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ABSTRACT

The establishment in Southern California of a large seismographic
network provides an unique opportunity for studying the seismic velocity
variations within a tectonically active region that includes a major
plate boundary, whose surface expression is the San Andreas Fault. 1In
the firét part of this thesis, the compressional velocity within the
upper mantle beneath Southern California is investigated through
observations of the dependence of teleseismic P-delays at all stations
of the array on the distance and azimuth to the event. The variation
of residuvals with azimuth was found to be as large as 1.3 sec at a
single station; the delays were stable as a function of time, and no
evidence was found for temporal velocity variations related to seismic
activity in the area. These delays were used in the construction of
models for the upper mantle P-velocity structure to depths of 150 km,
both by ray tracing and inversion techniques. The models exhibit
considerable lateral heterogeneity including a region of low velocity
beneath the Imperial Valley, and regions of increased velocity beneath
the Sierra Nevada and much of the Transverse Ranges. These changes
are attributed to variation in the degree of partial melting within
the upper mantle; their relatioqship to, and implications for, regional
tectonics are discussed in the final chapter of this section.,

One of the major uncertainties in the interpretation of shock wave
data is the temperature reached under shock compression and subsequent
release. The second half of this thesis describes the development of

a technique for the experimental determination of post-shock temperatures,
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and its application to several metals and silicates shocked to pressures
in the range 5 to 30 GPa. The technique utilises an infra-red radiation
detector to determine the brightness temperature of the free surface

of the sample after the shock wave has passed through it, and has
yielded highly reproducible results that are consistent for the wave-
length ranges 4.5 to 5.75 and 7 to l4u. The comparison of these results
with values calculated using conventional theories provides some

insight into the thermal processes occurring in shock waves. In
particular, the measured temperatures are generally higher than those
calculated; this is attributed to elasto-plastic effects in metals,

and is probably associated with strength effects in silicates, both of
which are commonly ignored in the calculation of theoretical temperatures.
The implications of these observations for the interpretation of shock-
induced metamorphism and impact phenomena, and for the application of
shock-wave data to the interpretation of the behaviour of silicates

within the earth's mantle, are discussed in the final chapter.
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PART I

REGIONAL VARIATIONS IN UPPER MANTLE COMPRESSIONAL

VELOCITIES BENEATH SOUTHERN CALIFORNIA



Chapter 1

INTRODUCTION

Southern California is a region containing a number of markedly
different tectonic regimes, including an extension of the active zone of
rifting in the Gulf of California into the Imperial Valley, and a
majof transform plate boundary whose surface expression is the San
Andreas Fault. It is perhaps reasonable to expect that these surface
features are accompanied by structural variations at depth within the
crust or upper mantle. The U.S.G.S.-Caltech Seismographic Network,
comprising over a hundred stations, provides an unique opportunity for
gathering travel timedata relevant to an investigation of these regions.
In this study, the azimuthal dependence of teleseismic P-residuals for
stations in this network is determined and used to infer lateral

variations in the compressional velocity beneath Southern California.

1.1. A Brief Survey of Regional Tectonics and Geology

The geology of Southern California is extremely varied and complex,
and it is beyond the scope of this work to attempt to describe it in any
detail. However, a brief review of a few of the main features within
the various regional subdivisions, especially those that might be
associated with velocity changes at depth within the crust and upper
mantle, is appropriate. These features may include centres of vulcanism,
for Spence (1974) found evidence from teleseismic residuals for an upper
mantle velocity anomaly associated with the Silent Canyon Volcanic
Centre in Nevada, the plate boundary itself, which must extend to the

base of the lithosphere (and indeed, the San Andreas Fault has been



shown to persist to depths ~75 km in Central California (Husebye et al.,
1976; Peake and Healy, 1977)), and areas of geothermal activity. Large
velocity anomalies associated with the last named have been reported;
for example for Yellowstone (Iyer et al., 1974; Iyer, 1975; Hadley et al.,
1976), and Long Valley (Steeples and Iyer, 1976). Also, since thermal
perturbations in the upper mantle decay slowly (on a time scale of tens
of millions of years), the plate tectonic history of the region should
be taken into account. For example, Solomon and Butler (1974) found
evidence from teleseismic travel times for a "dead slab", or fragment
of the formerly subducted Farallon plate, beneath Oregon and Northern
California.

A reconstruétion of the Cenozoic plate tectonic history of the
Vestern United States was made by Atwater (1970) based on the magnetic
lineations of the Eastern Pacific. Her model, which assumes a constant
rate of 6 cm/yr between the Pacific and (fixed) North American plates
is illustrated in Figure 1-1; between 20 m.y. and the present &4 cm/yr
are assumed to be taken up by near-coastal faults such as the San
Andreas, and the remaining 2 cm/yr further inland. The basic history
as it affects Southern California is as follows: prior to 38 m.y.
ago, there was an active subduction zone off the coast, with the
Farallon plate dipping beneath North America, and intermediate vulcanism
was prevalent throughout the western United States. About 32 m.y. ago,
the Farallon plate started to break up off Baja California, and there-
.after pieces of the ridge began colliding with the trench.. By 24 m.y.
the Farallon plate between the Mendocino and Murray fracture zones had

disappeared, and the relative motion was taken up at the hot, soft,
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ocean—-continent boundary. Subduction ceased off Southern California
between this time and ~20 m.y. ago, when the region between the
Mendocino and Murray fracture zones lay offshore; by this time the
ocean—-continent boundary had cooled and gained in strength, and the
relative plate motion was transmitted inland and accommodated on various
faults. The San Andreas fault has had an offset of 350 km since 23.5
m.y. ago, about 275 km of which is post-Miocene (e.g., Huffman, 1970).
Between 20 m.y. and 5 m.y. ago, cessation of subduction proceeded
northwards, and the San Andreas and Basin and Range systems presumably
extended coastward to connect into the Baja margin system. The
subduction of the trailing (western) edge of the Farallon plate between
the Mendocino and Murray fracture zones some 20 m.y. ago was followed
by an outbreak of basaltic vulcanism in the Channel Islands, Santa

Ynez and Santa Monica mountains, and the extensional stress field that
existed until spreading ceased off western Baja California was presumably
responsible for the inception of formation of the Los Angeles basin
(Campbell and Yerkes, 1976). About 5 m.y. ago, the ridge off western
Baja California "jumped" to a weaker inland zone, and the Gulf of
California started to open. The San Andreas then had to bend inland to
connect into the new extensional boundary, in such a way that oblique
compression began in the Transverse Ranges (Crowell, 1968).

Figure 1-2 is a highly simplified map of the geology of Southern
California. The seismographic network extends from the Southern Coast
Ranges and Sierra Nevada in the north to the Imperial Valley in the
south,

The major features of the Sierra Nevada and the Peninsular Ranges
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are large Mesozoic batholiths, which are examples of the continental
margin calc-alkaline plutonism common in much of the circum-Pacific
area. (The Southern California batholith appears somewhat less potassic
than the Sierra Nevada, however (lLarsen, 1948).) The origin of the
Sierra Nevada batholith is believed to be deep, 30 to 50 km,
(Bateman and Wahraftig, 1966), and an upper mantle origin has been
suggested for the Sierra Nevada uplift (Crough and Thompson, 1977).
Heat flow within the Sierra Nevada is remarkably low, and has been
associated with changes within the upper mantle beneath this region
(Roy et al., 1972). Uplift in the northern Sierra Nevada took place
predominantly between 7.4 and 2.3 m.y. ago, but on the southeastern
front most activity has taken place in the last 3 m.y. and
displacement continues.

Development of the offshore borderland apparently began in the
Mesozoic, and reached its peak in the Miocene after the cessation of
subduction, but is still proceeding; it is characterised by basins,
vulcanism, high heat flow and folding and faulting (Kraus, 1965;
Doyle and Bandy, 1972).

The Salton Trough from Banning Pass to the Gulf of California is
an area of current extension in an approximately east-west direction
associated with predominantly north-northwest trending right lateral
strike slip faults having a characteristic en-echelon pattern, and is
viewed as a continuation on to the continent of the active spreading
centre in the Gulf of California (see, e.g., Biehler et al., 1964).
This is an area of crustal thinning and, especially in the Imperial

Valley, high tectonic activity, as is indicated by the seismicity:



there have been nine earthquakes of magnitude 6 or greater since 1918,
and numerous earthquake swarms. The heat flow in the region is generally
high, and there are several localised geothermal areas (see Figure 1-2).
Cenozoic sediments within the deep basin of the Imperial Valley reach

a maximum thickness of about 6.4 km,

The Mojave Desert may be divided into two distinct units: the
western part, or Antelope Valley, and an eastern part. The latter
contains fewer faults, is currently less seismically active, and has
more widespread vulcanism. In particular, quaternary vulcanism only
occurs east of the boundary, which is in the region of the Pisgah-
Calico-Lenwood fault system. The north eastern Mojave and the Owens
Valley area may be considered as part of the extensional Basin, and
Range Province. There is also geothermal activity in the Owens Valley,
particularly near Coso at the southern end, and in Long Valley at the
northern end.

Running east-west across the general northwesterly tectonic grain
of the entire west coast are the Transverse Ranges, through which the
San Andreas fault cuts obliquely between the San Bernardino and San
Gabriel mountains without significantly offsetting the surface
topography. The current style of faulting in this region is predominantly
left-lateral east west strike slip and thrust faulting giving rise to
earthquakes such as the San Fernando and Point Mugu events, but the
surface geology is extremely complicated. East'bf Cajon Pass the
southern boundary of the Transverse Ranges is marked by southward
thrusting of crystalline rocks over young gravels along the Banning

Fault (Allen, 1957). 1In the area of Lucerne Valley at the northern
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boundary, the crystalline rocks are again thrust over younger sediments
(alluvium), this time in a northerly direction (Dibblee, 1964). Although
the thrust faulting is similar to the eastern and western Transverse
Ranges, the general tectonic style is somewhat different. In the western
part, large deep basins which are currently subsiding, such as the Los
Angeles Basin (Yerkes et al., 1965) and the Ventura-Santa Barbara channel
(Vedder et al., 1965), suggest vertical tectonics with great uplift and
subsidence occurring in the same region. This is hard to reconcile

with the gravity data, which do not show evidence of any changes in
crustal thickness beneath the Los Angeles basin or San Gabriel Mouﬁtains
(McCulloh, 1960; Biehler, 1976, personal communication).

On the basis of these observations, one might expect to find deep
velocity variations associated with the Sierra Nevada, the Imperial
Valley, and the San Andreas fault. An additional contrast hetween the
velocities beneath the eastern and western parts of the Mojave Desert
is also possible, as is some feature that might explain the tectonics

of the Transverse Ranges.

1.2. Previous Studies of Seismic Velocities in Southern California

Until the recent massive expansion of the Southern California Seismo-
graph Network, there was little opportunity of making a detailed study
of regional velocity variations. Early investigations consisted largely
of studies of travel times from local earthquakes (e.g., Gutenberg, 1944,
1951, 1952; Richter, 1950), a number of seismic refraction experiments
(e.g., Roller and Healy, 1963) and analysis of surface wave phase

velocities using the few existing stations (e.g., Press, 1956). Some
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of the results are summarised below.

Seismic refraction studies in the Southern California borderland
(Shor and Raitt, 1956) provided good information on the transition from
a thin (v12 km) oceanic crust off the Patton escarpment to a thicker
continental crust of about 20 km beneath San Clemente Island and finally
about 30 km at the coast. The crustal velocities generally showed three
layers beneath the sediments, the top having a velocity of 5 to 5.8 km/s,
the middle (where present) one of about 6.2 km/s and the lowest a
velocity of 6.8 km/s; P, velocities were about 8.2 km/s. Turther
refraction measurements along the coast of California, consisting of
two reversed profiles between Los Angeles and San Francisco (Healy,

1963) also had a P, velocity of 8.2 km/s along the southern portion of
the profile, but there was no evidence for an intermediate crustal

layer and the crustal velocity was found to be 6.1 km/s. For a one
layer crust, the thickness at Los Angeles was estimated at 35 km, which
is slightly high compared with more recent measurements, as is the value
of Bus
A long reversed refraction profile was run from Santa Monica to

Lake Mead in 1961 (Roller and Healy, 1263). The crustal thickness along
this line was found to be about 29 km at Santa Monica Bay, 36 km beneath
the Transverse Ranges, 26 km beneath the Mojave Desert and 30 km beneath
Lake Mead. The P, velocity was found to be 7.8km/s, and the crust beneath
the low velocity surface material to have a velocity of 6.1 to 6.2 km/s,
with an intermediate layer of 6.8 to 7.0 km/s material.

Press (1956) studied the crustal structure in Southern California

using the phase velocity of Rayleigh waves. He found crustal thicknesses
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of 30 to 35 km beneath the Transverse and Peninsular Ranges, considerable
thickening to about 48 km beneath the southern Sierra Nevada and thinning
cffshore by an amount similar to that deduced from refraction profiles.
Crustal thickening of a similar amount beneath the Sierra Nevada was

also reported by Thompson and Talwani (1964) from refraction studies.

In a compilation of gravity, seismic retraction and phase velocity

data, Press (1960) proposed a model for the crust of the California-
Nevada region which consisted of two layers beneath the sediments. The
upper layer, presumably of granitic rock, was 23 km thick and had a
velocity of 6.11 km/s, and the second gabbroic-ultramafic layer had

a velocity of 7.66 km/s and a thickness of 26 km, being in turn under-
lain by an ultramafic layer of velcoity 8.11 km/s, and this model was
long used in the location of local earthquakes. Press associated the
velocity of 8.11 km/s with P,, giving an apparent crustal thickness of

at least 49 km which is at variance with the values determined from
surface wave data alone. However, an alternative explanation, which he
was reluctant to adopt, was that P, was in fact 7.77 km/s; which implied
that the 8 km/s layer was at a depth of at least 90 km. This inter-
pretation is in better agreement with later refraction data.

Since the expansion of the Southern California array, a considerable
amount of travel time data has been accumulated allowing a more detailed
examination of regional velocity variations. Refraction profiles
utilising blasts at a number of local quarries a;d at the Nevada Test
Site reveal that the crustal thickness through much of Southern California
lies in the range 30 to 35 km, and the P, velocity is 7.8 km/s which is

typical of tectonically active areas such as the Basin and Range
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Province. A representative crustal model (Kanamori and Hadley, 1975)
has a 4 km thick 5.5 km/s layer underlain successively by 7.8 km of
material with a velocity 6.3 km/s and a 5 km 6.8 km/sS layer, and is
similar to that of Roller and Healy (1963). Further refraction profiles
are described by Hadley and Kanamori (1977) who report upper crustal
velocities of 6.1 km/s (Carrizo Plains, Salton Trough) to 6.3 km/S
(Imperial Valley). An intermediate branch with a velocity of 6.7 to
7.0 km/s was also found, although it was not observed as a first
arrival, and P, was generally determined at 7.8 km/S, although a value
of 8.0 km/ was found from NTS through the eastern Mojave Desert.
Crustal thicknesses were again found to be about 32 km, and there was
no evidence for crustal thickening under the Transverse Ranges. Within
the Mojave Desert, the intermediate layer (6.7 km/s) was found to be
only ~5 km thick as opposed to 15 km in the Transverse and Peninsular
Ranges. Refraction profiles have also been carried out in the Imperial
Valley (e.g., Biehlexr et al., 1964); the crustal thickness at the southern
end of the Salton Sea is 20 km (Fuis, 1976, personal communication).

The crustal structure is thus remarkably uniform throughout much
of Southern California, with little variation in crustal thickness.
(except for thinning offshore and in the Imperial Valley, and thickening
beneath the Sierra Nevada) and in Py velocity, although regional variations
do exist in the thickness of the intermediate layer.

Investigations of deeper structure have beéﬁ less numerous, and the
depth extent of the 7.8 km/ (Pp) layer is not known although it must
be at least 20 km to be observed at such great distances. In the light

of recent measurements confirming the value of Py velocity to be 7.8 km/s
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Press's (1960) alternative model (which implied that if this were the
case, then a velocity of 8 km/s would not be reached until depths of
at least 90 km within the California-Nevada region) may be relevant.

t al., 1969) and wave-

Studies of body wave travel times (Archambeau
form (Helmberger, 1973) and Rayleigh dispersion (Biswas and Knopoff,
1974) indicate that within the Basin and Range Province the low Py
velocity of 7.8 km/s may persist to depths of 150 km or more.

A study of teleseismic residuals (Raikes, 1976) demonstrated the
existence of regions of increased mantle velocity beneath the Sierra
Nevada and the Transverse Ranges, and because of the lack of further
constraints, a simple model was proposed in which these two regions were

.continuous, and Jocated at depths of 100 to 200 km, being possibly
related to a local thinning of the low velocity zone. However, the
addition of further data (Hadley and Kanamori, 1977) showed that the
Transverse Ranges anomaly was a seﬁarate and distinct entity, and
was associated with a locally observed refractor at a depth of
50 km having a velocity of 8.3 km/s. It is the aim of this study to
provide more detailed models of upper mantle velocity variations

throughout Southern California.

1.3. The Array

The Southern California array started by the California Institute
of Technology in the 1930's, and expanded duringithe 1960's, has
recently, as a result of co-operation with the United States Geological
Survey, grown at an almost exponential rate. There are currently some

one hundred and twenty short period instruments operating throughout the
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various regions of Southern California, and the distribution of those
stations used in this study is shown in Figure 1-3. The composition
of the network has not been fixed during the period of this study,
however, as stations are often removed or installed.

The stations operated originally by Caltech have been telemetered
to Pasadena, and recorded on 16 mm develocorder film since 1972; these
stations have a peak response at around 5 Hz (0.2 sec) and are located
at strategic points throughout Southern California with a concentration
in the vicinity of the Los Angeles Basin. Statioms installed by the
U.S.G.S. are also telemetered to Pasadena and recorded on develocorder
film; their peak response is around 10 to 15 Hz. Of the sub-arrays
operated by the U.S.G.S., the Santa Barbara net was the earliest to be
installed, in 1969, in the general area of the Santa Barbara Channel
and Ventura Basin. The Imperial Valley net was established in early
1973, and has recently been expanded, and stations were added throughout
the Mojave Desert in 1974, although some of the eastern stations have
now been withdrawn. Extensive coverage of the San Gabriel and San
Bernardino Mountains and the northern Peninsular Ranges was provided by
the installation of the San PBernardino networks (now operated by Caltech,
as is the Santa Barbara net) which was started in early 1975, and has
continued until recently. The newest array is that in the Carrizo
Plains area, which was installed during the latter half of 1976.

The most recent development in the Southern California array is
the use of a computer to monitor continuously incoming digital data from
all stations, and record earthquakes detected by a certain number of stations;

this is described in detail by Johnson (in preparation), and is known
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as the CEDAR system. Although most of the arrival times used in this
study were read from develocorder records, advantage was taken of the
availability of this high quality digital data for some of the events

occurring in late 1976 and 1977.
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Chapter 2

METHOD OF INVESTIGATION

The method chosen for investigation of lateral variations of lower
crustal and uppermost mantle compressional velocity structure within
Southern California was to study the variation of teleseismic P-delays
as a function of source azimuth (and distance) for all the stations
of the array. This technique has been used by a number of authors
investigating regional velocity variations: for example, it was
used to infer fluctuations in the depth and thickness of the low
velocity zone in Northern California (Bolt and Nuttli, 1966; Nuttli
and Bolt, 1969) and the existence of a high-velocity dipping slab
beneath northern Nevada (Koizumi et al., 1973). A variation of the
technique, in which the dependence of residuals from an earthquakes .
the study region were analysed as a function of receiver azimuth and
distance, was used by Spence (1974) to investigate the upper mantle
structure beneath the Nevada Test Site, and by Engdahl (1975) to
delineate variations in velocity beneath the Tonga-Fiji arc. The
data produced by such studies are often amenable to analysis by
inversion techniques such as the one developed by Aki and co-workers,
and applied to residuals from arrays such as NORSAR (Aki etaal., 1977),
LASA (Aki et al., 1976), Central California (Husebye et al., 1976), one
in the Lesser Himalayas (Menke, 1977), and Hawaii (Fllsworth and
Koyanagi, 1977). Models resulting from such analyses may then be
compared with surface geology and tectonics in an effort to obtain a
fuller understanding of the processes occurring near the surface of the

earth.
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2.1. The Method of Residuals

The P-wave travel time, TA, from an earthquake to a station A may
be expressed as a sum of contributions from near-source, near-receiver
and other path effects:

T8 = T + 5 + T (1)

Here Té is the travel time through the near source structure, Tg that

through near receiver structure, and Té the contribution from the rest
of the path. If the theoretical travel time with respect to some
standard earth model is TO, then the residual, or delay, at the
station A with respect to that model is

et = b

0 A A A A
where § refers to the difference in travel time from the standard, and
the subscripts S, P, and R refer to the source, path and receiver

contributions as before. FEA

is a (small) term representing the error
introduced by mislocation of the event. In order to minimise the effects
of path, source structure and mislocation, and facilitate comparison

of residuals from different events and source regions, it is common to
normalise the residuals in some way. This may be done by subtracting

the residual at a single station, or the average residual for all

stations in the array. In the former case, the expression for the

relative residual becomes

A B A B
S

B A B A B A :
g =l -t = (6o - 68) + (dp - 6P) + (6R - 6R) + (E - E) (3)

Provided that the distance between the stations A and B is not large,
and the earthquake sufficiently distant, the separation of the rays to

A and B will be small except in the vicinity of the stations. Unless
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there are large changes in velocities over small distances along the

remainder of the path, (3) then reduces to
t, = 68 - 8B 4+ small error (4)
A R R :

except where there are large mislocations. If the structure below B is
known, the structure beneath A can be determined by cobserving the
variations in the relative residuals with distance and azimuth to the
event, (Alternatively, if neither structure is known, the variation

of the structure beneath A relative to that beneath B may be investigated.)
The degree to which the structure can be resolved depends on the

distribution of the events and stations used.

2.2. Determination of Residuals for the Caltech Array

Signals from the stations of the U.S.G.S.-California Institute of
Technology Southern California Seismograph Network (Figure 2-1) are
telemetered to a central location and recorded on film; many of
the stations have been operational since 1974.

Arrivals were read at as many stations as possible for teleseisms
of magnitude 5.5 or greater occurring in the distance range 45-95°
(except for 3 events occurring in the range 30-45°), mainly at depths of
50 km or more, during the period March 1974 to October 1977. The
magnitude and depth (and to a certain extent the distance) restrictions
were introduced to ensure clear arrivals at the majority of stations,
and only those events with unambiguous first arrivals were retained in
this study; a typical record section is shown in Figure 2-2. Figure

2-3 shows the distribution of events (but not all events are plotted):
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Typical develocorder record section: first arrivals at
stations of the C.I.T. tele-net from an event, magnitude
6.0 in Fiji, which occurred at a depth of 440 km on

25th November 1976. The traces are, from top to bottom,
WWV time, SYP, ISA, CLC, GSC, (SBB missing), CSP (dead),
RVR, reference, PEC, TPC, PLM, VST, CPE, SCI, IKP, GLA,
WWV time.
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Figure 2-3. Distribution of events used in this study. The map is
centred at PAS, and the three inner circles are drawn
at distances of 30°, 60° and 90°.
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azimuthal coverage is fairly good except for the azimuth ranges 5-90°
(few clear recordings of first arrivals from events in Furope and the
North Atlantic) and 150-280° (no suitable events between southern
South America and northern New Zealand). (A complete list of the
events used may be found in Table 3-2.)

For most events, the first arrivals were read from 16 mm develo-
corder film at a scale of 1 cm per second; the films each contain about
14 stations plus simultaneously recorded WWVB time traces at top and
bottom. Estimated reading accuracy varied from .05 to .l sec depending
on the station. (This is actually an estimate of the consistency of
the readings rather than the accuracy of determinations of the actual
arrival time. The latter is not important in relative residuals
provided the same feature is always identified as the first arrival.)
In many recent studies, (visual) correlation technigues have been
applied, and a prominent peak or zero crossing timed instead of the
first arrival. Whilst this is a useful method for earthquakes with
emergent first arrivals, it was not used in this study because it was
felt that variations in instrument response from station to station,
and at a given station as a function of time, would result in increased
scatter in residuals if the "arrival" times were so determined. Some
arrival times for events in late 1976 and 1977 were read from the high
guality digital data recorded by the CEDAR System (Johnson,in preparation).

The theoretical arrival times for each eveﬁf were calculated using
the U.S.G.S. hypocentral location and the Jeffreys-Bullen travel-time
tables; corrections were made for the earth's ellipticity (although the

relative variation in this over Southern California would be negligible)
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and the station elevation. Residuals were calculated relative to the
J-B arrival time at each staticn, and these then normalised by sub-
tracting the residual at Goldstone (GSC). This was chosen as the
normalising station because it received clear arrivals for the majority
of events, and was furthest from any likely perturbing structure. The
average residual over all stations recording an event was not used,
because this is highly dependent on the number and location of the
receivers; as this changes from event to event, it makes comparison

of residuals normalised in this way difficult.

2.3. Sources of Error

The basis of this technique is the assumption that the variation
in relative residuals arises largely from velocity structure immediately
beneath the array. In this section the effects of other contributions
which may bias the relative residuals and lead to errors in the

velocity models are discussed.

a. Station elevation correction

The station elevation correction Aty applied to the J-B travel times

is determined from the expression

Aty =(h/v)cos® (5)
where: h = station height (km)
v = velocity of uppermost crust
© = angle of incidence of ray at surface.

In this study, a crustal velocity of 5 km/s was used, and the height

correction was generally ~.1 sec, although for the highest station
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(BTL, elevation 2.5 km) it reached a maximum of .5 sec. (Figure 2-4
shows a simplified elevation map of the network.) The major source of
error lies in the assumption that the surface velocity is 5 km/s.

If this is as much as 2 km/s too high, then the correction may be under-
estimated by up to .3 sec. In general, however, the error is likely to
be less than .l sec, except for the highest stations. Errors could
arise from the use of the value of 0 determined from the J-B value of
ray parameter (= dT/dA). In this case, the values of dT/dA actually
observed are very close to those given by the J-B tables, as is
discussed later in this chapter. The average deviation from the
theoretical value is *.05 sec/degree, with a maximum of *.2 sec/degree,

which leads to negligible changes in the height correction.

b. Normalisation

Reading errors for the normalising station will, of course, add to
the error in relative residuals at the'other‘stations. For this reason
it is especially iwmportant to choose as reference station one which
generally records non-ambiguous first arrivals. Since the estimated
reading error is "t .05 sec, the error in relative residual is
~vt,1 sec.

Structure beneath the normalising station will not cause errors
in the relative delays, but can lead to misleading changes in their
absolute level. This problem will be discussed when the residual

data are presented in the next chapter.

¢c. Mislocation of the source

In any analysis of errors due to event mislocation, the prime
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question is how large the mislocation is likely to be. U.S.G.S. hypo-
central co-ordinates for the size of event and source regions concerned
have an estimated accuracy of one to two tenths of a degree (they are
given to three decimal places), but this is probably an underestimate
for shallow events where source structure can lead to large systematic
mislocations of up to 100 km. (However, these mislocations will, to
a certain extent, compensate for the effects of structure near the
source.,) Systematic errors can also be caused by the distribution
of stations, and location technique, as can bhe seen by comparing U.S.G.S.
and ISC locations; this is shown in Figure 2-5 for events during the
period January to June, 1974. The ISC tends to locate events in the
South and North Pacific further east than does the U.S.G.S., but
these effects are only of the order of two-tenths of a degree.
Additional information on possible event mislocations, and on
structure near the source or the receiver, can be cohtained by investi-
gating the event locations as determined by the Caltech array. The
most convenient way of comparing the two locations is in an array
diagram such as that of Figure 2-6, which shows the difference between
the observed and predicted values of azimuth and dT/dA for the events
used in this study. These vectors are extremely small -- the mean of
the absolute value of the difference is 0.05 sec/degree in dT/dA, and
0.81° in azimuth, while the mean values of the differences are 0.02
sec/degree and 0.38°. This implies that, in general, the effects of
source mislocation should not be severe, and also that there are no
large regional trends in velocity structure beneath the array. The

largest deviations in azimuth are observed for events in the Solomon
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Figure 2-5. Comparison of I.S.C. locations of earthquakes with magnitude
> 5.5 with those given by the U.S.G.S. for various source
regions. The events occurred in the period January to June
1974, and in each case the I.S8.C. location is plotted relative
to the U.S.G.S. one. In a,b and d solid symbols are events
deeper than 65 km; in c these are shown by "+" signs.
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Figure 2-6.

N
\\
dT/dA |
5.0 0o/C

The Caltech array diagram. Each vector represents one event;
the tail corresponds to the observed azimuth and dT/dA and
the head to the theoretical values given by the U.S.G.S.
location and the J-B tables.
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Island-New Hebrides region, and are probably due to structure in the
source region (Powell, 1976). The largest differences in dT/dA occur
for events in the Leeward Islands. (A detailed analysis of the Caltech
array diagram and its implications is given in Powell and Raikes, 1978.)
Note that errors in the origin time do not affect relative residuals.
The problem of interpretation of relative residuals is described
in detail by Engdahl et al. (1977). 1Mislocation errors are highly
dependent on the station separation, and will become progressively
worse with increasing station distance from the normalising station,
as is shown in Table 1 of Engdahl et al. For the Caltech array, the
maximum station separation is ~370) km, and the largest difference in
distance to a single event is ~3°. Table 2-1 shows the distribution
of stations as a function of distance from GSC.
Frrors in the depth of the event of up to *+100 km (depending on
depth) have little effect on relative residuals. The maximum change

in relative residual éii due to an epicentral mislocation of }° may

be calculated from the following expression due to Engdahl et al.

aij =_¢M /(p-icosei - pjcosej)?- + (p;sin®; - pjsian)z (6)

where: slowness, sec/degree

o)
il

© azimuth, degree

and the subscripts i, j refer to the two stations

For a mislocation of 0.3°, and a difference in distance from the event
to the two stations of 3°, this yields a maximum error of ~0.1 sec

for the distance and azimuth range covered in this study. Similar values

were also obtained by systematic mislocation of events in the various
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Table 2-1

DISTRIBUTION OF STATIONS

Distance from GSC Number of Stationms
0 - 50 km 0

50 - 100 km 4

100 - 150 km 21

150 - 200 km 32

200 - 250 km : 28

250 - 300 km 22

300 - 350 km 10

350 - 400 km 3
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source regions.

Random mislocations of events would thus be manifest as scatter
of about #.1 sec (maximum) in the relative residuals for a given source
region. (Actually, the observed scatter was small, providing another
argument in support of small mislocations.) If a large systematic
bias of location exists for a given source region because of the
distribution of receivers used to locate the event, or source structure,
the resulting shift of residuals would be hard to detect, as it would
not cause scatter of residuals, but would result in an error which would
change gradually across the array and could be as much as two or
three tenths of a second. (Mislocations of up to 100 km may occur for
shallow events because of structure near the source.) In such a case,
it would probably be hard to construct a velocity model which could

explain the relative residuals for all source regions.

d. Effect of structure in the source region and along the ray path.

All the events used in this study, with the exception of the Novaya
Zemlya explosions, occurred at major plate boundaries, which might be
expected to have complex velocity structures. In particular, the
majority of events occurred in subduction zones, and were not restricted
to those occurring at the greatest depths, so the effects of the
structure of the dipping slab could affect the residuals. (See, e.g.,
Engdahl, 1975.) Table 2-2 shows the results of some calculations to sée
how the take-off angle or the source varies as the result of a 3°
difference to the receiver, which is the maximum for GSC and any other

station. The average difference is 1.07°, which may be an overestimate,
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since the values of dT/dA used were taken from the (unsmoothed) J-B
tables, where they are only given to 0.1 sec/deg. (The velocities are
from Bullen Model A, which was derived from the J-B tables.) This is
a small change, so the paths to the two stations will not be far apart;
since the velocity heterogeneity associated with plate boundaries is
probably of fairly limited extent, the changes in relative residuals
should be small. In addition, since the structure changes with depth,
and events from a number of depths in a given source region were used,
the effect of scurce structure should show up as scatter in the
residuals, and be minimised by including, or averaging over, a variety
of depths.

The rays to the receiver network diverge as they get further from
the event, but the effect of the different paths should be removed by
taking the residuals with respect to some standard earth model prior
to normalisation. However, any model merely represents an average
structure, and lateral heterogeneities in the real earth may lead to
changes in travel times and hence errors in the residuals. For the
distance range used, the rays lie largely within tﬁe lower mantle, which
is relatively homogeneous, and free from sharp velocity discontinuities.
(Indeed, a study of equation of state fits tb the velocity and density
profiles of recent earth models by Butler and Anderson (1977} showed
that in the depth ranges 1246 to 1546 km and 1771 to 2521 km the mantle
could be considered homogeneous and adiabatic.)

Table 2-3 lists the variation in bottoming depth for a 3° difference
in source-station separation. The mean difference is slightly less than

100 km, with a corresponding difference in velocity of ~.12 km/sS. (The
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Tahle 2-3

VARIATION IN BOTTOMING DEPTH OF RAYS-
FOR A 3° DIFFERENCE IN SOURCE-STATION SEPARATION

(Model QM3, Hart, 1977)

Ay 8, Apaxl Nnax, 6h bv
deg.  deg. km km km km/s
95 92 2833 2768 65 .04
90 87 2704 2590 114 b
85 82 2498 2367 131 12
80 77 2278 2154 124 =13
15 72 2082 1975 107 v13
70 67 1889 1776 113 .13
65 62 1696 1604 92 .10
60 57 1543 1448 95 «12
55 52 1387 1305 82 «11
50 47 1246 1157 89 13
45 42 1097 1016 81 14

40 37 962 893 69 .13
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separation of the rays will, of course, increase on the way from the
deepest point to the station.) If lateral heterogeneities exist along
the path, their effect will in general be large only if they have a
wavelength close to the separation of tke rays, except if their
boundaries are fairly sharp and the direction of the rays happens to
coincide with the boundary. A study by Dziewonski et al. (1977) found
only large scale (v1000 km) heterogeneities within the lower mantle
beneath 1200 km, although these increased in number near the core-mantle
boundary, which could affect the residuals for events in the "Central"
Pacific.

One form of lateral inhomogeneity that could perhaps cause significant
errors in residuals is variation inrthe depth of discontinuities within
the lower mantle from that given by the earth model. Although such
"transition' zones are usually fairly broad within the lower mantle,
it is possible that the rays to a station and the normalising station
could hottom on opposite sides of the discontinuity, and because the
rays are near horizontal for some distance, small changes in velocity
could lead to appreciable changes in arrival time. In particular,
Whitcomb and Anderson (1970) found evidence for discontinuities at
depths of 940 km and 1250 km from reflected P'P' phases. Johnson (1969)
found an increased gradient at 1540 km, and possible increased gradients
at 1910 km and 2370 km; the latter two, however, lie within the
homogeneous region of Butler and Anderson (1977), and may thus be of
only localised importance. These‘discontinuities would principally affect
rays from distances less than 40°, ~50° and ~60°, or events in northern

South America and the northern Japan-Kuril Island-Aleutians arcs. (The
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possible discontinuities at 1910 km and 2370 km would be of importance
for events at "75° and ~85°, or events in the South Pacific, and
Mariana-Bonin Islands regions.)

The discussion of deep structure beneath "hot spots'" or '"mantle
plumes" has occupied much space in the literature. One hot spot that
appears to stand the test of time is that beneath Hawaii, and in view
of the suggested depth extent of the anomaly (e.g., Anderson, 1975),
it should be noted that rays from the Solomon Islands pass directly
beneath the island (Figure 2-7). Even if changes of velocity with
depth are small, and the lateral spread ot rays from a given event
inconsiderable, the structure could cause greater scatter in residuals
for events in the ""Central’ Pacific (New Hebrides—Santa Cruz Island-
Solomon Islands), as could structure in the source region itself
(Powell, 1976).

The separation of ray paths is greatest within the upper mantle
close to the network, and errors may arise from heterogeneity here,
but not in the area immediately beneath the array that is being
studied. Although the rays are steeper here, and the path length
in a given depth range small, the heterogeneities are on a smaller scale,
and may cause non-negligible errors in relative residuals. Particular
structures that could give rise to changes include the ocean to continent
transition (Pacific to North America), although unless this extends to
depths in excess of 200 km, only the stations néérest to the Patton
escarpment should be affected, and deep structure bemeath the Gulf of
California spreading centre. As can be seen from Figure 2-7, paths from

South America to the network closely parallel the latter structure.



0.

Figure 2-7. Ray paths for typical events in the major source regions
studied. :
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Although it is hard to assess accurately the magnitude of errors
due to structure along the path, other than immediately beneath the
network, it should be small except for the stations furthest from
Goldstone, and will tend to be decreased by averaging over a distance
and azimuth range. The effects of specific structures (such as the Gulf
of California) may show up as an azimuth range where the residuals

for a group of stations are inconsistent with those from other azimuths.

e. Choice of earth model

Residuals in this study were calculated with respect to the
Jeffreys—-Bullen travel time tables. These are also used in the location
of the events by the U.S.G.S., and it was felt that the choice of J-B
as reference tables would be ﬁore self-consistent. The residuals
were fairly evenly distributed about zero (in general, - 1.5 sec < 6t
< 1.5 sec), and although this is not a significant argument in favour
of the use of J-B tables, it is perhaps interesting to note that
Johnson (1969) found the mean residual at the Tonto Forest Seismological
Observatory, for events at similar distances to those in this study,
to be .95 sec, which was attributed to crust and upper mantle structure
beneath the observatory.

Errors in relative residuals will arise if the ''shape' of the travel
time curve is wrong -- that is to say, the slope, or dT/dA, does not
vary with distance the way it should. A baseline shift, such as the
1.5-2 sec difference between the Herrin (1968) tables and J-B (see
e.g., Carder et al., 1966; Sengupta and Julian, 1976), will be removed

by normalisation, and have no effect on relative residuals. The
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differences between travel time tables become increasingly important

as the station separation increases, as this means there is a greater
probability of the reference station lying in a region of small
variation, and the other station in a range where variations are large
(or vice versa). Table 2-4 illustrates the differences to be expected
between relative residuals calculated with respect to J-B and Herrin

as reference times. The last column (dAtH_JB) gives the value of

the J-B residual minus the Herrin residual for the case where the
reference station is 3° closer to the event. The effect is complicated,
and can, in a few cases, exceed 0.2 sec, although this is for the greatest
station separation. Since the events used were, in general, at depths
greater than 50 km, the average change at depths of 125 km or more

was calculated, and was found to be iO.l sec for all distances. A
better approach is to consider individual source regions for Novaya
Zemlya, Southern South America and Japan-Kuril Islands events. Herrin
residuals should be ~0.17, 0.15 and ~0.10 sec more negative for stations
further from the event than GSC, although in the latter case the large
variation in event depth makes generalisation difficult. Herrin
residuals for the Leeward Islands would be more positive for stationms
further away than GSC by about 0.2 sec. The maximum effect for other
azimuths should in general be less than 0.1 sec.

The question of which velocity model is correct is unanswerable,
since hoth models may be unrepresentative of the real earth, and which
comes closer may be a function of distance. In a study of surface foci
travel times, Carder et al. (1966) found prominent departures from J-B

in the neighbourhood of 30° and 60°. Sengupta and Julian (1976) made
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Table 2-4

EFFECT OF EARTH MODEL ON RELATIVE RESIDUALS

J-B Herrin
Source Distance d(dT/da) At d(dT/dA) At dAty_1p
Depth km A° sec/degree sec sec/degree sec sec’
40 o | 24,6 ik 24.61 +01
50 w3 22.7 2L 22.42 =28
0 60 w2 202 <19 20.29 .09
70 3 18.0 .25 18.17 .17
80 e 15.7 24 15.86 .16
90 0 13.8 .08 13.9 o
40 2 24.5 .20 24 .44 ~-.06
50 o3 225 el 22.27 =w23
125 60 .3 20 .. .19 20.18 .08
70 | 17.8 .24 18.04 .24
80 3 15.6 29 15.75 .15
90 2 13.9 .08 13.94 .04
40 o 24.3 21 24,25 ~.05
50 s 2D 221 2 22.10 0
250 60 o2 19.8 .19 20.04 .24
70 o2 17.9 : 23 17.9 0
80 «2 15.5 <26 15.62 od2
90 " | 13.9 .07 13.9 0
40 o2 24.0 w21 23.89 ~,11
50 »3 21.9 s21 21.79 ~e11
450 60 2 19.7 20 19.80 .10
70 o2 17.5 ek ) 17.65 Ml
80 «2 15,3 ca T 15.39 .09
90 0 13.8 .05 13.85 .05
40 sl 23.5 .20 : 2339 e I
50 o2 21.4 21 21.39 .01
650 60 o 19.3 «19 19.48 w18
70 o2 172 «20 17.37 )
80 - | 15.2 .24 15.09 —o 3
90 0 13.8 .04 13.79 ~-.01

d(dT/dA) = Difference in ray parameter for 3° difference in distance
At = ty43 - t = Difference in travel time for a 3° difference in

distance.
dAtH—JB = Difference between relative J-B and Herrin residuals, where

reference station is 3° closer to the event.
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a careful analysis of travel times from deep earthquakes compafed to
a number of standard tables. Although there were still noticeable
differences, they concluded that for distances less than 80°, the
shape of the Herrin curve gave a better fit to their data than J-B.

A comparison of the observed values of dT/dA for the events used,
obtained by fitting a plane wave to the arrival times for the Southern
California network, and those predicted by the J-B and Herxrin tables
and model QM3 (Hart, 1977) does not give any clear indication which
(if any) of these models is best. The differences between the models
are similar to the scatter in the data, which are in any case rather
sparse. Figure 2-8 shows the observed values (corrected to surface
focus by ray tracing) and those of the three models mentioned
above. TFor distances less than 60° there are very few data, but
J-B does not give a noticeably worse fit than the other two;
indeed, it may be slightly better. For distances in the range 60-80°
the Herrin values are closer to those observed for South American
events; and J-B values to North Pacific ones. Beyond 85° J-B is
slightly better, but there appear to be changes in slope at A80° and
nv85° not well matched by any of the models shown. Since it seems that
no one model gives an appreciably better fit to the observations over
the whole distance.and azimuth range, the choice of J-B times as standard
is probably not unreasonable, and should not lead to substantial
errors in either the relative residuals or the velocity models derived
to explain them. (Note, though, that Herrin does fit the South American
events better, so the J-B residuals for the Imperial Valley area may be

slightly too megative for this aziwuth.)



43~

T : T T T
N Azimuth
’K-.\.A * 0-90°
I NS + 90-180° |
85 ] o
e + 240~ 270°
¢ = 270-360°
(@)
5
})8.0 I
bt
<
ke
%
©75 =4
70 Earth model = =
— JB
——— Herrin
......... QM3
6.5 ' ]
—30) 40 60 60
A, deg
Figure 2-8., Observed values of dT/dA (corrected to surface focus)

for the events used in this study compared with the
theoretical curves for the J-B and Herrin tables and

model QM3,



sl By

f. Summary

Errors in relative residuals will be most severe for stations
furthest from GSC, where they may reach 0.2-0.3 sec. Random errors,
which cause scatter in the residuals from a given source region, may
arise from mislocation of the event, reading errors and heterogeneity along
the ray path. Such effects are expected to be less than 0.2 sec even
for those stations furthest from the reference station, and this is
substantiated by the magnitude of the scatter observed. Systematic
errors due to inaccurate height corrections, large (100 km) event
mislocations (due to structure in the source region), specific
structures along the ray path, and the choice of travel time tables
may be larger, aﬁd are harder to estimate, They will in general
cause inconsistent residual variations for groups of stations on the

periphery of the array, and this will be discussed further in Chapter 5.
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Chapter 3

THE OBSERVATIONS AND THEIR IMPLICATIONS

An initial investigation of the relative residuals for twelve
stations of the Southern California network revealed a marked dependence
on azimuth, with variations of up to 1.2 sec at a single station.
Figure 3-1 presents these data, which were obtained for events during
the period 1972 to early 1976; variations are typical of those
observed throughout the array.

The study was then extended to the whole array, as listed in
Table 3-1, and the events used, which occurred in the period 1974-1977,
are listed in Table 3-2. Since the array has changed markedly as a
function of time during this period, some stations record relatively
few arrivals (for example, the Carrizo Pléins network began operation
in mid-1976), and at other stations, nbtably some in the Imperial
Valley, few arrivals were of sufficient quality to be retained. The
mode of presenting the data used in Figure 3-1 illustrates well the
type of azimuthal variation observed, but is not the most convenient
way to show data for the whole array, especially for those stations
with few first arrivals. Instead, contour maps of average residuals
for a given source region were used to give a clear picture bf the
variation of relative residuals. However, since this study is aimed
at determining the upper mantle structure, the effects of sediments
would obscure the pattern due to deeper structu£e. The relative
residuals were thus corrected, as far as possible, for sediment and
crustal thickness. (It should be emphasised, however, that these

corrections are only approximate, and errors will produce misfits
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Figure 3-1. The azimuthal variation of residuals for selected stationms.
In each plot the polar angle is the azimuth of approach,
and the radius is proportional to the normalised residual.
Each point represents the mean residual for events in a 2
azimuth window and the distance range indicated by the
symbol.
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OBSERVED P-DELAYS IN SECONDS
(NORMALISED WITH RESPECT TO GQLDSTONE)

EVENT DISTANCE: x >80?
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Table 3-1

LOCATIONS OF STATIONS USED IN THIS STUDY

STATION LAT LGNG ELEV STATICN LAT LCNG ELEV
DEG MIN UEG MIN KM DEG MIN CEC MIN KM

SYP 34. 31.63 -119. 58.67 1.30 Isa 35. 39.80 -1l18. 28.40 J.83
cLc 35. 49.00 -117. 35.80 0.77 GSC 35. 18.10 -1l16. 48.390 0.99
SBB 34. 41.30 -117. 49.50 0.85 cse 34. 17.87 -117. 21.33 1.27
RVR 33. 56.60 -117. 22.50 0.26 PEC 33. 53.50 -117. 9.60 0.62
TPC 34. €.35 ~1ll6. 2.92 0.76 PLM4 33. 21.20 =116. 51.70 1.69
VST 33. 9.40 -117. 13.90 0.11 CPE 32. 52.80 -117. 6.00 0.21
SCI 32. 58.80 -118. 32.80 0.22 IKpP 32. 38.93 -116. 6.48 0.96
GLA 33. 3.10 -ll4. 49.60 0.63 SNS 33. 25.90 =117. 32.99 0.19
SJQ 33. 37.20 -117. 50.70 0.16 CisS 33. 24.40 -118. 24.20 0.48
VPu 33. 48.90 ~117. 45.70 0.18 TLE 33. 59.67 -118. 0.77 0.30
MwC 34. 13.40 -118. 3.50 L.73 PAS 34. 8.95 -118. 10.29 0.31
SCY 34. 6.37 -118. 27.25 0.29 TWL 34, 16.70 -118. 35.67 0.38
IRC 34. 23.40 -118. 24.00 0.58 PYR 34. 34.08 -118. 44.50 1.25
SwM 34. 43.00 —118. 35.00 1.22 JUN 34. 28.18 “117. 52.67 l.21
THR 34. 33.19 ~117. 43.10 1.02 CKC 34. 8.18 -117. 10.48 0.55
MLL 34. 5.48 -116. 5¢.18 1.51 CFT 34, 2.11 -117. 6.66 0.67
MDA 33. 54.78 116+ 59.97 0.84 RAY 3%. 2.18 -116. 4B.67 2.34
WHR 33. 5%.51 -ll6. 39.36 0.70 GR 33. 49.91 -ll6. 48.55 1.48
082 33. 44.10 =117 3.72 0.¢€3 PSP 33. 47.63 -116. 32.93 0.19
KEE 33. 38.30 -ll6. 39.19 1.37 SMU 33. 32.15 -116. 27.70 2.44
cay 33. 21.84 —-li6. 18.63 0.21 HUT 33. 18.84 -1l6. 34.89 1.97
LRR 34. 31.50 ~118. 1.70 0.91 TPO 34. 52.70 ~-118. 13.89 0.80
BLY 34. 24.32 =117. 43.52 1.88 AUL 34. 33.38 -117. 25.02 0.90
SDw 34. 36.55 -117. 4e45 l1.18 ROM 34. 24.00 =-117. ll.l0 l.43
PEM 34. 10.04 -117. 52.18 0.50 PCF 34, 3419 -117. 47.44% 0.16
BTL 34. 15.43 -117. 0.29 2.53 SIL 34, 20.87 -1ll6. 49.64% 1.73
SSK 34. 12.97 -117. 4l.32 1.76 SSv 34. 12.46 -117. 29.93 l.61
GAV 34. 1.35 -117. 30.74 0.19 ovL 34. 12.02 -117. 19.71 0.60
SME 33. 49.36 -117. 21.32 0.49 STP 34,  34.27 -1l4. 50.88 V.63
TIM 34. 20.12 =114. 49.65 1.10 - CHA 34, 33.18 -1l4. 34.32 U.94
wH2 34. 18.87 =Ll&. 24.55 1.24 BPK 34 T.48 -1ll4. 12.58 0.50
RVS 34. 2.908 -il4. 31.08 0.68 L T4 33.  54.90 -1l4. 55.10 0.74
BMM 33. 45.40 -ll4. 35.14 Ue50 HSP 32. 44.81 =115, 33.71 -+01
PIC 32. 54.85 -114. 3&.59 0.26 LGA 32. 45.58 -114. 29.57 0.07
FTM 32 33.29 -1l4. 20.01 0.26 YMD 32. 33.238 -1l4. 32.60v V.08
RMR 34. 12.717 ~llb. 34.52 L.70 HUS 34. 25.73 -1l6. - 18.39 1.35
cPM 34. S.24 -116. 11.80 0.94 INS 33. 56.1% =116. 1ll.60 1.70
PNM 33. 58.64 -115. 48.05 1.15 ' LED 34. 28.06 -115. 50.19 0.85
SHH 34. 1l.26 -115. 39.27 1.12 GRP 34. 4B8.206 =115« 36427 1.24
SPM 34. 28.32 -115. 24.16 0.91 PIU 34. 44.42 -115. 15.04% 1.21
IRN 34. S.60 =115« 11.04 0.98 cu2 33. 50.83 -115. 20.08 0.28
BC2 33. 39.42 -115. 27.67 1.18 LTC 33. 29.34 -115. 4.20 0.406
ROD 34. 37.78 -1l6. 36.29 1.29 sBCC 34. 56.38 -120. 10.32 J.061
SBLP 34. 33.57 ~120. 24.02 V.13 SBSM 34. 2.24 -120. "21l.01 0.17
SaLC 34. 29.79 -119. 42.81 1.19 S$3sC 33. 59.68 =-119. 37.99 Q.46
SBAIL 34. C.80 -119. 26.23 0.11 S3SN 33, 14.68 -119. 30.34 0.26
ECF 34, 27.48 ~-119. .44 V.97 S8CD 34. 22.12 -113. 20.03 0.21
caM 34 15.27 =119, 2.00 0.27 SBLG 34, 6.87 -119. 3.35 0.41
Sip 34, 12.24 -118. 47.94 0.70 KY?P 34. 6.11 =118, B2,1IT 0. 170
SAD L 4.86 -11d. 39.90 0.73 PTO 34. 0.25 -118. 48.38 0.04

cJpP 34. 10.92 ~118x 5519 V.50 cLp 34. 5.33 -118. 57.85 0.50
[OF:1:] 33. 10.04 -115. 38.20 -.06 AMS 33, 8.48 -115. 15.25 O.l4
CCM 33. 25.75 -115. 27.88 0.49 car 33. 18.29 -115. 21.20 0.28
WLK 33. 3.08 =L15. 29.44 =+05 Sup 32. 57.31 -115. 49.43 0.22
CRR 32. 53.18 -115. 58.10 V.10 . CuKk 32. 50.95 -115. 43.61 -.01
SGL 32. 38.95 -115. 43.52 0.11 ING 32. 59.30 -115. 18.61 -.00
SNR 32. 51.71 -115. 26.21 -.03 coa 32. 5l.81 -11%. T.36 -.03
RUN 32. 58.32 -1l4. 58.63 0.15 BGN 32. 4l.67 -115. 1l6.11 V.01
BSC 32. 41.67 -115. 16.11 0.01 3CK 32. 43.49 =115 2.06% 0.04
PLT 32. 43.87 -11l4. 43.7¢6 0.06 SLY 32. 30.10 =ll4. 46.64% U.0%
LHU 34. 40.30 -118. 24.70 1.04 YEG 35.  26.18 -119. 57.50 0.94
CRG 35. 14.53 =119« 43,40 1.20 3CH 35. 11.10 -120. 5.05 l.14
PKM 34. 53.75 =119« 49.13 1.70 48 35. 5.24 -119. 32.038 1.02
ABL 34. 51.05 =119 13.29% 1.58 RYS 34. 38.60 -119. 21.10 1.384

BMT 35. 8.15 -118. 35.81 1.24 +TC 34, 52.25 =118« 53.51 0.92



LOCATICN

N CHILE
PERL COAST
GALAPAGOS
NWE HEBRICES
KERMADEC
MARIANAS
SCLCMCN IS
KURTL I€

S FIJI
ANDREANCE
KOO IAK
SCUTH PERU
MARIANAS
FCNSHU

MART ANAS
TONGA

NEW BRITAIN
KERMACEC

PANAMA-CCLCMBI A

PAN-COLCMBIA
PERU-BRAZIL
FIJI ISLANDS
ANCREANCF
CCLCMBI A
FCNSHU

NOV ZENMLYA
LEEWARD IS
JUJUY ARG.
FCNSHU
LEEWARD IS
KURIL IS

FIJI REGICN
NOVAYA ZEMLYA
TCNGA
ANDREANOF
SOUTH FIJI
SCUTE FCASHU
PERU-3RAZIL
NEAR AL EUTIANS
SOLTH ALASKA
MARIANAS
KERMADEC

FCX ALEULTIANS
TCNCA

JAF AN

NEW BRITAIN
ANCREANGQF
SOUTH F1JI
NORTH CHILF
FIJI

CENTRAL CHILF
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Table 3-2

U.5.G.S. HYPOCENTRAL PARAMETERS

FOR EVENTS USED IN THIS STUDY

CATE

JANO 2
JANOS
JANC?
JANLC
JANLS
JAN2S
JAN31
MAR11
MAR22
MAR27
MAR2¢S
APR27

FAYOL -

MAYCS
MAY11
JUNQ4
JULN27
JuLoz
JuL12
JUL 14
ALGOS
AUG1C
AUCL
AUG24
AUG2¢
AUG29
SEFCT
SEP16
SEF27
OCTCE
cCcToS
0CT21
NOVQO2
NGVO02
NOV1l
NOV12Z
NCV29
DECOS
CEC25
CEC2S
JANO1
JANL2
JANL3
JAN17
JAN20
FEBC7
FEP22
FER22
FEB2¢
FERZ7
MARL 3

ocoxmNnoo I

N

N

P

N —
N NV N DD NWOONOD=NWMDIN—=WadO

- N

TIME

S
25.5S
50.7
50.7
13.3
14.0
13.C

5.3
33.5
35.1.
47.3
35.3
47.3
2407
12.C

8.6
15.9
ll.q
26.6
22.8
50'4
30.9
26.4
20.3
3001
39.S
5545
52.2
1%.3

7.9
58.1

2.2
29.4
56,1

5.2
51.0
21.1
22.4
31.3
13.0

0.7

1.0
23.5
10.3
4242
10‘6
44.0

T. 4
37.7
59.6
53.7
42.5

LAT
CEG MIA

20.CC
18.00
0.0
24.0C
54 .00
54,CC
20.C0
18.00
S4,CC
6.00
36.00
0.C
18.00
42.00
42.C0
48.00
52400
€.CC
42.C0
42.C0
18.00
24,00
20.C0
18.00
0.C
24.C0
6.00
4. CC
36.C0
18.00
42.CC
54 .00
48.C0
12.C0
36.00
S4.CC
42.CC
42.C0
42.¢CC
36.00
36.00
30.CC
12.00
S4.CC
c.C
18.C0
24.C0
£4.00
48.C0
£4.C0
54 .00

LCNG

DEC

MIN
24.00
24.00
30.920
54.,0C
£4.0C
3C.00
$4.G6C
12.00
48.00
42.0C
54.90
1z.0C
12.00
42.0C
1£.0C
6.00
30.00
C.0
42.00
3¢.0C
1€.0C
12.00
€.CC
$4.00
18.CC
€.0C
3€.00
3C.00
€.CC
0.0
€.CC
3€.0C
€.0C
€.0C
6.00
36.0C
18.CC
30.00
3€.0C
3C.0C
54.00
€6.CC
€.0C
30.0¢C
12.0C
30.00
€.0C
€.0C
18.00
3¢€.0C
18.00

DEPTH

KM
105.
GEI
O»
34.
114.
141,
34.
16S.
535.
37,
44,
113.
45%.
48,
€.
27€.
70,
0.
12.
15.
185
602,
52,
84.
Co,
C.
58.
280.
46.
417
4G,
€C2.
0.
S1.
6E.
196,
41%.
162.
"C.
67.
313.
22,
42.
153,
2€.
3z,
48.
37¢.
82
S5E€.

MAG
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LCCATICN

CAT AMARCA
NEW ERITAIN
UNIMAK

FERU

JAN MAYEN
FON SHU

CHILE

GULF ALASKA
N ATLANTIC

N ATLANTIC
SCUTH FIJI
PERU-BOL IVIA
FIJI
CHILE-ARG
FCNSHU

NEW FEBRIDES
JAPAN SEA
SCUTH HCNSRU
PERU~BCLIVIA
SCLCMON IS
SCLCMGN IS
SOLCMON ISE
SOUTH FIJI
SOUTH ALASKA
JAPAN SEA
JUJUY, ARG
PERU COAST
KCMANDCRSKY
NORTH PERU
FIJI

NCVAYA ZEMLYA
KANCHATKA
HCGKKAIDC
CHILE-ARG
NOVAYA ZEMLYA
NCVAYA ZEMLYA
NORTE CHILE
HCKKAICC
FIJI TSLANDS
SANTA CRUZ

SEA OF CKERCTSK

SOUTH FIJI
KAMCFATKA
NORTH CHILE
PERU

SANTA CRUZ IS
CKHCTSK

PERU
PERU-BCLIVIA
NEw HEBRIDES
KERMADEC

LU IR NI N U LN R N RS B P ST [ A S RPN e B U N R N R PN [y R N e N Y S BN PR}
VMinaninuaaiVin g inmuiniaa Naaaninwmanu naan g u
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Table 3-2 (continued)

MIN
0. €
0.C
6.00

48.C0

30.00
8.C0
1 Bulits

22.5

59.80
1.76

26.30

30, €C

36.CC

12.00

16,70

43,90

45450

48.C0

10.00

34, €0

£4,50
6.C0

28.€C

23.20

54 .00

28.5C

44.00

52460

22.€C

24.00

22. 10

44.5C

11.50
5.¢

50, 4C

21.10

51.76
0.4C

28.00

57.50

40.40
3.00

Z1. €C

49,40

33.30

45,20

56 .40

17.30

55.C0

45 .50

38, 10

LONG

DEG
-66,
152.
-163.
-12,
-10.
142.
-T2

MIN
42.00
42.GC
12.00
42.0C
24.0C

5.00
24.CC

1.12
38493
3£.28
31.60
12.00
12.CC
42.00
25.73
11.28
59.40
12.CC
21.06
36.C7
2C.CC
34.32
46,5C
25.10
16.00

E_ 22

-8 oD

45,00
50.7¢C
4,91
23.20
38.47
3.15
53.17
4."0
4le.40
$.22
3.45
40.1¢C

s [ 4
dle s

5.58
28.9GC

4.86
18.1C
45.40
33.10
48,23
34.¢C
53.9C
28,62
£2.10
35.58

DEPTH

KM
178,
112.

20.

81l.

13.

23.

2.

23,

33,

33
616,
196,
658.

971.

19.
201.
560.

4G.
15¢€.

50.

950

70.
579.

33.
220,
1€¢.

74.

4'
123.

MAG
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LOCATICN

SCUTH HCONSHU
SOUTH FIJI
TONGA
CHILE-BCLIVIA
BONIN IS
SCUTE FIJI
NORTH CHILF
SOLIOMON IS
ANCRTF CFRILE
SCLCMCN IS
SCLCMON 1S
NEW FEBRICES
SCLOMON 1S
LEEWARD IS

N CCLCMEIA

K ERMADEC
SANTA CRUZ
KURIL IS

N CCLOMBIA
MARTANAS
FIJI
CHILE=-ARC
KERMAQDEC
SOLCMON 1S
PERU

N ATLANTIC
FERU COAST
CCLCMBI A
SANTA CRLZ IS
TONGA

PERU

SOLTH CHILE
JAPAN

NORTH CHILE
SCLCMON IS
TONGA

SOLTH JAPAN
NEW BRITAIN
CKHCTSK

NEW +HEBRIDES
N CHILE CCAST
SCLCMON I¢

S BCLIVIA
KURIL IS
NOVAYA ZEMLYA
SCLCMON IS
KAMCHATKA
KURIL IS
FIJI

FIJl
CHILE-BOLIVIA

[ATE

JAN2T
FEBO3
FEBO2
FEBOS
FEBLl%
FEBLl4
FEBLS
FERB22
FEE27
MARO1L
MARQZ
MARO4
MARCE
MAR1O
MAR13
MAR24
MAR25
MAR2S
APROIL
APROT
APR1G
APR1"
MAYOS
MAYCS
MAY15
MAY14
MAYLE
VAY 19
MAYL1S
MAY20
MAY23
MAY3C
JUNO4
JUNG4
JUNQE
JUNLS8
JUN2S
JUN27T
JUL1O
AUGO2
AUG24Q
SEPO4
SEPCE
SEP22
SEP2G
ocTiz
NOV17
NCV24
NOV 25
NCve7
NOV 30

.

Table 3-2 (continued)

TIME LAT
M S DeEG MIN
28 20.9 21. 23.2¢C
27 30.1 -25. 8.20
3 52.0 -—18. ¢€.50
53 11.7 -21. 42.1C
50 22.2 26+ 33.50
22 17.4 =23, 1ll.5C
3 22.7 -22. 30.80
28 58.3 ~6. 18.80
48 3.5 -9. 16,00
51 S.¢ -6+ 16.6C
50 0.5 —ll'- 4‘0.60
39 55.9 =-10. 42.C0
4 58,8 16, 48.CC
44 41.3 6e ’?8.50
46 4.4 -29. 53.20
48 39.8 46. 0.90
21 1444 6+ 4€.90
10 15.8 17. 27.20
12 9.0 -17. 36.00
4C 20.% -25. 50.2¢C
52 51.2 -2S5. 45.CC
44 44,7 -7. 27.20
55 56,2 -11. 36.(C
25 34.4 10« 46.50
2 155 ~—16. 4S.€C
7 15.8 4. 27.80
7 17.2 -12. 47.60
5¢ (0701 "150 56.2(:
32 33.0 -10. 29,00
8 54.2 -41. 38.20
23 32.4 28. 18.50C
39 36.0 -23. 6.10
20 7.2 -lOo 5.20
45 37.3 -24. 48.EQC
47 46.3 29. 54.80
14 48.3 "5. 7.EC
37 12.8 4T7T. 51.5
55 25.5 -20. 36.50
£4 11.3 -20. 24.iC
41 59.7 -10. l14.80
58 2.2 -21l. 19.60
16 8.2 44, 52.8C
59 57.4 73. 24.20
40 5?nq "10- 27‘20
33 34.6 50. 59.CC
S 15. 4 52. 1.20
€ 35.4 -19. 29.9SC
0 9.7 -17. 51.20
40 5708 "20- 31-20

LCNG

DEC
138.
176.
-175.
“68.
140.
-177.

MIN
3.2¢C
41.6C
1.9C
12.30
16.50
24.9C
3€.8C
46, 70
3.9C
lé.€C
47.82
€.23
0.0
6.0C
57.S7
52+40
12.2¢C
3C.3%
55,28
33.00
30.900
46044
48.00
37.80
3C.0C
25.50
42412
47.0C
14.10
5.6C
15.30
244,70
4C.0C
32.50
C.7C
21.36
34.90
37.09
43,10
16.43
59.6C
5.6C
18,07
13.50
4S.02
17.7¢C
12.38
39.00
42.3C
4E.6€
55.14

CEPTH

KM
394,
4?7'
212

SE.
548'
232.
11t.

56
10’;.

s
- e

ol
90.
417.
54,
lec.
32,
56G.
16z.
160
2117.
557.
113,

g
Ze

34.
3z,
2.
65,
157.
€aql.
292.
73'
28,
21.
101.
6l.
33.
4313,
119.
3€1.
52
8l.
83.
188.
€4,
G.
106.
112.
33.
442.
51€.
82,

4AG
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LCCATICN

CHILE-BCLIVIA
CHILE-BCLIVIA
BCNIN IS
TONGA
CHILZ-BOLIVIA
VOLCANC IS
CHILE-BCLIVIA
FIJI
ARCENTINA
KAMCHATKA
SOUTH hCNSHU
FIJI

NORTH KOREA
CCLCMBIA
PERU-ER2ZIL
KURIL IS

FIJI IS

FIJI

NEW FEBRIDES
FIJI

NEwW BRITAIN
MARIANAS
TCNGA PREL
NOVAYA ZEMLYA
E RUSSIA

PERU

FIJI REGION
SANTIAGC CEL E

CATE

LECO?Z2
CECO4
CEC1zZ
CECLlS
DECL17
CEC22
CEC28
JAN2 1
FEBO4
FEBL3
FEBLE
MAROS
MARQOS
MAR22
APROS
APR1C
£PR14
MAY15
MAYLE
JUNO3
JUNOS
JUNOS
JUN22
SEPO1
SEPOS
acvos
CCT1E
ncr22

Table

23

14
15
12

— N
~Ntowpro N

3-2 (concluded)

LCNG

DEC
_68-

-630

MIN
37.62
31.8¢
34.5C
5C.64
27.36
43.21
51.6C
22.14

3.CC
38,04
49,00
42.60
52.7C

1.26
1C. 8¢
32.57
36.1C
4C.22
11.64
37.5¢
57.36
27.48

£.2C
34.86
15.6C
36.0C
48,00
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when the data are modelled.)

3.1. Corrections for Crustal and Sediment Thickness

A list of the corrections used may be found in Table 3-3.

a. Moho depth

Data from a variety of sources including gravity surveys and seismic
refraction profiles indicate that through much of Southern California
the depth to Moho is 30-35 km (see, e.g., Kanamori and Hadley, 1975;
Hadley and Xanamori, 1977). In particular, the Transverse Ranges have
no crustal root, nor is there significant downwarping beneath the
deep Los Angeles and Ventura basins. However, there is evidence for
crustal thinning offshore (Shor and Raitt, 1956; Press, 1956) and
beneath the Imperial Valley (Biehler et al., 1964: Fuis, 1976, personal
communication), and thickening beneath the Sierra Nevada (Press, 1956;
Thompson and Talwani, 1964). Corrections for crustal thickness were
calculated on the basis of a lowermost crustal velocity of 6.7 km/s
and a P, velocity of 7.8 km/s (Hadley and Kanamori, 1977).

The correction at SCI and CIS was estimated at -0.2 sec, based on
a crustal thinning of 10 km; no correction was made at SBSN because
the station is located on sediments of unknown thickness which will tend
to cancel the effect of the crustal thinning.

In the Imperial Valley the crustal thickness is approximately
20 km, but it increases away from the axis of tﬂe valley. The crustal
correction used was again -0.2 sec.

The depth to Moho beneath ISA is not precisely defined by seismic

data. Thompson and Talwani (1964) suggest that the Sierran root extends
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Table 3-3

SEDIMENT AND CRUSTAL THICKNESS CORRECTIONS

Corrections are subtracted from observed relative residuals.
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to depths of more than 40 km, and Press (1976) found it to be ~50 km
from surface wave dispersion measurements; the correction applied at
ISA was 0.3 sec, equivalent to a 15 km crustal thickening. (This is
probably appropriate for rays entering the crust under the High Sierra
to the north, but may be n0.1 sec too high for rays from the south.)
No attempt was made to include azimuthally varying corrections:
the maximum difference in distance between the points at which the
rays to a given station enter the crust is approximately 25 km, and
so the changes should not be large except in regions of steep dip on

the Moho, such as the boundaries of the Imperial Valley.

b. Sediment corrections

There are three main areas in the array where sediment corrections
are important: the Imperial Valley, the Los Angeles Basin, and
the Ventura Basin. Some of the other stations, such as those lying
between the San Andreas and San Jacinto Faults (e.g., CKC, MLL, CFT),
may also require corrections, but no good data on sediment thicknesses
were available outside the three major areas, and so none was made.
It must be emphasised that all corrections are approximate, and
errors will show up as stations where the residuals do not fit into

the general pattern.

Imperial Valley:

Sediment corrections were based on the refraction profiles in
Kovach et al. (1962), Biehler et al. (1964), and some recent data
(Fuis, 1976, personal communications); the Valley contains up to 6 km

of sediments. The station at Obsidian Buttes (OBB) is located on the
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volcanic butte and requires no sediment correction; however, there is
evidence of low crustal velocities in this region,. and so a correction
of 0.2 sec, cancelling the Moho term, was applied. (For stations at
the edge of the Valley, sediment thickness is harder to assess, and the
corrections are an estimate of the combined effects of sediment and

Moho depth.)

Los Angeles Basin:

Corrections to stations in the Los Angeles Basin were based on
sediment thicknesses derived from gravity data (McCulloh, 1960), oil
company well log velocity data, and empirical delays observed from
local earthquakes. They are essentially similar to those used by
Hadley and Kanamori (1977). A correction was also introduced at
SNS —- the magnitude ( 0.3 sec) is somewhat arbitrary since there are
only limited data in this region and it is based 1argely on measure-
ments in the nearby San Clemente oil field (Lang, 1972; Higgins, 1958)

and the geologic map of the area (Morton, 1974).

Ventura Basin:

Sediment thicknesses for stations in the Santa Barbara network
were derived from oil field data (Higgins, 1958), and sections
appearing in Vedder et al. (1969), Yeats (1976), and in the Preliminary
Report on the Continental Borderland, MF 624. Corrections were deemed
necessary at SBCD (located on soft sediment near Casitas Lake), ECF and
CAM., The latter is sitting on ~20,000 feet of sediments of which

5,000 feet are quaternary.
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3.2. The Observations

The relative residuals observed in this study are summarised in
Figure 3-2, which consists of ten contour maps of average relative
residuals, cgrrected for crustal and sediment thickness, for various
source regions. Each station for which data were available for a
given region is indicated by a black circle, and for most stations
and source regions the value of residual used in constructing these
maps was the average for at least five events. The main features will
now be discussed for the different source locations progressing
clockwise from the north.

Figure 3-2a shows the residuals for Russian nuclear explosions
at Novaya Zemlya. The most noticeable points are the extremely
negative residual at ISA (which may be 0.1 sec too low if the crustal
thickness was overestimated), somewhat negative residuals in the
eastern Mojave desert, and a broad region of positive residuals to
the south of the Salton Sea, with the highest residuals occurring in
two groups, one close to the axis of the Imperial Valley, and one at
its western margin. The residuals for the two most northern stations
in the Carrizo Plains are also markedly negative. The most obvious
feature is the strong east-west trending zone of negative residuals
to the south of the Transverse Ranges, where the delay reaches -1.0
sec, The "pinching oﬁt" of this anomaly at the eastern end of the
Santa Barbara Channel is probably exaggerated: gt is controlled by
the residual at PTD, which is located on sediment, but has not been
corrected for this. The correction needed is probably 0.2 sec,

but no good estimates of sediment thickness at this location were found.
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Figure 3-2. (a to j; the following 10 pages.)

Contour maps of mean relative residuals, corrected for
known crustal structure, for the major source regions
studied. The stations are shown as solid circles, the
contours are labelled in tenths of a second and the contour

interval is 0.2 sec.
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Arrivals were read for events in Jan Mayen, Iceland and the North
Atlantic, but contour maps for these sources are not included, because
they are based on single events recorded at relatively few stations,
and the arrivals were somewhat more emergent than those generally
retained in this study. In addition, the patterns seemed to change
rather rapidly with small changes in azimuth, and without better data
it is hard to assess the significance of these changes. However, the
pattern observed for Jan Mayen, azimuth ~20°, was very similar to that
shown in Figure 2-3a for Novaya Zemlya, although the residual at ISA
was much less negative, the maximum negative delay in the Transverse
Ranges was -0.69 sec, and a region of positive residuals exceeding
U.4 sec appeared in the region of TPC, HDG and CPM. In fact, the whole
pattern appeared to be shifted to more positive values, as would
be the case if the arrival at GSC was early. The opposite effect is
apparent for the resid;;ls ohserved from the Icelandic event, at 26°
azimuth, for which the pattern is shifted to more negative values.
There is again a marked, approximately east-west trending belt of
negative residuals largely to the south of the junction of the San
Andreas and San Jacinto faults, which reaches a maximum advance of
1.0 sec at VPD. The eastern Mojave is also extremely early, reaching
a peak value of -0.8 sec at WH2., Contours for the event in the North
Atlantic at an azimuth of v55° are not weli controlled, but there are
negative (v-0.2 sec) regions in the eastern Mojéve, and in the general
area of the Transverse Ranges, Los Angeles Basin and northernmost
Peninsular Ranges, where the values are generally ~-0.3 sec. The

lowest values observed were -0.54 sec at IRC and -0.47 sec at SME.
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The Imperial Valley is slightly slow for both Jan Mayen and the North
Atlantic, but fast for Iceland.

The contour map for events in the Leeward Islands (azimuth ~95°)
is shown in Figure 3-2b: there were only three events, and as two of
those were in 1974, many stations only recorded one arrival. ISA
is still fast, but CLC is notably faster. A marked negative region
extends over the western Transverse Ranges and Santa PBarbara Channel;
peak values in excess of -1.0 sec were found at Santa Cruz and Anacapa
Islands (SBSC and SBAI). The Imperial Valley is now also fast. (If
the residuals were calculated with respect to Herrin tables, the
negative values of the southern Mojave desert and Imperial Valley
would largely disappear. However, the westernmost stations such as
SBLP would have slightly more negative residuals.)

The patterns for events in northern and southern South America
(Figures 3-2c, d) are similar, with the most negative residuals
occurring in a north-east-south-west trending zone extending from the
westernmost Santa Barbara Channel to the Antelope Valley. A prominent
feature is the area of negative residuals found in the eastern Imperial
Valley in Figure 3-2c¢; for southern South America (Chile, Argentina)
residuals for most of the Imperial Valley are negative, but this is
especially true for the south-eastern corner (e.g., -0.7 sec at SLU).
Although the Imperial Valley stations are at the periphery of the array,
and far from GSC and thus subject to greater errors, this change from
positive to negative residuals is probably real and significant. However,
there is some indication of a trend in residuals across the array of

the type that would be caused if the wavefront were incident at a greater
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angle than expected. This is equivalent to a decrease in apparent velocity
for waves from South American events, which has been reported for other

arrays in North America (Powell, 1976), and may thus be a source or path

effect.
Residuals for events in the south-western quadrant -- the South
and "Central" Pacific, Figures 3-2e, f and g -- are fairly similar,

and are appreciably more positive than those for other azimuths. This
can be explained if the arrivals at GSC are slightly (0.2 sec) early
for events in these regions. There is still a negative area associated
with the Transverse Ranges, now centred to the north, and slightly east,
of the San Gabriel Mountains. The Imperial Valley is once more slow,
with the areas of most positive residuals elongated parallel to the
Valley axis, and located to the east of it. The eastern Mojave is also
slow, as are the Carrizo Plains stations. There is also an "island"
of positive residuals in the region of the junction of the San Andreas
and San Jacinto faults: as mentioned in the previous section, a number
of the stations controlling this region, notably CKC, CFT and MLL, are
sited on sediments but have not been corrected for this, and so are
expected to have more positive residuals than the surrounding stations
that are located on bedrock. There is also evidence (Hadley and
Combs, 1974) that crustal velocities are slow in this regiop.

Figures 3h and i are again very similar, as might be expected,
but there are subtle differences reflecting the change in azimuth and
distance to events in the Marianas-Bonin and Japan-Kuril arcs. Both
show markedly negative (<-1.0 sec) residuals at ISA, northwest trending

zones of slightly positive residuals in the Carrizo Plains and in the
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vicinity of STP and TTM in the Mojave, although the easternmost Mojave
is slightly negative. Imperial Valley stations have positive residuals
for events in these source areas. There are also zones of negative
residuals trending roughly east-west and centred just south of Cajon
Pass. The most negative regions are split in two by the San Andreas-
San Jacinto junction area, but as pointed out before, this is controlled
largely by stations that probably require sediment corrections; the
areas are not apparently offset by the faults, however. Among the
subtle differences are the fact that this anomaly is centred slightly
further to the south for the Japan-Kuril events, and the appearance
of slightiy negative residuals at the southernmost end of the Imperial
Valley, also for the Japan-Kuril source region.

Events in Alaska and the Aleutians tended to have rather
emergent first arrivals —- there have been few large deep events
recently —— and so Figure 3-2j is based on relatively few arrival
times. Since the events are close, they are also more prone to
errors from source structure, mislocation, and lateral heterogeneity
along the travel path which are not so well removed by normalisation.
Nevertheless, the pattern observed is very similar to that for
events in Japan and the Kuril Islands, although the negative "Transverse
Ranges' anomaly is slightly more negative, centred further south-east,
and extends further into the eastern Mojave.

Figure 3-3 is a similar contour map using the residual data of
Hadley and Kanamori (1977) for the phase PKP from an event that occurred
at a depth of 620 km in the Java Trench on January 23rd, 1976. Rays

for this phase from this event, at a distance of ~120°, are nearly
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vertically incident, and the residuals thus represent structure

directly beneath each station. It is obviously very similar to those
observed for the other regions, in particular the northern Pacific

and Novaya Zemlya. (The negative residual at ISA may be up to 0.2 sec

too low owing to overcorrection for crustal thickness.) An approximately
east-west trending negative area now coincides with much of the Transverse
Ranges, and there is also a region of positive residuals in the

Imperial Valley similar to that observed at other azimuths. (A complete

list of the residuals will be found in Table 5-3.)

3.3. Implications of the Observed Variations

for Structure Beneath the Array

It is apparent from the considerable variation of the observed
relative residuals that there must be marked lateral heterogeneity
in compressional velocity beneath the array. In particular, there
must be high velocities under the Sierra Nevada, easternmost Mojave
desert, and the Transverse Ranges to account for the negative residuals
at stations in those regions, and low velocities beneath the Imperial
Valley giving rise to the positive residuals. Areas of low velocity
must also exist in the Carrizo Plains, and the east~central Mojave
desert. The magnitude of the residuals, which can be as high as 0.9
sec, or as low as -1.2 sec, and their azimuthal variations, which
reaches a maximum of 1.3 sec, require that the .sources of the travel
time anomalies be within the upper mantle.

‘Variations in crustal thickness are insufficient to explain these

residuals: a relative residual of only -0.5 sec would imply a crustal
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thinning of about 25 km relative to the reference station, and such a
change could not go undetected in local gravity and seismic refraction
data. Furthermore, since the residuals change rapidly with azimuth
to the event, such thinning would have to take place over quite short
distances. Consider the case of SBB, where residuals from the South
Pacific and South America are -0.3 to -0.5 sec, but residuals from
the Central Pacific are about zero; since the poinﬁs at which the rays
from these events cross the Moho are not more than 30 km apart, crustal
thinning of 15 to 25 km would have to occur over this distance. Changes
in crustal velocity (and expecially in sediment thickness, since the
rays travel almost vertically through soft sediments, and the closeness
of the paths could not lead to large azimuthal variation of delays) are
also ruled out by the rapid azimuthal changes in residuals, and by their
magnitude. A residual of -0.5 sec would require that the average
crustal velocity was changed from 6.3 km/s to 7.2 km/s, which is ruled
out by seismic refraction data and travel times for local earthquakes.
The velocity anomalies giving rise to the residual variation must
thus lie within the upper mantle beneath the array, but their depth remains
to be determined. In an earlier study based on the data of Figure 3-1,
a simple model was constructed in which the variations were caused by
a high velocity region oriented approximately parallel to the North
America-Pacific plate boundary, and lying at depths of 100 to 200 km
(Raikes, 1976). This zone extended from the Sierra Nevada to the
northern end of the Salton Sea, with a velocity increase of 0.45 km/s
in the north decreasing southwards, although the zone broadened in an

east-west direction beneath the Transverse Ranges, which also had a
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slightly higher velocity increase. It was suggested that this zone
might be related to the plate tectonic history of_the region, and the
"dead slab" found in Oregon and northern California by Solomon and
Butler (1974), or consist of a thinning of the low velocity zone
beneath the region. The presence of a region of low velocity at

~v50 km below the Imperial Valley was also proposed to explain the
residuals at GLA.

However, the addition of further stations made it clear that the
Sierran and Transverse Ranges anomalies are distinct, and that the
changes probably occur at shallower depths. There is little control
over the depth of the Sierran anomaly because ISA is on the periphery
of the array, but the shift of the negative residuals resulting from
the high velocity region beneath the Transverse Ranges may be used to
estimate the depth extent of this anomaly. Figure 3-4 shows a section
through Cajon Pass area (where the most negative residuals are observed
for the Java Trench event of Figure 3-3) in a north-west-south-east
direction, which corresponds to the axis along which rays travel from
Japan and the Kuril Islands or South America to the array. Rays from
these regions to CSP (the station with the lowest [or "maximum"] residuals
for vertically incident rays), from South America to TPO (the lowest
residual for that azimuth) and from Japan to RAY (earliest station along
the section for that azimuth) are sketched. The latter rays would
intersect at a depth of ~155 km, close to the axis of the Java Trench
anomaly, which suggests that the region of high velocity may extend to
150 km, compared with the ''mormal' mantle beneath GSC. Note that

this figure also illustrates why the velocity changes must be subcrustal:
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Figure 3-4. NW-SE cross section through the Cajon Pass area. Incoming

rays from events in the Java Trench, South America and
Japan-Kuril Islands region are shown, and the region of
inferred velocity increase in the upper mantle is shaded.
Also shown as shaded regions in the crust, are the
contours of residuals for the Java Trench event.
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the contours of residuals from the Java Trench event are projected on
to the crustal section beneath CSP, which would clearly have strongly
negative residuals for all three indicated ray paths if the anomaly lay
in the crust. Likewise, RAY would be only slightly negative for the
South American and Japanese events. (TPO did not record the PKP phase
so no conclusion may be made regarding its behaviour.)

As the P, velocity beneath this area is known to be 7.8 km/s, and
if the top of the velocity anomaly reaches 50 km depth, as seems
likely, the inferredvelocity change would be ~.5 km/S, and the region
beneath the Transverse Ranges have a velocity of ~8.3 km/s. This
accords well with the observations of Kanamori and Hadley (1977) who
found a refractor having a velocity of 8.3 km/s at about 40 km depth
beneath the Transverse Ranges from studies of travel time data from
two local earthquakes, and used the Java Trench event to estimate the
extent of this horizon. Of course, the velocity contrast and depth
extent of the anomaly were estimated by assuming'that the upper mantle
velocity beneath GSC remained constant at 7.8 km/s. This may be rather
low for depths of 150 km, although GSC lies on the edge of the Basin
and Range Province, and inversion of both body-wave (Archambeau et al.,
1969) and Rayleigh wave (Biswas and Knopoff, 1974) data suggest that
within this province the P, velocity of 7.8 km/s may indeed extend to
at least this depth. One remarkable fact about this anomaly is that
it appears to extend across the San Andreas Fault, at a depth of 50 km,
and yet not be offset by it; this was discussed by Hadley and Kanamori
(1977), and has important implications for the tectonics of the region.

If the negative residuals at ISA are caused by a similar velocity
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contrast, and there is to be no conflict with the known Moho depth of
A50 km north of there, then the Sierran anomaly must extend to a depth
of 200 km. This high velocity material may be related to the low
heat flow observed within the Sierra Nevada, which was explained by
Roy et al. (1972) in terms of the absence of a partial melt (low
velocity) zone at similar depths.

The wvariation of residuals in the Imperial Valley, especially the
very positive ones to the east of the Valley for events in the. South
and Central Pacific, suggests that much of the wvalley may be underlain
at depths of about 50 to 80 km by low velocity material. Such a model
would be compatible with the presence of partial melt related to the
high heat flow, geothermal activity, and the extension of the
active spreading centre from the Gulf of California inté this region.
However, the rapid change to strongly negative residuals for
azimuths between 90 and 140° requires that there be a region of increased
velocity under south-west Arizona, or northern Mexico, at depths
sufficient to explain this. It is also possible that for rays from
events in southern South America, for which the most negative residuals
occur, tﬁe influence of structure beneath the plate boundary in the
Gulf of California, which the paths closely parallel, is also a
contributing factor.

In summary, the azimuthal variation of teleseismic residuals at
stations of the Southern California network provides evidence for
regions of decreased velocity beneath the Imperial Valley, consistent
with the high heat flow there, and the Carrizo Plains, and regions of

increased velocity beneath the Sierra Nevada, the easternmost Mojave,
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south-western Arizona or northern Mexico, and much of the Transverse
Ranges. The latter is a major ridge-like structure, which extends to
depths of ~150 km, and is apparently continuous across the San Andreas
Fault. Detailed models for tHe upper mantle velocity structure will

be derived in Chapter 5 and their implications discussed in Chapter 6.
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Chapter 4

TEMPORAL DEPENDENCE OF RESIDUALS

The occurrence of seismic velocity changes prior to, and presumably
associated with, earthquakes has been documented by a number of authors
(see, for example, Savarensky, 1968; Semenov, 1969; Aggarwal et al., 1973;
Whitcomb et al., 1973; Ohtake, 1973; Wyss and Johnston, 1974; and
Johnston, 1978). The investigation of temporal variations in velocity
in a tectonically active area is thus of value, both as a possible
means of predicting future earthquakes, and in order to establish a
"background" level of fluctuations not associated with large earthquakes.
Furthermore, thé use of residual variations to infer velocity structure
is dependent on the stability of those residuals as a function of time;
if large fluctuations take place, then the structure inferred from a
data base covering only a short time interval (in general 2-3 years for
stations in Southern California) may not be wholly representative of
the actual structure. It is thus important to investigate possible
travel time fluctuations for representative stations within therarray.

The U.S.G.S.-Caltech Southern California Seismograph Network provides
a good source of such travel-time data, particularly since 1972 when
develocorder recording was introduced, allowing greater measurement
accuracy. In addition, the presence of large changes in elevation in
the vicinity of Palmdale (Castle et al., 1976) makes this an area
of special interest, with regard to the possible occurrence of a large
earthquake in the future.

Previous searches for possible precursory velocity changes in

California have met with limited success. Cramer (1976) was unable to
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detect any significant variations prior to the 1974 Thanksgiving Day
(Hollister) earthquake, and Bolt (1977) and Cramer et al. (1977) found
no changes in travel-time from Nevada test site blasts to Oroville
(ORV) prior to the 1975 Oroville earthquake. However, Cramer et al.
(1977) reported a .1 sec delay in residuals at ORV for Novaya Zemlya
explosions prior to the Oroville event. Small changes in P-velocity
have been resolved in studies of travel times from quarry blasts in
Southern California: Kanamori and Hadley (1975) reported changes of
3%, and Kanamori and Fuis (1976) observed variations of ~17 prior to
the 1975 Galway Lake and Goat Mountain earthquakes. However, Whitcomb
et al. (1973) found a change of 10% in Vp/Vs and ~19% in Vp prior to
the 1971 San Fernando earthquake, and Stewart (1973) concluded from data
obtained from local and teleseismic events that a change of up to 30%
in Vp may have occurred in the source region of the 1973 Point Mugu
earthquake. Changes of 10-207 were also observed in the vicinity of
Riverside during the period 1964-1969 by Kanamori and Chung (1974),
but they concluded that this was not obviously related to seismic
activity in the area.

A study of the temporal dependence of teleseismic residuals
during the period 1972-1976 was made for 13 stations in Southern
California, including six in the vicinity of the Palmdale uplift. Local
earthquake residuals were also investigated for seven of the stationms,
and the variation of teleseismic residuals listed in the International
Seismological Centre monthly reports for PAS during the period 1964-1971
analysed in an attempt to extend the data base to a period including a

significant earthquake, the San Fernando event of February 9th, 1971, ML=6.4.
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4.1. Method and Observations

Teleseismic residuals have been used to investigate premonitory
velocity changes by a number of authors, including Wyss and Johnston
(1974) and Cramer (1976). This method, which is discussed in detail
by Engdahl et al. (1977), has the advantage that the locations of the
sources used, and hence the theoretical travel times, do not depend on
a detailed knowledge of local structure in the area of the study, as is
the case when local earthquakes are used. However, the effects of
source mislocation and inhomogeneities along the travel path can cause
considerable scatter, and must be minimised by normalisation. This
is usually achieved by taking relative residuals with respect to one or
more of the stations studied, or by averaging.

The locations of the stations used in this study are shown in
Figure 4-1, together with approximate contours of elevation in the
vicinity of Palmdale, as reported by Castle et al. (1976). (The region
of uplift is, in fact, oriented parallel to the inferred mantle velocity
anomaly (Figure 5-1), and close to its northern boundary.) Throughout
this period, the stations studied recorded on 16 mm develocorder film;
the method of determining residuals was the same as that described in
Chapter 2, and Goldstone (GSC) was again chosen as the normalising
station. Any temporal variations at GSC would, of course, show up as
changes at all the other stations. The effects of normalisation and
sources of error in the residuals are also discussed in Chapter 2; the
maximum effect on residuals for events used in this study is estimated
at .1 sec. (The distribution of events used is similar to that shown

in Figure 2-3; however, residuals from events closer than 45° were
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Stations used in the study of temporal variation of
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Bulge" reported by Castle et al. (1976).
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discarded since they are more prone to error resulting from source
structure, mislocation, and choice of earth model. In addition, data
from such areas as Iceland and the Mid-Atlantic ridge were not used,
because events with clear first arrivals at Southern California stations
are uncommon in those areas.)

A further problem arises in the use of teleseismic residuals for
investigating temporal velocity changes in Southern California, namely
the effect of the marked azimuthal dependence of the residuals due to the
local upper mantle structure. This makes it difficult to compare
directly data from different source regions, and the use of techniques such
as averaging can lead to spurious apparent variations. This is
illustrated in Figure 4-2 for the case of GLA. Two commonly used
techniques, the calculation of six-monthly means and moving-window
averages, were applied to normalised residuals which were uncorrected
for the source region. These techniques were then applied to the same
set of residua<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>