
common radial response for plane layered structure.

The largest errors in rotation occur when # =45 Tangen-
tal motion, in this case, is caused by differences in the instru-
ment response of the two components. Clearly. if small differ-
ences oceur in the response. then the radial motions will be
httle aflected. since the net response will be the average of the
two. Magnitication errors will primarily show up in the
tangential component. In the worst case considered hore.
tangental motions will be appraximately 30°. of the radial
component, i magnitication s only known to 307, and
should ook identical ¢y the radial component in wave shape
The data for PAS (Figure 2) show extreme differences in wave
shape between the honizontal components. which cannot be
due to magniiioalion errors

T'he equations for electromagnetic seismographs [ Hagiwara,
19S8] were used to estimate the difference in instrument re-
sponses 1f W L varrations 1n the instrument constants are as-
sumed. Figure A1 displays the results for amplitude spectra
Changes of 3. an the gahvonometer period and damping and
the sersmometer pertod and damping were assumed relative to
the nominal response Theoretical responses were calculated in

the frequency domain and anverse Fourter-transtormed  to
abtam impulse responses Using equation (A1) as a wuude. the
perturbed respenses were then subtracted from the nomrnal
response and then Fourer-transformed to obtain the amph-
tude spectiun Fhus the four carves below the nomnal 1 90

teoponae sorn o bepare AL are the amphtude spectia of the
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Fig. Al.  Amplitude specira of the nominai Benioff 1-90 response

{top) and response differences {lower curves) assurming 30%, variation
in damping and free penods of the seismometer and galvonometer of
the system. Parameters hs. hg, Ts. and Ty are the seismometer damp-
ing. galvonometer damping, seismometer period (in seconds), and gal-
vonometer period. respectively. See text for explanation.

differenced impuise responses. They can be considered numeri-
cal derivatives of the instrument response if divided by 0.3.

A change in the galvonometer period or damping results in
a response 2-3 orders of magnitude lower than the nominal
response in the band, centered about | Hz (Figure Al). Thus it
is not likely that errors in these parameters will be of any
consequence in the data. Changes of 30°% in seismometer
period produces a tangential impulse response about a factor
of 4 lower than the nominal rusponse and looks nearly identi-
cal to the nominal response. A change in seismometer period
appears as a change in magnification. The tangential wave
form would differ by only a constant compared to the radial
wave form. A change in seismometer damping, however, has
the greatest change in the shape of the spectrum. A 90 phase
shift is evident at | Hz which, for band-limited data, would
make the tangential motion appear Hilbert-transformed com-
pared to radial motion. Fortunately. this response is 1-2
orders of magnitude lower than the nominal response. In sum-
mary, plausible changes in the instrument constants for the
1-90 system cannot explain the anomalous particle motions
seen in the data.

Magnification errors cannot be discounted. However, an
empirical test was made by comparing the ratio of north-
south, east-west. and vertical amplitudes of the first P pulse
observed in the 1-90 data with that seen in the 30-90 data. P
wave data for the December 28, 1973, March 23 1974, and
November 29, 1974, events were used. Considering that the
passbands of the two instruments are different, amplitude
ratios of the different ground motion components between
instruments were within 20% of each other.

Finally, the data can be used in the test proposed by Lang-
ston [1979] to demonstrate the major off-azimuth arnivals
occur on both horizontal components for events with ditferent
back azimuths. Figure A2 shows the first 10 s of the P wave
forms for the February 1. 1973 and December 28. 1973, events
talso sce Figure 2). Polanitics have been adjusted to make the
wave form comparison clearer, and the P waves have been
ahgned in time. The arrow 1n the muddle pair of plots shows
the location of the iarge Ps conversion studied in the main
body of the paper. It clearty occurs on the north-south com-
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Fig. A2. Companson of Benioff {-90 three-component data from
the February 1. 1973, event (top) and the Deceniber 28. 1973, event
thottom). Polanties have been reversed ! - the vertical +Z) and east-
west {£) components of the December 28, 1973, event for comparison
purposes. The verticali components are simple, showing a single 1im-
pulsive P wave. The arrow shows the location of the major Ps conver-
ston considered 1n the this study. It owcurs pnmanly on the N compo-
nent for the February 1. 1973, event and on the E component for the
December 28, 1973, event. Likewise, 1t 1s not obvious on the other
respective horizontal components iright side). showing that both horn-
zontal instruments respond similarly to the same wave propagation
effect.

ponent for the February 1. 1973, event and on the cast-west
component of the December 28, 1973, event. Likewise. the
corresponding cast-west and north-south components (right
pair of wave forms) show similar wave forms between events
without the major arrival. This comparnison shows that both
horizontal instruments behaved 1n a similar fashion for the
same wave propagation effect.
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Abstract

The codas of long-period Rayleigh waves recorded at WWSSN and
Canadian network stations in Western North America from eight
underground explosions at NTS are examined in an effort to sepa-
rate scattering and anelastic attenuation effects. Coda behavior
of 0.1 and 0.2 hz Rayleigh waves follows coda characteristics
seen in studies of short-period S waves. Coda decay rate is seen
to be a stable observation over most stations in Western North
America and is consistent with the hypothesis that backscattered
surface waves from heterogeneities contained within the western
half of the continent form the Rayleigh wave coda. The basic
data observables of coda level and decay are interpreted using
several plausible models. The single scattering model yields a
coda Q consistent with previously determined Rayleigh anelastic
attenuation coefficients. Separation of anelastic and scattering
Q is possible using an energy flux model and shows that scatter-
ing Q is one to two orders of magnitude higher than anelastic Q.
However, an energy flux model which incorporates a layer of scat-
terers over a homogeneous halfspace shows that all Rayleigh wave
attenuation can be explained purely by scattering effects which
include Rayleigh to body wave conversion. Coda can be fit
equally well by these mutually incompatible models. It is not
likely that the mechanisms of scattering or anelastic attenuation
can be addressed by coda observations of a single homogeneous

data set.
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Introduction

Recent interest in charaéterizing lateral heterogeneity in
the lithosphere has led to increasing study of coda waves which
are a direct result of this heterogeneity. The working model
developed by Aki(1969;1973;1980a;1980b) and Aki and Chouet(1975)
that the S wave coda consists of backscattered S waves and is
characterized by a single scattering Born approximation has found
wide use in data interpretation of local seismograms (see the
review article by Herraiz and Espinosa, 1987). This simple
model explains much of the character of observed coda. What is
not so evident, however, and is a point of some controversy, is
the interpretation one makes of the coda Q, Q.. parameter.
Strictly speaking, Q. is the attenuation effect due to scattering
of the elastic wave by elastic heterogeneity. Empirically, Aki
and Chouet(1975) and Aki(1980b) have suggested that Q¢ is more
closely related to anelastic Q. This interpretation was quanti-
fied by Frankel and Wennerberg(1987) and Wu(l1985) who developed
energy flux models which include anelasticity and multiple scat-
tering of scalar waves. In Frankel and Wennerberg's model., scat-
tering is manifest principally in coda amplitude levels while
anelasticity dominates the coda decay with time.

In this paper, a coda data set consisting of long-period
Rayleigh waves recorded within western North America is examined
using techniques normally applied to high-frequency S wave codas.
A primary motivation for this unusual approach was to examine the
stability and empirical characteristics of coda amplitude decay
of the fundamental mode Rayleigh wave for possible use in source

magnitude and yield estimates.




Rayleigh wave periods of 20, 10 and 5 seconds are examined
over coda lapse times of 1000 seconds (from source origin time).
At these long lapse times and for Rayleigh wave group velocities
of approximately 2.5 km/sec, scattered waves comprising the coda
can originate from heterogeneities distributed over western North
America and the eastern Pacific Ocean. This data set yields
information on large scale heterogeneity in the continental
crust.

Rayleigh coda will be examined using three different coda
theories. The standard single-scattering model ot Aki(1969) will
be used to obtain Q. and to compare it with previous determina-
tiuns of anelastic Q made from spectral amplitude decay measure-
ments of fundamental mode Rayleigh waves in western North Amersica
(Mitchell, 1975). The separation of anelastic Q and scattering Q
will be attempted using the energy flux model of Frankel and Wen-
nerberg(1987). Their model incorporates the effects of multiple
scattering and conservation of wave energy and may represent a
more realistig wave propagation situation compared to the single-
scattering model. A third model based on the energy flux model
but incorporating the effect of surface wave-to-body wave conver-
sions from scattering in a heterogeneous layer over a homogeneous
halfspace is also used to determine if this plausible scattering
mechanism can explain the data. This last model was developed by
Langston(1988) to explain P wave coda generated by teleseismic P
waves scattering under a receiver. It was found that the three-
component coda of teleseismic receiver functions recorded at
Pasadena, California, had characteristics not explainable by the

single scattering model and was also consistent with body wave-
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to-surface wave conversion. The assertion is made that the reci-
procal problem of surface wave-to-body wave conversion is equally
important in the scattering of fundamental mode surface waves.
The results of this study show that it is possible to fit the
coda data equally well with each theory. The stable aspect of
the coda, coda decay with time, can be interpreted several dif-
ferent ways which may or may not include anelasticity. This
result alone has important implications in the interpretation of
coda at shorter periods. It suggests that homogeneous coda data
sets cannot be used to discriminate between coda mechanisms and,
based on the assumptions inherent in the models considered here,
that the gross distribution of scatterers is as important to coda

generation as is the density of scatterers.

Ravleigh Wave Data

Figure 1 shows the location of NTS and the station distribu-
tion used in this study. Long-period digital Rayleigh wave data
were obtained from the Center for Seismic Studies, Arlington,
Virginia, for a series of underground nuclear explosions at NTS.
The data were previously digitized at a sampling rate of 1
sample/sec and were available from the Center's waveform dar.
base. Both WWSSN and Canadian network stations were used. Table
1 lists event parameters for the underground explosions and Table
2 lists station parameters with available events recorded by each
station. Station data were chosen on the basis of good signal-
to-noise characteristics and location within western North Amer-
ica.

Figure 2 shows the long-period vertical component for the




9/06/79 explosion recorded at COR. The raw data show a long
duration coda arriving after the Airy phase, which is the largest
arrival on the seismogram. Narrow band-pass filters of the data
at center frequencies of 0.05, 0.1 and 0.2 hz show the develop-
ment of coda. Three-pole, zero-phase, recursive Butterworth fil-
ters were used in all analyses of this paper. Corner frequencies
for each of the respective bandpasses were 0.04/0.0667,
0.08/0.12, and 0.167/0.25 hz.

Note that coda is best developed for the 0.2 hz bandpass in
Figure 2 and that there seems to be significant coda even for
0.05 hz Rayleigh waves. Figure 3 shows the LPZ component at LUB
with similar bandpass filtered seismograms. In this case, noise
doninates the coda for the 0.05 hz bandpass. It is also seen
that the 0.2 hz bandpass contains much more energy before the
peak of the envelope, compared to COR, which is likely to be from
body waves and higher mode surface waves. This kind of contami-
nation will affect the interpretation of coda and is discussed
below. It was found that most stations had high levels of noise
at 0.05 hz compared to coda after the vertical component Rayleigh

arrival. Thus, 0.1 and 0.2 hz waves were principally analyzed.

S L0 Tt . i D lysi

Coda amplitude is modeled in the time domain by fitting theo-
retical curves to the bandpass filtered data traces. Assuming
that the coda is comprised of scattered Rayleigh waves, the

single scattering model of Aki(1969) is




pe-gﬂ/ZQC

~—

Addwt) = ———— (1)

where, Ackaﬂ) is the envelope of coda amplitude, Q. the coda Q
parameter, W is circular frequency, and t the time from event
origin time. C is a constant which contains the source spectrum
and density of scatterers.

An energy flux model for Rayleigh wave scattering can be con-
structed followiang Frankel and Wennerberg(1987). Assuming radia-
tion from a point source in a scattering halfspace, Rayleigh
wave energy will propagate outward with the group velocity in an
expanding cylindrical wavefront of radius r. The total energy is

given by

Er=Ep*E (2)

where Ep the direct Rayleigh wave e¢uergy and E. ccda
wave energy. Following Frankel and Wennerberg’'s(1987) develop-

ment for a cylindrical wave, coda amplitude is given by

dVET
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where d is a scale factor relating Rayleigh wave energy den-
sity to amplitude, U is the group velocity, Qg is the Q of the
scattering medium, Q; is the anelastic or intrinsic Q of the
medium, and 92 is the average depth of Ravleigh penetration at
the cylindrical wave.ront.

The total energy. Ep. is found by correcting the amplitude of
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the direct Rayleigh wave for scattering and anelastic attenuation
suffered in transit. 1If Ep’ is the observed direct wave cnergy,
then

Wiy’ Qs A

Ery=fpe : (@)

The direct Rayleigh wave arrival time is tg=r/U. Furthermore

dzED’: U ID 2nr &z (5)

where,

J ' (6)
t

and v(t) is particle velocity. In practice, a choice of t;
and ty must be made to estimate where the main Rayleigh pulse
occurs.

Using relations (4) and (5) to obtain Et and substituting

back into (3) gives

wt
d -1 -1

Valpty — (Qg + Q)

A et = —0d 2 s /Oy et/2Qp ()
t

The principal assumptions in this model are that scattered coda
waves are homogeneously distributed behind the Rayleigh wave
front and that there are no conversions from Rayleigh to other
wave types. The functional form of (7) allows, in principle, the
separation of Qg and Q. Frankel and Wennerberg(1987) show that

coda time decay is controlled mainly by Qi but that coda levels

ro
L




are weakly affected by Q.

receiver functions for Pasadena station and concluded that yet
another mechanism could affect the level and decay of coda in
addition to scattering and anelastic attenuation. High levels
and long duration of P wave coda implied that considerable scat-
tering occurred in the crust and lithosphere under the station.
Analysis of plane lavered but random velocity structures situated
over a homogeneous halfspace showed that theoretical P coda was
strongly affected by this gross distribution of scatterers as
well as their density. Coda was seen to decay quickly with time
for models with low velocity variance compared to mcdels with
high velocity variance. Thus, a model with a large amount oi
wave scattering would give an implausible higher Q according to
the single scattering approximation. The physical mechanism
which controlled coda decay was body wave radiation into the
halfspace. A simple diffusion law for energy propagation out of
the scattering layer was sufficient to parameterize the effect
for both synthetics and data.

Numerous theoretical studies (e.g., Munasinghe and Farnell,
1973; Martel et al, 1977; Vidale and Helmberger, 1988; McLav . .iin
and Jih, 1988) and several observational studies (Key 1967;1968;
Greenfield, 1971; Aki and Chouet, 1975; langston, 1988) have
shown that heterogeneous structure gives rise to significant body
wave-surface wave conversion and interaction. Intuitively, it is
easy to envision the situacion where significant parts of Rayl-
eigh wave energy are converted to body waves which then radiate

away from the surface to other distances. Indeed. recent calcu-
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lations (McLaughlin and Jih, 1988) show that suv~h a mechanism is
very important in the attenuation of lhz Rayleigh waves. The
converted body waves which radiate away from the free surface
will take energy from the primary Rayleigh wave as well as from
the coda arriving afterwards. This raaiation effect could mimic
anelasticity as seen in Langston(1988).

Following Langston(1988) an energy flux model which incorpo-
rates radiative diffusion can be constructed for a scattering
Rayleigh wave. Instead of equation (2), the total energy flux

for such a case can be written as
-
ET’ ‘D*Ec“LER (8)

where the new energy term Ep represents scattered energy from the
coda and the direct Rayleigh wave which diffuses into the half-
space from the layer of scatterers. Since the total energy of
the system is constant,

€y . s

+ = + =y . 9
dt dt dt

Assuming that the rate of energy which leaks out of a layer
5z in thickness is proportional to amount of coda and direct wave
energy within the layer gives

g

— =y (E_+E4) (10)
a ¢t o

such that at t=0, Eg=0. The proportionality constant is ¥,

the energy diffusivity.

e
~J
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scattering attenuation, equation (12), the radiacive diffusion
effect represents one of the mechanisms inherent in producing
attenuation due to scattering. The other mechanism involves
scattering of direct wave energy into the coda field before coda
energy leaks into the halfspace. Clearly, equation (14) only
makes physical sense when Qél?(ja. Otherwise, the radiative dif-
fusion mechanism would take more energy out of the direct wave
than is available and would vioclate the conservation of energy
equation (8).

The observed data at each station were normalized following
(6). Figure 4 shows the computational sequence for the 9/27/78
event at ALQ. First the vertical data are bandpass filtered to
obtain a trace proportional to velocity. The trace is then
squared and integrated. Time t; was always taken as the origin
of the trace and t; chosen as that representing the main envelope
of the filtered Rayleigh pulse. As seen in Figure &4, the error
in this estimate is of the order of 10% since the squared coda
amplitude formed a minor part of the signal in all cases. The
square root of Ip was then divided into the trace point by point.

Individual coda envelopes were then computed from the normal-
ized, filtered traces by calculating the amplitude of the ana-
lytic signal (Farnbach, 1975). The envelopes were then »veraged
together at each station to smooth fluctuations in the coda.

The logarithm of equations (1), (7) and (14) were then fit to
the logarithm of the averaged envelope data using a least-squares
algorithm. Analytic partial derivatives of log(C), Qc'l. Qs'l.
QI'l, and QR'1 were determined and used to construct the normal

equations. The inversion then iterativelv solved for these atte-
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nuation coefficients except in the case of equation (1) which was
linear and with QC'1 and log(C) obtainable in one iteration.

Inversions using equation (7) were insensitive to starting
model and uniformly converged in all cases witain three iter-
ations. However, inversions for QR'l and Qs'l using equation
(l4) were sensitive to starting model. If the starting model was
too far from the true model (based on synthetic tests), then par-
ameter perturbations occasionaly caused QR’1 to be greater than
QS'1 in violation of energy conservation. A strategy was used in
which QR'l was estimated from the slope of the log coda envelope
and then a small difference in the two attenuations was assumed
for a joint inversion. Convergence in three iterations for each
case was again obtained using this strategy. Reasonably close
but different starting models had little effect on convergence.

The variances of the attenuation coefficients were found by
multiplying the variance of the data fit with the covariance mat-
rix of the least-squares system of equations (e.g., see Aki and
Richards, 1980, page 688).

The amount of coda fit with these equations varied according
to the data length of the available seismograms at each station
and the noise level. It was found that the signal-to-noise level
was poor for 20 sec (0.05 hz) coda waves where the noise was def-
ined as the trace before the P wave arrival (see Figure 3).
Development of coda for 0.2 and 0.1 hz Rayieigh waves appeared to
be stable approximately 100 sec after the Rayleigh arrival. The
maximum lapse time was always defined by the shortest signal
length available from the digital waveform data base.

Figure 5 displays the coda fits for 0.1 hz Rayleigh coda.

‘)()
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Figure 6 shows fits for 0.2 hz coda. Since each codc theory fit
the data equally well only the fit for the ;i.ngle scattering
model is shown. Figures 7 through 11 show the inferred Q parame-

ters for each model and frequency.

Codas for both 0 1 and 0.2 hz Rayleigh waves are seen to
decay linearly on the log-amplitude plots of Figure 5 and 6.
Thus, these waves are similar in character to coda seen in local
seismograms (Aki, 1969; 1980a; Aki and Chouet, 1975: Rautian and
Khalturin, 1978; Rautian et al 1978). The 0.2 hz coda likely
contains scattered energy of other seismic phases such as the $
wave and higher mode Rayleigh waves. This is evident in Figure 6
where large pre-Rayleigh arrivals can be seen in data from the
more distant stations before the peak of the amplitude envelope.
This contamination is bothersome and will affect the Q determina-
tions in an unknown way. However, the linear coda decay will
simply be treated as an empirical observation. The non-unique
interpretation of its meaning will be illustrated by the three
model fits.

The single scattering model (Flgure 7) yields Q. for both
frequencies that are comparable. Note the stability of thke
determination for most staticns falling between 100 and 250.
This simple result quantifies the observation that the log-coda
slope appears to be approximately the same for any station in
western North America. This observation is consistent with the
interpretation that coda consists of waves scattered over the

western half of the continent. Nevertheless there may indica-
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Substitution of (10) into (9) and solving the differential

equation for Ep+E. gives

+E =B e 1 (11)
c 1

since at t=0 there is no coda energy flux, E. and the direct wave
contains all of the energy of the system. If the effect of scat-
tering attenuation is defined in the conventional way (e.g..

Frankel and Wennerberg, 1987) as

ZE. e @Y%

and (12) is substituted into (11), the coda energy flux is given
by

1 1
EC - ET [1 . e-wt( QS - QR) ] e-wt/QR (13)

where the "radiative Q©, Qr is defined by
Y:w/QR .

Following the energy flux development above with this new

term and ignoring anelasticity gives the coda amplitude

VZI,t St -
Alwt) = — = Dd wty/2Qg (1- o @ Qg - QR ]5 e W/ 29g . (14)
t
Comparing (14) with (7), it can be noted that the radiative

diffusion of converted Rayleligh-to-body waves in the coda mimics

the effect of anelasticity. Because of the definition used for
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tions that receiver effects are present particularly for ALQ and
SES at 0.1 hz.

Mitchell (1975) studied distance-amplitude relationships for
fundamental mode Rayleigh waves from two explosions in Colorado.
His attenuation coefficients were greater for western North Amer-
ica compared to the east. If an average group velocity of 2.88
km/sec is taken to represent both 0.1 and 0.2 hz waves and the
upper bound of Mitchell’'s estimates for attenuation coefficients
is used, values of about 500 and 135 are obtained for anelastic Q
measured at 0.1 and 0.2 hz, respectively. However, Hwang and
Mitchell(1987) discuss Q models for western North America based
on more recent measurements made by Chen(1985). Chen’s attenua-
tion coefficients for 0.1 and 0.2 hz Rayleigh waves yield average
Q's of about 140 for both wave frequencies. These empirical val-
ues agree quite well with Q. (Figure 7) determined from Rayleigh
coda. This suggests that the same attenuation processes act on
direct Rayleigh waves as well as on scattered Rayleigh waves in
the coda. A case can be made that anelastic attenuation dom-
inates both coda and direct waves, if it can be determined that
contributions from scattering effects are small.

Separation of Qg and Qp is possible with the energy flux
model, equation (7). At 0.1 hz (Figure 8)., Qg is seen to be one
to two orders of magnitude greater than Qp. Values for Q are
comparable to Q. (Figure 7) which demonstrates the sensitivity of
Qr to the slope of the log-coda curve. Qg is primarily obtained
from the zero lapse time intercept in the inversion. Qg will be
sensitive to the way the direct Ravleigh wave is normalized. Any

propagation effects which affect the direct wave can bias the Qg
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estimate. Focussing or defocussing of the direct wave by multi-
pathiﬁg is a plausible and likely mechanism for variation in this
parameter with position in western North America (Frankel and
Wennerberg, 1987). Indeed, the marked low value of Qg at PNT is
consistent with observations made be Mitchell (1975) on low
amplitude Rayleigh waves observed in the Canadian Cordillera.

The difference between Qg and Qi at 0.2 hz is somewhat less
(Figure 9) than that at 0.1 hz but is still about one order of
magnitude. Lower values of Qg at 0.2 hz may imply larger scat-
tering effects for higher frequency Rayleigh waves. These
inferred values may also imply larger contributions of other
scattered waves in the Rayleigh coda. Qg will tend to decrease
if the likely contamination of body and higher mode surface waves
becomes significant. Note that Qp for 0.1 and 0.2 hz waves are
again similar.

Interpretation of the same data set with the radiative diffu-
sion model points out the non-uniqueness of coda interpretation
and the importance of scattering mechanism and scatterer distri-
bution in creating apparent anelastic effects. There is no
effect of anelasticity parameterized within the model. Consider-
ing the functional similarity of equatiors (7) and (1l4), it is
not surprising that the "radiative"™ Q, (R, is nearly the same as
Qr in all cases (Figures 10 and 11) for each station. Both Qr
and Qg are measures of the scattering efficiency of the medium
but are influenced profoundly by the scatterer geometry. It is
interesting to note that in both cases (Figures 10 and 11) both Q's
are nearly the same. The interpretation could be made that the

rate of energy scattered out of the Rayleigh wave is about equal
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to the rate at which it gets radiated into the mantle as body
waves. Although coda is produced by scattering, most scattered
energy flows out of the system into the mantle.

Although most stations displayed significant noise for coda
in the 0.05 hz bandpass, signals at MSO and PNT were adequate for
inversion. Table 3 shows the inferred Q values from each type of
inversion. Q values for MSO determined from all three theories
were comparable to those found for 0.1 hz coda.

Those for PNT, however, show very anomalous behavior. The
direct Rayleigh wave at PNT was generally lower in amplitude com-
pared to other stations at similar distance and had relatively
higher coda levels. Q., Q;. and Qg all yielded very low values
near 30. Qg for the energy flux and radiative diffusion models
were also very low. This anomalous behavior can be explained if
structure near the stations or along the path serves to defocus
the direct wave arrival. Defocussing will cause a small observed
direct Rayleigh wave. Since the trace is normalized to the
inferred direct wave, coda will be artificially enhanced causing
apparent low Q's.

There have been numerous studies of coda waves (Herraiz and
Espinosa, 1987) many of which make empirical correlations of Q.
with tectonic province or other measures of anelasticity. ‘here
can be no doubt that coda ultimately comes from waves scattered
from heterogeneity in the lithosphere. However, it is clear from
this study that the interpretation of coda mechanism is still pro-
blamatical and tied to theory assumptions. Observations of coda
in a homogeneous data set (e.g., S coda from shallow events or

surface waves from explosions) may be interprered in several
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plausible ways. These results and those of Langston(1988) sug-
gest that experiments be designed to constrazin the gross geometry
of scatterers in addition to measuring coda and direct wave decay
characteristics. It might be fruitful to base data interpreta-
tions on accurate numerical models of elastic wave scattering
where waves of differing type sample the same structure (e.g.,
Frankel and Clayton, 1986). For example, the combined observa-
tions of teleseismic body waves, local earthquake S waves, and
regional surface waves in a particular region may be incorporated
into a self-consistent structure and attenuation model. These
speculations aside, there is the need to accurately address the
wave scattering mechanisms which come to play in shaping the

seismic coda.

Conclusions

Coda for 0.1 and 0.2 hz Rayleigh waves propagating from NTS
to western North American seismic stations display exponential
decay with time in a similar fashion to short-period S wave coda
from local earthquakes. The exponential decay is similar for
most stations and implies coda Q's of 100-250 for both frequen-
cies. This behavior is consistent with coda waves being produced
from heterogeneity distributed across the western half of North
America.

Inversion of stacked coda envelopes using three fundamentally
different theories yields equally good fits to the data. If the
single scattering model is assumed, coda Q is consistent with
previously determined anelastic Q for the region. Separation of

scattering Q and anelastic Q using Frankel and Wennerberg’'s(1987)
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energy flux formalism again produces consistent anelastic Q and a
scattering Q one to two orders of magnitude larger than anelastic
Q. A third theory which incorporates the radiation of scattered
surface-to-body wave conversions into a halfspace underlying a
scattering layer can also adequately explain coda level and decay
without recourse to anelasticity.

Although coda and direct Rayleigh wave behavior is consistent
with the presence of significant anelasticity in the crust of
western North America, there is no diagnostic test that can be
made with existing theory on this homogeneous data set to discri-
minate between scattering and anelastic effects. The radiative
diffusion model construrted on the basis of teleseismic P wave
receiver functions and modified for the Rayleigh wave data sug-
gests that the overall geometry of scatterers within the litho-
sphere may be as important to the behavior of the coda as the scat-

terer density.
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Table L - NEIS Explosion Parameters

Index Event Dat Origin Tige Latitude Longitude gl

1 Sandreef 11,09/77 22:00:00.1 37.07N 116.05W 5.7

2 Panir 8/31/78 14:00:00.2 137.27 116.35 5.6
3 Rummy 9/27/78 17:20:00.0 37.07 116.01 5.7
4 Pepato 6/11/79 14:00:00.0 37.29 116.45 5.5
5 Hearts 9/06,79 15:00:00.1 37.08 116.05 5.8

6 Sheepshead 9/26/79 15:00:00.1 37.22 116.36 5.6
7 Kash 6/12/80 17:15:00.1 37.28 116.45 5.6

8 Tafi 7/25/80 19:05:00.1 37.25 116.47 5.5
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Station Distance(km) Azimuth(®)  Events
ALQ 930 104 1, 3. 4, 6
COR 980 326 1, 5, 6, 7
GOL 990 72 1, 3, 4, 5,
JCT 1710 112 S, 6, 7
LUB 1380 104 1, 5, 6, 7
MSO 1060 10 1, 3, 4, 5,
EDM 1770 7 1, 2, 3, 4,
PNT 1340 350 all

SES 1500 15 1. 2, 3, 8
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Energy Flux Radiative
station Q. Qg Q1 Qs. Qr
MSO 222 2577 232 213 232

(286/182)* (2878/2334) (301/189) (272/175) (300/189)

PNT 29 127 31 25 31

(30/28) (134,121) (32/30) (26/24%) (32/30)

* Numbers in parentheses denote high and low values of Q based
on one standard deviation of error in the inverted attenu-

stion.
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aptions

Figure 1: Map of western North America showing WWSSN and Canadian
network stations used for the studv of Ravleigh coda from
nine underground nuclear explosions at NTS. Also shown are
the great circle paths between NTS and the stations.

Figure 2: Long-period vertical component at COR (Corvallis, Ore-
gon) showing the fundamental mode Ravleigh wave and coda for
the 9,/06/79 explosion. Below the tcp data trace are three
different bandpass filtered traces showing the development of
coda 2f frequencies of 0.05, 0.1 and 0.2 hz  Amplitudes for
the filtered traces have been normalized according to the
procedure discussed in the text.

Figure 3: Long-period vertical component at LUB (Lubbock, Texas)
for the 9/26/79 explosion. Same scheme as Figure 2. Note
the large amount of energy occurring before the peak of the
0.2 hz bandpass. These arrivals are associated with the
shear wave and higher mode surface waves and likely contrib-
ute to the coda.

Figure 4: Example of the computational steps involved in normal-
izing each data trace. The top trace shows the long-period
vertical component recorded at ALQ (Albuquerque, NM) for the
9,27/78 explosion. The data are bandpass filtered, squared,
and then integrated. Ip is chosen from the integrated trace
based on the duration of the fundamental mode wave packet
seen in the squared trace. The arrow shows the pick of ¢tj
for equation (6). The error in normalization is less than
102 for all cases since the coda is much smaller than the

peak amplitude of the fundamental mode Rayleigh wave.
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Figure 5: Stacked coda envglopes (0.1 hz) for each station with
the fit for the single scattering approximation model. Coda
envelopes were shifted in amplitude in each graph by a factor
of 10 for plotting purposes. Stations have been grouped by
distance (see Table 2). The peak in each envelope corre-
sponds to the direct Ravleigh arrival. Note that the enve-
lope slopes are comparable for all stations.

Figure 6: Stacked coda envelopes (0.2 hz) with coda fits. Same
scheme as Figure 5.

Figure 7: Inferred Q. values for the single scatrering model.
Error bars show one standard deviation in the parameter esti-
mate from the inversion algorithm. Triangles are for 0.1 hz
coda. Circles are for 0.2 hz coda. Note the clustering of Q.
values between 100 and 200.

Figure 8: Q7 and Qg determinations for 0.1 hz coda using the
energy flux model, equation (7). Note the change in scale
for Qg. Scattering Q’s are one to two orders of magnitude
greater than anelastic Q's. Anelastic Q clusters around 100.

Figure 9: Q7 and Qg determinations for 0.2 hz coda for the energy
flux model. Results are similar to those at 0.1 hz.

Figure 10: Scattering O, Qg., and "radiative" Q, g. for 3.1 h~
coda inferred using equation (l4). In this case, radiative
diffusion of Ravylieigh-to-body wave conversions out of the
crustal waveguide mimics the effect of anelasticity.

Figure 11: Radiative diffusion model results for 0.2 hz coda.
Same scheme as Figure 10. Note that Qg and Qg are nearly the

same for all cases.
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ABSTRACT

P,; waveforms from two moderate-sized earthquakes in Zambia are used 10
determine an upper mantle P-wave velocity model for southern Africa. The events
are: 5/15/68, my=5.7, depth=28 km; and 12/2/68. m, =5.9. depth=6 km. Focal param-
eters for these events are constrained by previous workers trom teleseismic body
wave inversion. Synthedc seismograms are generated for various mantle velocity
models using a wavenumber integration method unul an acceptable fit to the data is
obtained. Quality of fit is measured primanly by the P, 'PL amplitude ratio. Source-
station geometry also allows for the independent sampling of the upper mantle
beneath the Kapvaal-Rhodesian craton and the mobile belt provinces. Svnthetics from
a three-layer crust over hriispace mantle mode! do not show prominent precursor
arrivals seen in the data; these are interpreted to be P-waves tumning in the upper
mantie. The svnthetics also give a too low P, /PL amplitude ratio. Synthetic: {or
models with a mantle P-wave velocity gradient of 00.00333/sec fit the cratonic path
data very well. Since there is no indicatcn of interacton with a low-velocity zone,
ths gives a minimum lithospheric thickness of 120 km. A slightlv lower gradient is
indicated for the mobile beit regions, with a minimum lithospheric thickness of 140
km. Though the data set is small, there is no evidence for a major low velocity zone
beneath either province. Ditferent velocity gradienis between the two provinces
implies different temperature structure, whici suppons the hvpothesis that a deep,

cool lithospheric root exists bencuth the Kapvaal-Rhodesian craton.
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INTRODUCTION

Determining seismic velocities in the uppermost mantle beneith southern Africa
is important for constraining thermal, pewologic, and tectonic models of this region.
Data from other areas indicate that upper mantle P-wave velocities and structure
correlate with surface tectonic provinces and heat flow anomalies. For example.
beneath stable shield regions, the upper mantle low-velocity zone (LLVZ) is absent or
weak, and P-wave velocity usually increases with depth (Brune and Dorman, 1963).
The upper mantle in younger, active tectonic regions, like western North America,
consists of a relatively thin "lid" (=60 km thick) with a negative gradient or constant
vilocity, overlying a pronounced LVZ (Helmberger, 1972; Burdick and Helmberger,
1978). These variations arise from thermal effects related to the age of the most
recent tectonism in the region, as well as lateral compositional heterogeneities in the
upper mantle. Thus, data on upper mantle velocity stucture vields information on
thermal and petrologic properties and the depth extent of past tectonic events (Bott,

1982).

Efforts to determine the upper mantle and crustal structure in Africa have con-
centrated mainly on the Fast African rift. By comparison, work in southc.n Africa
has been limited. Early studies, such as those done by Gane, et al. (1956), Hales and
Sacks (1959), and Willmore. et al. (19352) examined crustal structure in the Transvaal
using refraction expeniments, but such attempts were generally limited to determining

average crustal properties.

Studies of Zeeper structure have been performed nsing long-path surface wave




dispersion. Gumper and Pomeroy (1970) determined phase and group velocities over
the length of the rift valley and central southern Africa. Though their study provides
a useful crustal model for our synthetic computations. the upper marlnlc veiocities are
more representative of the rift svstemn, or at best, an average between rifted and more
stable regions. Bloch. et al. (1969) studied muld-mode surface wave dispersion in
the same region of southern Africa examined in this study. Although his method is
most sensitive to the shear wave velocity structure, we can compare our P-wave velo-
city model with their model.

Green (1978) determined an upper mantle P-wave velocity model for eastern
and southern Africa by inverting P-wave travel times. However. the upper 250 km
of his model is more representative of eastern Afrnica and the rift zone, because of the
source-station distmbution used. Only velocities below this depth can be compared
with those from this study. Thus, little work has been done to directly determine the
P-wave velocity structure above 250 km depth in southern Africa.

Several moderate sized earthquakes have occurred on the African continent
since the tnidation of the WWSSN network (Fairhead and Girdler, 1971). The objec-
tive of this study was to use some of these earthquakes to directly determine mantle
P-wave velocity structure. We modeled P ; waves from two of these events located
in Zembia, and recorded at southern African stations. Source parameters for these
cvents have been well constrained by previous workers (Fairhead and Girdler, 1971;
Wagner, 1986). so we can utilize the regional seismograms to obtain earth structure.
Syntheucs are caiculated for varnious upper mantle models using a wavenumber

e gration aiyenihm, and compared 1o data to determine the upper inantle P-wave
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velocity regime. Results are then compared with other models derived from different
methods. We also examine the bearing that our derived velocity model has on the

thermal state of the upper mantle in southern Africa.

GEOLOGY AND TECTONICS OF SOUTHERN AFRICA

Modern tectonism in Africa is confined mainly to the East Afncan nift zone. Our
study region lies south of this zone, though several lines of evidence indicate that the
rifting is propagating southwestwards. Figure 1 is a geologic map of the study area,
showing the mapped crustal provinces and their ages. The eastern portion of the arca
is dominated by the Precambrian Rhodesian and Kapvaal cratons, dated at greater
than 2.7 Ga, separated by the slightly younger Limpopo mobile belt. These are
thought to have acted as a tectonically undisturbed unit since the Ar~hzan. Suiround-
ing this assemblage are the mostly younger platform sedimentary rocks of the mobile
belts such as the Damara. Zambezi, Irumide, and Gariep belts. Kroner (1977) gives a

thorough description of these African crustal provinces.

Several geophysical phenomena, generally regarded as evidence of rift propaga-
tion southwestwards, are notable in the region just north of our study area. C* . man
and Pollack (1977) reported an anomalously high heat flow in westcin Zambia. Heat
productic a measurements in the region indicate that near surface radioactivity can
account for only half of the observed anomaly. They suggest that the excess heat
comes from the asthenosphere. and that the lithosphere has been thinned to less than
60 km. Girdier (1975) descnibed an extensive negative Bouguer anoinaly over

Africa. While most of the ancomaly can be correlated with surface expressions of the
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Figure 1. Geologic province map of southern and centra! Africa taken from Condie
(1982). Events used in this study occurred in wester: Zlumbia. Note juxtaposition of
old cratons and vounger mobile belts. Our events occurred in western Zambia, zlong
the Darmaa roid Belt




rift, an arm running east-west through northern Zambia and Angola can not. Theyv
attribute this to thinned lithosphere, with upwelling of hot, low density asthenosphere.
de Beer, et al. (1975), noted an electrical conductivity anomaly in northern Botswana
and Namibia, which they attribute to a highly fractured, conductive crust associated
with incipient rifting, since part of the anomaly is continuous with surface expres-
sions of the rift. In Botswani. Reeves and Hutchins (1975) detected a linear seismi-
city zone wending NE-SW. All these observations suggest instabilities in the litho-
sphere associated with rift propagation southwestwards.

Because of the lack of sumilar large-scale phenomena. thermal effects related to
incipient rifting probablv have little influence on mantle structure in southern Africa.
However, one interesting observation in southemn Africa, unrelated to nifting, further
motivates this study. In addition to determining the upper mantle P-wave velocity
structure, we hoped to detect possible differences in upper mantle storucture beneath
the cratons and mobile belts. This idea comes from a paper by Ballard ana Pollack
(1987), who described a difference in observed heat flow between the cratonic and
mobile belt provinces. They cite reasons for this as: 1) differences in crustal heat pro-
ductor between the tvo provinces, and 2) diversion of heat into the mobile be' s by
a deep, cool lithospheric root beneath the craton. Their models indicuie that at least

50% o7 the difference may be atributable to diversion of heat. with the root extend-

ing from 200 km 0 400 km depth.

Such a decp, cool root may have a velocity structure different from that of the
surrounding hotter sub-mobhile bzlt mantle, and this meyv be detectable in seismic

data. Pressure effects and oo, :pesition being equal beiween the two regions,

it




velocities in the hotter upper mantle should be lower than in the cooler lithospheric
root (Bott, 1982). For a homogeneous upper mantle, a temperature gradient of more
than 8 to 9 K/km would offset the pressure effect, causing P-wave velocities to
decrease (Anderson and Sammis, 1970). Thus, the velocity gradient determination
can help constrain the mantle temperature gradient. Fortunatelv, the events and su-
tions used in this study are well situated to address this cuestion. A glance at Figure
2 shows that raypaths from the two Zambia events cross either mostly cratonic or
mostly mobile belt provinces, allowing for independent sampling of the two regions.

So our results could corroborate the deep cratonic root hypothesis.

DATA AND ANALYSIS METHOD

The objective of this study was to determine an upper mantle P-wave velocity
structure for southern Africa. Our approach was to forward model regional P,
waveforms recorded at several stations from two moderate-sized earthquakes in Zam-
bia. Figure 2 shows the locations of the events, stations. and raypaths. The effects of
lateral crustal heterogeneities on the PL waveform were ignored; these would cause
focusing and defocusing, as well as scattering, of PL energy. Forward modeling of
body waves has not previously been applied in this region. The advantage is that this

technique samples upper mantle properties on 2 finer scale than surface wave

methods.
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Figure 2. Events and stations used in the study. Shown are raypaths from each cvent
0 stations providing data tor that event. Region enciosed by boid line is the
Kapvaal-Rhodesian craton. Note that raypaths to BUL and PRE cross only craton:
those to WIN and SDB cross only mobile belts. Tick marks are 107 apart.




TABLE I. Event Parameters
Event  Date  Srike Dip Rake m, M, (x10%dvne~cm)  Depth (km)

1 5/15/68 49¢ 40°SE - 263° 5.7 332 28
2 12/2/68 20° 40°SE 265”59 4.38 6

Table I summarizes the source parameters for the two events used. as deter-
mined by Wagner (1986) from momenr tensor inversion. Event 1 occurred in westem
Zambia on Mav 15, 1968. Inversion gave a nearly purc, high-angle normal fault
mechanism at 28 km depth, with a large (17%) CLVD component. and a  sec
source time furcton. A large earthquake this deep implies a high swain rate at depth
lending support to the rift propagation hypothesis. Event 2 occurred 350 km
northwest of Event 1. Inversion vielded a nearly pure normal mechanism, with
small CLVD component and 7 <ec time function, at a depth of 6 km. All four sta-
gons (PKRE, BUL, WIN, SDB) contributed data for Event 1, while only BUL and

WIN provided data for Event 2.

A P, wave is defined as the long-period waveform recorded at regional dis-
tances (<1700 km or 15%) from crustal earthquakes, though it has been observed out
to 259 in s0mme regions. It inciudes the ininal P pulse and lasts until the shear wave
arrival time. P,; has been studied by Wallace (1983), Shaw and Orcutt (1984), and
Helmberger and Engen (1980). Figure 3 shows a sample P,; waveform from an
earthquake :n Zambia (this study). The name P,;, as coined by Helmberger and

Engen (1980), implies that the waveform is a combination of two wave phenomena:

a parually trapped crustal wavetrain (PL), and upper mantle phases (P,).




The P, portion of the waveform (not to be confused with the muntie head e
phase P, ) armives first, and consists of P-wave interactuions with the uppermost man-
de, such as the similarly nomed mantle herd wave, and upper munde turning wave
phases such as P. pP, and sP af these phases exist). For a plane lavered earth. these
phases travel with honzontal phase velocities greater than or equal to the P-velocity
1t the top of tue mantle. In Figure 3, the first three impulsive wrivals topen wrews)
constitute P, . Thus, because 1t 1s compos=d of P-waves that sariple the uppenmost

mantle, this portion of P, 1§ the most important for this study.

PL is the long-penod wavetramn that foliows P, 1n Figure 3.0 Tt was firs:
identified by Somviile (1030, und has since been studied by numerous workers
(Oliver and Major, 196G: Oliver, 1y64; Heimberzer, 1672 Helmberger and Engen.
1980, Wallace. 1983: Shaw and Orcutt, 1984), It propagaies as partialy rapped ©-

g + - i
SV reverberations in the crust, leaking SV encrgy into the mante, & shenor ~enon

termed “lesky mode” proprgation, henco exnlaining why PL attenuates rapidiv with

distance. These reverberaucns have ray parameters greeier than the P-wave siowness

of the uppermost mandz. Puticis moton for the PL wave 1s rrozrade ¢llinnte

R ™y
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cuses, the tangental mouon was negligible, implying that linde multi-pathing energy

wa. present.

¢ generate svnthetic seismograms we used the wavenumber Integration routine

from Bark »r (19823, This micthed stems from the solution in cvhndncat eoordinates

of the Founer gansformed {(Helmholz) wave equation. The frequency domain solu-

r

tions for the P-. V-, and SH-wave potenuals are

o
|

e
s
@

wir B = N 408 [w (ke J Gk dk
: 2 Y
! O

T Yoo

SAU6) [ pizkow) Jylkry dk

in which the azimuthally dependent terms 2.718) are the honzontal source radiztion
pattern, J; (ko) 1s the Bessel frrzion of order 10 W is the wavenumber (= @/c). @ s
angular frequency, ¢ is horizonwl phase velocit s, ¢ d (r.8.2) are the cviindncal coor-
dinates. Notice that simce the integration 1s over real v owvenunbes, this method wi
theoretically produce a complete svnthenic seismogram. In ~racuce, how C.er, the
itegragon i uncaes, to thet the final rasponsz includes on. - waves over a

WAVeNmpeT Dandg o Interos

The vericaiiv dependent foncuons 0,0y, and ¥, in the iaregran, we computed

using the Thort.on-riasre, propacaor matnx methed (Thomson. (950 [Tagxell
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displacement-stress discontinuities at the source depth. Alvo included s the delta
matrix formulation of Duncan (1965) and Thrower (1965 1o avoid precision errors
when subtracting exponentially growing terms for the P-SV cuce. Frequenew-
independent attenuation (G 7*) is included by assuming compiex laver velocines.

The integration over wavenumber is performed ©linwing Apsel (1079 where
quartic polvnomial is fit to the integrand, and the interraton pe formed analvicully
over that polynomial. Inclusion of complex velocities ailows for integrution over real
wavenumber, since this moves the Ravieigh poles off the real wavenumber axis. The

sampling can be coarse where the integrand vanes siowlv, and finer where it varies

Finally, the frequency domain Green's functions for the principal dislocation
~ources are obtained. These are then muitiplied with the source spectrum, 2 WWSSN
long-period instument response, combined 1o vield a synthetic spectrum, and inverse

Fourier wransformed into the tume domain.

STRUCTURE MODELING

All models for which synthetics were calculated had the same crust.] parame-
ters. but different mante swucture. For o »tal model we chose model C3 from
Pavlin (1981). which is a modified version of the Gumper and Pomerov (1670) cru-
sial model. Parameters of this crust are shown in Table 11 In e inverson for
source parameters of Afncan earthquakes, Wagner (1956, used a variaton of this
mode’. His source crustal thickness was 36 km for the two evanis i thas study,

siehtly less than our 38 bm thick crust, For attenuanon, an arserers QP and QY of




1000 and 500, respectively. were assigned to the crust,

TABLE 1I: Crustal Model

o (km/see) B o(kpvsesy o ighed) op QS Thicknesc thm,

<

5.90 3.35 270 1000 500 7.0
6.15 3.55 2.80 1000 500 11.0
6.60 372 2.85 1000 500 200

The first model {or which svnthetics were calcuiated 1s called LHOL. It has a
half-space mantle with a consant P-wave velocity of 8.10 km/sec, and a mantle shear
wave and density structure tukzn from Bloch, et al. (1969). Representanve values for
QP and QS of 500 and 200, respectively, were assigned 1o the upper mantle. Because
of the lack of any mantle velocity gradient, the P, poruion of P,; wili contain only
head wave phases: le., waves which refract along the Moho. In all subsequent gata
and synthetic comparison figures, the data is the thinner trace, the stauon name.
azimuth, and distance are given, and absolute amplitudes are shown in microns (data

is the upper number). Both svnthetics and data have been low-pass iiltered using a

Butterworth filter and corner frequency of 0.8 hz.

Of primarv importen.e when comnaring the svnthetics and data is the ruive
amplitudes of the P, and PL portons i the waveforms, which we represert as the
ratio of the amplitude of the laree armval at 30 sec (referred 10 as P, A4 5 in the figures
to the amplituce of the carly PL osciltatons. This ratio is referred 1o 28 the P A PL
ratio. For a constant velocuy mantie, the P A 'PL rato in the svathencs is a

minimum, since oniy head wave and crusiai phases contibute to P AL The FLA PL

n




ratio will increase for models with a positive mande gradic nt, because wrmng wave
energy will contribute to P, 4. Hence, the P, A/PL rato is a measure of the upper
mantle influence on P ;. without recourse to .*,olute amplitudes.

Figure 4 shows the vertical data and svnthetics for Event 1 and modei LHO7T.
All waveforms have been aligned on the P, A arnval ar 30 sec. Data from BUL has
iong-period noise, so P, A/PL amplitude ratio mayv be ineccurate. From caleulations
using generalized ray theory, the first arrival in these svntheucs is the mantle head
wave (P, ), and the second arnival (P, A) 1s composed of simmlar head waves from
depth phases like pP,, P and sP,,P. Nouce that, parucularly at BUL and PRE, the
P,A /PL ratio is underestimated in the svnthenics. At WIN the misfit is not as great,
but sull obvious. The synthetic and data P, A/PL rauo at SDB are very similar, in
contrast to the other data. Based on the nature of P A, these misfits (except for

1

SDB) indicate that ther: is mantle turning wave energy in the dawa, which is not
included 1n the synthetcs.

Also observe that the synthetics do not show either of the dilatational precursor
armivals seen at PRE (arrowed in Figs. 4 anu S). Furthermore, the svnthetic P, 4 —PL
ume is too small (i.e., P, A armves laic), indicating that overall mantle velocities are
100 low. A positive veiocity gradient could increase the P, A PL ratio by iucluding
turning wave energy in the syntheucs, as well as producing discrete arrivals. Based
on these criteria, we believe that a mode! with a positive mantle P-wave velocity gra-

dieni is required.

Figure 5 shows the radial components for Event 1 and miode! LHO1. P, A/PL




BUL

<nn

[y

Figure 4. Verucal daw ¢t o truce: and svnthetics (thick) for Event 1, model LHOI
(constant velocity mantes. Note jong-period noise at BUL. Traces have been offser
verticai!ly to facilitate companison, and aligned on the P, A phase at 30 sec. Distance.

suhsequent fige 2s Nonce oo onteae £, 4/PL rance at all stetions except SUB.
Precursor pricses (arrowed, @ il are not nroduced in the synth.2tc.




I i o
+ BUL — R=0%0 km |
b
| - ‘
) 0 ;
[ T
[ ys
DD —_ D _tiAan 1. i
oaves IR SVAVARS ST
|
~ o) l
VAAEEVSEY |
Ao=168

rmi
Al

WIN

Figure 5. Radiai data and synthetics for Event 1. model 1.HCT. Long-period noise in
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ratios for BUL and PRE are unreliable because of the long-period noise. Therefore,
one can not safely say that the svnthetic P, A/PL ratio at these stations 1S too smali.
This is clearly the case at WIN and SDB, though. Furthermore, the precursor phuses
at PRE are missing in the synthetics. Thus, we armive at the same conclusion as for
the vertical components: neither the P, A/PL ratios nor the precursor phases at PRE
can be modeled with a constant velocity mantle. This can only be accomplished by
incorporating a positive mantle velocity gradient in the model.

In subszguent comparison figures, the radial components will not be discussed in
detatl, because the £,; data behave as expecied for P-SV waveforms. In general, P,
phases are larger on the vertical than on the radial, and the reverse is true for the

early part of the PL wave (compesed of shallowly incident energy).

However. the SDB data presents an anomalous P, A/PL ratio on the radial com-
ponent. Here, P A is much larger than PL, while the vertical £, A 1s much smalier
than PL. a relation not seen in the other data. Because of the low signal-to-noise -0
and lack of calibration pulses on the original setsmogram, we consider the SDB
P,A/PL ratio unreliable. However. P will be useful later when comparing svnthet-
ics from different mantie gradient models.

Shown in Figure 6 wiz synthetics from model LHO1 and data or Event 2. Radial
components are not available for BUL due to horizontal instrument malfuacion. As
in the Event [ comparizons, we see that the svathetic P, A /PL rato is underos-
omated at BUL and WIN. The first arrival at WIN is much smaller than that secn in

the daw:. and the interference between the first two arrivals in the daw (arTov ed in

)

I
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Figure 6. Vertical component data and synthetics for LHOL and Event 2. Note
underestimated P, A /PL ratio at both stations. indicaung the neec for a positive man-
tle gradient. First armival at BUL {arrowed) 1s not in the svnthetics. and hence is
thought to be a turning wave. Note shoulder at WIN (arrows.l) from interference ¢f
first two armvals.
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Fig. 6) is not modeied. At BUL, notice that the first arrival (compressienal. arrowed
in Fig. 6) 1s missing in the svithetics, just as the precursor phases at PRE for Event |
were missing, and we similariy infer this o be a wuming P-wave. We ugain infer that
a mantle gradient model would correct these mishis.

|

Figure 7 shows such a model. called SACMO4 (and a higher gradient model,
SACMOS, to be discussed later:. The crustal parameters are the same as those in
LLHO1; the mantle now has an urbitrarily chosen linear P-wave velocity cradient of
0.00333/sec, with a Moho veiocity of 8.10 km/sec, and @ QP and QS us botore. For
the synthetic computations, this gradient was approximated by 10 ko thick fuvers
each with a velocity ncrease of 0.0233 km/sec. The mante density and <hear velo-
city are the same as those in LHOCIL, and P, 15 insensinive to the mantie shear velo-
city. Shaw and Orcutt (19843, 1n a detaled analvsis of PL propaganon soross Tiber,
showed that PL is insensirive o mantle soucture. Thus, P, (or P, A) can v aved ¢
estimate the gradient magnitude. Finallv. the earth flatterning transformurnion used in
Helmberger (1973) was applied to the entire model.

The number of layers nezded in the wavenumber integragon io adequately
model turning waves was found from direct P-wave bottoming depths at *he o inest
station from ray parameter-disiaince curves, Such curves were dete.mined o0 oot
events, and the curve {or Event 1 15 shown in Figure 8 For any station distance. the

ray’s slo ‘ness s the reciproca of the velocty at its bottoming depth. For cnamnie.

at 1250 km, the distance of SDB, .2 slowness is 0.1026 sec/km; this gives a velocity

of 8.72 km/sec, ani reference o SACMO4 gives a bottoming depth of 160 km tor P

Thus, if £ 5CMO4 was e pest f0 mode! for SDB, 1t would be representative of the




|
SACMOS T !
- — -
. | e f— ‘
8— QM !
- { —J
- | E
= ?
= ;
Z - J
5 |
il
. . i
- !
: Seme for both |
| 1 |
4 ? _
| I |
: . |
R |
— : |
| | |
r ‘ Same for both <
| — |
f , : ‘ , | J
n z =
U 20 100 150

Depth (km)

Figure 7. Models SACMO04 and SACMOS, for a sphencally stratined earth. SACME-
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has a mantie P-wave velocity gradient of 0.00333/sec; SACMOS hus a grac’ent of
0.00666/sec, represented by 10 km thick lavers. Crustal parameters are taken from
model C32 of Paviin (1981), and are a modinicaton of those from Gumper and
Pomerov (1970). Mantle shear velocity smucture and density are taken from Bloch. et
al. (1969;.
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average structure down to 160 kin depth. If there is ne evidence in the data of
interacuon with an LVZ, this also constrains the minimum Lihosphenc thickness,

assuming that an LVZ marks the base of the lithosphere.

The vertical syatheucs and daw for SACMOY wnd Fvent b oare shown in FLooure
O Recall thar the mantle craatent should couse the P4 L rano o increase by con-
ributing turning wave enerey o the wasefomms, Notce thas the 7 A4 PL rauoe at
BUL hus mereased only slighdy. This swation 1s 100 ciose for the gradient 1o have o
ree effect, and the data P, A amplitude may be increased by low-{requency noise.
At PRE. the first precursor phase 1s clearly visible in the svnthenes. 1is polarity and
amplituce being equivalent 1o that in the data. This contimys that the first precarsor In
the daia is the direct mande P-wave because it s the first armival, and its polurity and
ampiitude are consistent with that of 2 svathenc P-wave with a take-olf angle (from
rav parameter-distance curves) in the dilational quadrant of the focal sphere. Based

0l

on travel-times, the cnergy pomarily responsidle for boosung P A 1s sP. Due 10 118
small free surface reflecton coefficient for this slowness (=0.1), and near-nodal inital
amplitude, pP is not seen, and so we are left without an expianaton for the <-cond
pre~ursor phase. Explarations for this phase will be discussed later. However, we

stll conclude from the PRE data that SACMO4 is a beuer erumatz of the mante
structure beneath the craton than is LHO!.

At WIN in Ficure 9, nouce that the svatheus P, A FL ratio is overestimate
The syntheuc mantle P-wave (at 1% sec) at SDB v much larcer than thatin the dat,

which 1s near noise ievel. Together these imniv that more wirming wave energy s

present in the svntheocs than 18 actualiv in the datw. Thes jodaoing from the vertical
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Figure 9. Vertical component data and syvnthetics for SACMO4 and Event 1. PRE
synthetics now contain the first precursor arrival-- the direct mantle P-wave. The
secund precursor arrival cannot be modeled. Synthetic P, A/PL ratno at BUL is w0
small; that at PRE 1s nzarly correct: at WIN, it is too Jarge. This implies that the
SACMO4 gradient i1s too high to represent the mobdiie bzl. upper mantle, whiie
approximutely correct, if no iow, for the cratonic upper mantle.
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components, the gradient in SACMO04 is too high, although, as seen from the discus-
sion for LHO1 synthetics for WIN, a small gradient is required to model data from

the mobile belt regions. Recall that paths to WIN and SDB lic along the mobile belts.

Radial components for SACMO04 and Event 1 are given in Figure 10. The ﬁrsf
precursor phase in the PRE data is clearly present in the synthetic, as it was on the
vertical component, but the second precursor phase remains missing. At WIN the
synthetic P, A /PL rato is slightly overestumated. The initial P-wave arrival at SDB,
predicted by the syntherics, is either not in the data, or too near noise level. These

observations reiterate the conclusions drawn from the vertical components.

Figure 11 displays the vertical data and synthertics for model SACMO4 and
Event 2. Clearly, the fit has been improved using the gradient model. The shoulder
produced by the interference between the ﬁrs; two arrivals at WIN (P and sP) is
reproduced. We also notice that the synthetic P,A/PL ratio at both Blj'L and WIN
has increased, though by too much at WIN and not enough at BUL. This indicares
that SACMO04 overestimates the actual gradient sampled by the WIN data, and

underestimates that sampled by the BUL data.

The BUL synthetic predicts a dilatational first arrival (arrowed in Fig. 11),
representing the mantle P-wave. This polarity is consistent with the take-off angle of
P from the focal sphere in the modeil. Therefore, the precursor phase at BUL cannot
be interpreted as a direct P-wave in our structure model. Furthermore, allowable
changes in source parameters (+4° in strike, dip, and rake) cannot produce such an
arrival. Examinaton of short-period teleseismic records shows no evidence of a

small magnitude foreshock, ruling out such an explanation. Speculadon on the nature
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Figure 10. Radial component data and synthetics for SACM(4 and Event 1. Long-
perind noise in the BUL and PRE da:a precludes accurate P,A/PL ratio esumates.
However, the first precursor at PRE is present. though not the second. P, A /P_ ratio
at WIN is overestimated by the synthetic anc iie P-wave arrival at SDB (at 18 sec)
predicred by the synthetic is missing, showing tnat this gradient is too high.
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Ficure 11. Vertical component data and synthetics for SACM04 and Event Z.
P,A/PL ratio at BUL has increased, though not enough. The synthetic piudicts a
dilasaticnal first arrival; a compressional arrival is seen in the dam. This armival can-
not be explined by a mantle gradient. The P A/FL 1o ai WIN ic overestimated
slightly, and the shoulder is present in the unfiltered svnthetic.
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of this armnval will be diverted until later, but its occurrence does not affect our

requirement for a mantle gradient.

In an attempt to further increase the P, A/PL ratio at BUL for both events, and
1o see how well we could constrain the gradient magnitude, we computed synthetics
for model SACMOQ5, which has a gradient double the magnitude of that in SACMO41.
SACMOS i1s also shown in Figure 7. Mantle shear velocity, density, and attenuation 1s
the same as in SACMO4. For this migher gradient mode!, we expect the svantheuc P

and P, A ampliwdes to increase further reladve to the PL wave at all stations.

Figure 12 displays the vertical data and synthetics from model SACMOS and
Event 1. At BUL, the larger gradient has boosted P, A slightly, so that the P, A/PL
ratio is close to the data rano. However, at PRE the P, A phase is now 2.5 times as
larce as the PL wave, a much larger rado than in the data (P, A /PL =1.66). Further-
more, the synthetic PL wave arrives late at all stations, because the P, A ~PL time is
larger than in the data; i.e., P, A arrives 100 early, implying too high mantle veloci-
fes. Thus, PRE indicates that this gradiert is too large: SACMO4 svnthetics fit all but
the BUL data better. The P, 4 amplitude at BUL may be antificially increased by
long-period noise (apparent in the first 20 secs), its true amplitude being ', than
that shown. Alternauvely. an increase in the gradient at shallow depth in SACM04,
where the energy amriving at EUL turns, might increase P,A without requiring a
higher overall gradient, which is precluded by the PRE data. The latter hypothesis

was no! modeled. though the Event 2 BUL data suggest that this explanation 1s

cormrect.
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Figure 12. Vertical component data and synthetdcs for SACMOS and Event 1.
P,A/PL ratio at WIN is greatly overestumated, and the large dilatatonal P-wave at
SDB (18 sec) is not in the data. The P, A/PL rado at BUL is close to ths data rado.
At PRE, the synthedc P,A/PL rado is slightly too large, indicating thut the noise at
BUL is causing an erroneous rado. Notce that the P,A/PL ratio is not as highly

overesumat=d at PRE as at WIN. o1




Obviously, the synthetic P, A /PL ratio at WIN in Figure 12 is greatly exag-
gerated, as we expected from the SACMO04 synthetics, which already overestimated
this ratio. At SDB, the very large direct mantle P-wave in the synthetics is totally
absent from the data. Thus, the gradient in SACMOS is definitely too large for both
cratonic and mobile belt paths, and that in SACMO04 appears to give the best fitting
synthetics for Event 1 cratonic path data. Radial components in Figure 13 vield the

same conclusion.

Figure 14 shows the vertical component data and synthetics from SACMOS and
Event 2. Clearly the gradient in this model is too high for the WIN data, as evi-
denced by the very large synthetic P,A/PL ratio at WIN, as well as the exmeme
absolute amplitude difference. At BUL though, the fit is good, except for the missing
compressional precursor arrival. There is no long-period noise here to induce ampli-
tude errors as there is for the Fvent 1 BUL data. The data and synthetic P, A/PL
ratios are very close, though for the Event 1 data this model’s synthetics overes-
umated the P,A/PL rato at PRE. For raypaths as close together (azimuthally) as
those to BUL and PRE, SACMOS couid not be the best fitting model for Event 2 but
not for Event 1. This could be explained if the BUL data could be fit with a model
similar to SACMO4 but with a higher gradient at shallow depth, as discussed ~Hove.
This was not modeled, however, as it does not affect the quanttative conclusion

about the average gradient, which is best consmrained by the PRE and WIN data.
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Figure 13. Radial component data and synthetics for SACMOS5 and Even: 1. Long-
period noise at BUL and PRE precludes measurement of P, A/PL ratios. Note large
P arrival at SDB, missing in the data, and the o large synthetic P, A/PL rato at
WIN, indicating that the gradient is too large.
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Figure 14. Vertical component data and svnthetics for SACMOS and Event 2. The
P,A/PL ratio at BUL is very similar to data rago, but this gradient is too high, as
shown by the PRE data. indicatng a steeper gradien: than SACMO4 at shallow depth.
The first arrival in the data is also micsing, indicating more complicated structure
than a simple gradient. The P,A/PL rauo at WIN is greatly overestimated in the
svnth: ..C.

94




DISCUSSION

Comparison of the data and synthetics above indicates that there is definitely a
positive P-wave velocity gradient in the upper mantle beneath southern Africa. Evi-
dence for this is two-fold. First, and most convincingly, the appearance in the data of
mantle turning wave arrivals requires a positive gracient. This phase is totally lacking
in the model with a constant mantle velocity (LHO1). Secondly, a larger P, A/PL
rato in the data than in the LHO! synthetics implies some amount of mantle turning

wave energy in the seismograms.

The data also indicate that the mantle gradient is probably slightly lower
beneath the mobile belt regions (WIN-SDB paths) than beneath the cratonic regions
(BUL-PRE paths). This is based on the observation that the gradient model SACMO04
synthetics fit the PRE data well, while they overestimate the P,A/PL ratio at WIN
for both events. The higher gradient model, SACMOS, overestimates the P, A /PL
rado at all stations except EUL for both events, indicating that this gradient is too
high. We therefore deduce that the gradient is slightly less then 0.00333/sec beneath
the mobile belts, and approximately 0.00333/sec beneath the cratons, though the data
cannot constrain the gradient this accurately. This difference conveys important infor-
maton about

the tectono-thermal state of the region, as discussed below.

The criteria used to infer the gradient and its magnitude are affected by errors in
the source parameters. Hence, an examination of how amplirudes of P, P, A, and PL

are affected by these factors is required. Error bounds on the moment tensor elements
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are given by Wagner (1986). Since these do not relate directly to the double coupie
parameters, we determined strike, dip, and rake for various mioment tensors to deter-
mine error bounds on these quandunes. A conservative estimate for all parameters is:
+3° for Event 1, and #£4° for Event 2. Of particular interest is the sensitivity of the
Event 1 PRE and WIN svnthetics to these errors, since these data best consmrain the
gradient magnitude. We found that errors in the dip had the largest effect on the
waveform, but that this effect was negligible with regards to the P, A /PL ratio.
Strike and rake had similarly small effects on the synthetics, so that our conclusions

remain unaffected by the allowable range in source parameters.

For comparison with other velocity models, and for delimiting the depths over
which our model SACMO04 applies, we summ: ize mantle P-wave bpttoming depths
at the appropriate statdons. The P-wave arrival at PRE bowtoms at 120 km depth
beneath the Kapvaal-Rhodesian craton. The P-wave at WIN, 100 km further from the -

source, bottoms at 140 km beneath the Damara Fold Belt.

While they do not affect our conclusions about the average gradient, certain
aspects of the data could not be reproduced in the synthetics. The moét obvious
misfit is that neither the second precursor phase at PRE for Event 1, nor the first
arrival at BUL for Event 2 could be reproduced with our models (see Figs. 9 and
11). Both of these statons lie on the craton. Something more complicated than a
monotonic gradient must be responsible for these discrepancies, because allowable
changes in source parameters cannot produce thess arrivals. The phases could be due
to small foreshocks, but examinatioh of short period teleseismic and regional records

indicated no such events. Perhaps reflection from or refracdon through a high-
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velocity or high-velocity gradient layer beneath the craton is responsible; testing this

would require further modeling.

The P-wave velocity model of Bloch, et al. (1969) contained no high-velocity
zones, though their methods were not seasitive to the P-wave velocity regime, nor to
thin lavers. Other workers have reported high-velocity layers a: shallow depth in the
lithosphere. Hirn, et al (1973) described relatively high velocity refractors at 55 and
80 km depth in France from a long (1000 km) refracion profile. A compilation of
similar long-range refraction results from many different areas, showing evidence of
fine layering in the lithosphere, is given by Fuchs (1979). Proposed explanations for
this phenomenon include anisotropy (due to preferred alignment of olivine crystals)
within the layers, and lateral pemologic and chemical heterogeneities. Bamford (1977)
has demonstrated a 7% anisotropy in P, -velocity in western Germany, though a sub-
sequent sxéudy (Bamford, et al., 1978) in northem Britain failed to reveal any
significant anisogopy. Thus, such layering may not be ubiquitous, and more data is

required to conclusively identify and study it in southern Africa.

Precise modeling of other aspects of the data would require a small modification
to the gradient model. Recall that the SACMO4 synthetics consistenty underesimarted
the P,A/PL rado at BUL for both events (Figs. 9 and 11). This was true even for
Event 2, which contained no low-frequency noise. Model SACMO05 produced better
fitting synthetics at BUL, but not at PRE for Event 1, and the latter constrains the
gradient better. Since BUL is nearer the source, this could indicate that a higher gra-
dient is present at shallow depth, where the rays to BUL turn. Such a modificatoa

would increase the P, A/PL ratio at BUL without affecting further stations. Since our
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purpose was to determine the average gradient, this aspect was not modeled.

Synthetic mantle tumning wave amplitudes are also affected by cw cioice of
upper mantle QP and QS values. Higher Q values would require a smaller velocity
gradient to produce similar amplitudes, though relative travel-times would also be
changed. When compared with published Q values (Anderson, et al., 1965; Anderson
and Hart, 1978: Patton, 1980), our values are approximately twice as large. However,
these studies generally find an averaged Q over broad regions; no attenuation studies
have been undertaken in southern Africa. Therefore, our values may be high, but not
unreasonable for an old, stable platform and cratonic region. If a subsequent,
independent Q survey should yield a lower Q value, it could imply a slightly higher

mante gradient than determined here.

A positive mantle P-wave velocity gradient has implications for the southem
African upper mantle thermal regime. Since our data reveal that the gradient is
smaller beneath mobile belts than beneath cratons, this study supports the deep lithcs-
pheric root hypothesis. Assuming pressure changes with depth are roughly equal
between the two provinces, and assuming similar pewrologies, the higher velocity gra-
dient indicates lower temperatures and temperature gradients in the cratonic root. The
nominal model used by Bailard and Pollack (1987) predicts this difference in thermal
structure. It indicates that at a depth of 100 km, the mobile belt mantle is about
600° C hotter than the cratonic root, and the temperature gradient is higher in the
mobile belt lithosphere down to 100 km. Temperature gradieats below 100 km are
higher in the cratonic root than in the adjacent asthenospheric, mobile belt mantle,

but between these two regions there is a major rheologic difference. The temperature
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profiles do not merge unul 800 km depth.

A lower limit to the depth of the root can be ascertained from the bottoming
depths of the direct mantle P-waves at PRE for Event 1. The bottoming depth from
SACMO04 for the P-wave at PRE is 120 km, and there was no evidence for a P-wave
LVZ. Ballard and Pollack (1986) estimate that the root may extend anvwhere from
200 to 400 km depth, so our conclusion is well within the lower limit. Brune and
Dormann (1963), using surface wave dispersion, did not detect a P-wave LVZ
beneath the Canadian shield above 400 km. Like the Rhodesian-Kapvaal craton, the
Canadian shield also has relatively low heat fliow. In northwestern Eurasia. Given and
Helmberger (1980), using body waves, did detect a small LVZ for P-waves, 50 km
thick, beginning at 150 km depth. Thus, our data may not sample deep enough to

detect an LVZ, but it does yield a minimum lithospheric thickness in the craton.

Fairhead and Reeves (1977) have estimated lithospheric thickness over most of
the African continent by combining teleseismic delay times and Bouger anomalies.
Their map shows a thickness of 150-175 km beneath BUL and PRE, which is con-
sistent with our derived minimum lithospheric root thickness of 120 km, and with the

Ballard and Pollack (1987) study.

Their map shows thinner lithosphere in the mobile belt regions, the thickness
beneath WIN and SDB being less than 150 km. The direct P-wave at WIN for
SACMO04 for Event 1 bottoms at 140 km; however, since we believe that the gradient
is slightly less than that in SACMO04, the ray actually bottoms shallower. This dept
is close to the lithospheric thickness in the region given by Fairheud and Reeves

(1977), so the actual rays could be encountering a low velocity zone, an effect whict.
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we did not model. However, there was no hard evidence from our small daw set of
interacton with an LVZ, so the lithosphere is somewhat less than 140 km thick
beneath the mobile belts. Unfortunately, the SDB data, which would have given a

deeper sampling of the structure, proved unusable.

Figure 15 compares our velocity modeis with those from previous studies.
Grezen’s (1978) model was obtained from inversion of P-wave travel times for earth-
quakes throughout eastern and southemn Africa, the Red Sea, and Gulf of Aden.
Because of source-station geometry. the upper 250 km of hic model is more represen-
tative of the rift zone upper mantle, or at best an average of stable and active upper
mantle regions. Only velocity values below this depth apply to southern Africa. It
shows an overall slight positive gradient, but the values are considerably less than
those in SACMO4. This is probably a result of the different regions examined in the
two studies, and our models do not extend deep enough to compare with Green’s

below 250 km.

Figure 15 also shows the P-wave velocity model of Gumper and Pomeroy
(1970), obtained from surface wave dispersion. Notice that it agrees closely with that
of Green (1978), probably because these models both average structure between the

rift zone and more stable regions.

Finally, we compare our models with that of Bloch, et al. (1969). Their study
region is nearly identical to ours, and there model does not average between major
tectonic provinces. Our model SACMO04 and the Bloch model coincide closely for
most of the former’s depth range. Model SACMOS diverges rapidly from theirs

below 70 km depth, and we have shown that this gradient is too high. SACMO04
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Figure 15. Comparison of models SACM04 and SACMO05 with models of Gumper
and Pomerov (1970), Green (1978), and Bloch, et al. (1969). Models are for a spher-
ically stratified earth. The first two models are more representative of the tectenically
active regions. Note that SACMOS quickly diverges from all other models. The
Bloch model ag-+2s closelv with out mode: SACMO4, resulting from the two studies
examining the same region. SACMO4 15 defined by the PRE dua 1o 2 depth of 120
km beneath the craton.
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represents stucture at least dowa to 120 km depth beneath the cratons. and probubiy
deener. Benearth the mobile belts, the actual gradient 1s Jess than in SACMO, and 1
probablv defined to a depth somewhat less than 140 km. A lower gradient beneath
the mobile belt regions would also agree closelv with Bloch's model.

To determine if we could distinguish between a gradient and 4 veiocity jump. as
shown in the Bloch, et al. (1969) model at 70 km depth. we computed synthetes for
their model. The velocity jump mode!l synthetics did not match the PRE dara for
Event 1, and so we conclude that a gradient is more appropriate than a velocity jump.
Surface wave dispersion cannot resolve a velociy gradient. so it represents it as a
velocity jump. However, a model with a small velocity jump separating two lavers
having a posiuve velocity gradient was not examined, and could possibiv explain the

unmodeled precursor phase at PRE and BUL.

CONCLUSIONS

The data from this study indicate that there is a posiive P-wave velocity gra-
dient in the upper mantle beneath southem Africa. Synthetic seismograms were gen-
erated using a wavenumber integration routine, and compared with P,; waveform
data from two Zambia earthquakes. Previous workers have determinec the source
parameters for these events, thereby allowing modeling of stucture effects. The
source-station diswibudon allows for examination of structure beneath cratons and

m- bile belts independently, to detect differences in upper mantle structure.

Based on the existence 1n the data of mantle tuming wave phases P and sP. and
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deir amplituces relauve to PL, the grudient magnitude could be estimated. A gradient
of approximately 0.00333/sec is indicated for the average velociry structure beneath
the Kapvaal-Rhodesian craton (model SACM04). Some of the data suggest that the
gradient may be steeper at shallower depths. From P-wave bottoming depths, this
gradient extends at least to 120 km, which is also a lower limit on lithospheric thick-
ness beneath the craton. This conclusion is consistent with lithospheric thickness stu-

dies from regional gravity and teleseismic P-wave delay times.

Based on similar criteria, a smaller positive gradient must exist beneath the
mobile belts. A magnitude slightly less than 0.00333/sec, but still non-zero, is con-
sidered likely. For model SACMO04 the bottoming depth of P-waves at WIN, the
furthest mobile belt station showing no evidence of a LVZ, is 140 km. Lithospheric

thickness studies give a thickness of less than 150 km for the mobile belt regions.

Our inability to model some precursor armvals at PRE and BUL with a morno-
tonic velocity gradient suggests that there may be high-velocity lavers in the cratonic
upper mantle. These precursors only occur at cratonic path stations, and more data is

needed to determine the nature and cause of this phase.

Our conclusion of a higher velocity gradient beneath the cratonic province sup-
ports the hypothesis that a deep, cool lithospheric root exists underneath this region.
Our data also place a minimum depth extent on the root of 120 km. The root was
originally postulated as a mechanism for heat diversion to explain ‘ower values of
observed heat flow (Ballard and Pollack, 1987) in the craton than in the mobile belts.
Tectonically, this implies that the cratonic lithosphere has remained largely

unaffected by post-Archean heating events. Similar data sets could be used elscwhere
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to detect upper mantle velocities and heterogeneities between tectonically old and

young regions.
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