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Summary

A P wave velocity model for the upper 800 km of the
mantle has been determined using travel times to 20° from
large explosions in northern Australia and observations
at the WRA array of travel times and slownesses from
earthquakes in the New Guinea region in the distance
range 17° to 30°.

In the uppermost mantle, the‘é#plosion data indicate
velocity discontinuities at 85 and 175 km and a gradual -
increase in velocity between these depths. Observations
of the Cannikin nuclear explosion at portable stations
along a line crossing the Precambrian boundary in eastern
Australia suggest that a low veldcity layer for P, absent
beneath the Precambrian shield, exists in thé younger
area to the east.,

The combined interpretation of WRA travel time and
slowness data reveals a number of later arrival branches
in the travel time curve between 15°vand 30°. A velocity
model based on these data shows a low velocity gradient
above 300 km, a gradual increase in velocity from 300 to
400 km, a minor zone of high velocity gradient near 520
km, ‘a low velocity gradient from 550 km to 680 km and an
abrupt increase in velocity near 680 km. The main features
of this model are in substantial agreement with the
changes in physical properties expected from mineralogical

variations in a pyrolite upper mantle.
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CHAPTER 1

INTRODUCTION

1.1 The Velocity Structure of the Upper Mantle

Refinements to the determination of body wave
velocities in thé upper mantle have been an important
part of recent developments in our understanding of the
properties of this region of the Earth's interior.
Advances in instrumentation, data handling, and
interpretation techniques have made it possible to
distinguish both lateral and vertical variations in
velocity structure which have important implications
concerning the composition of the mantle and the part
which it plays in tectonic processes.

The most direct evidence about the P wave velocity
distribution in the upper 800 km of the mantle comes
from observations of refracted P wave arrivals at
epicentral distances of less than 30°. Ssince early in
this century (see Gutenburg and Richter, 1935, for a
review of early work) it has been known that one of the
most striking features of this part of the travel time
curve is a significant change in slope near 20°, which,
under the name "20° discontinuity", was assumed to result
from a rapid increase in velocity in a transition zone
between 300 and 700 km. The other main feature of
arrivals in this distance range is a low amplitude
region between 5° and 18°, which has been associated

with low or negative velocity gradients at depths less



than 250 km. These two general properties of the velocity
structure of the upper mantle - a zone of low or negative
velocity gradient above 250 km (the "low velocity zone")
and regions of high velocity gradient between 300 and
700 km (the "transition zone") - are now generally
accepted*. However, recent attempts at establishing
the exact nature of velocity changes in these anomalous
regions have led to models which differ significantly in
detail. This may reflect real regional variations in
structure, but is more likely a resultAof difficulties
in the interpretation of the observed data - data which
may often be "inaccurate, insufficient and inconsistent”
(Johnson, 1972).

It is now well established that high velocity
~gradients in at least two zones near 400 and 600 km

cause multiplicity in the P-wave travel time curve

A note on terminology: The early subdivision of the
outer 1000 km of the Earth into crust and upper mantle
is no longer adequate to describe the detail of structure
now known to exist in this region. The revival of the
terms lithosphere, asthenosphere and mesosphere within
the framework of plate tectonics (Isacks, Oliver and
Sykes, 1968) is useful in the discussion of tectonic
processes, but the thicknesses and properties of these
layers are vaguely defined. - In this thesis the following
general terms will be used when describing velocity
structure. Upper mantle will refer to depths from the
base of the crust to a depth of 1000 km. Transition

zone will refer to the region containing a number of
zones of high velocity gradient from approximately 250 km
to below 800 km (the maximum depth of interest in this
thesis) . This comprises the depths reached by rays
emerging at distances from 17° to 30°. .Uppermost mantle
will refer to depths above approximately 250 km which
may or may not contain a low velocity zone centered
near 100 km.




between 10° and 30° (see review by Hales, 1972). The
later arrivals from this complex region are difficult

to identify and correlate over an extended distance
range, and it is mainly the interpretation of these
arrivals which leads to differences in velocity models.
The travel times and amplitudes of body waves are very
sensitive to minor variations in velocity structure, and
although this makes them useful for delineating fine
structure, it alsq means that any lateral variation in
#e}ocity will cause significant differences in travel
times for different regions. Within the resolving

perr of early travel time observations, world wide data
were_sufficient to define the general features of the
upper mantle. .In order to achieve the resolution
required in recent studies, it has been necessary to
confine observations to more limited regions.
Similarities in models derived for different regions
should make it possible to define more precisely the
general character of upper mantle fine structure, while
differences will indicate the extent of regional

variations.

1.2 Limitations in Velocity Determination

There are three major limitations in the extent to
which a "correct" velocity model can be found for any
region of the upper mantle; 1) lateral variations in
velocity, 2) incomplete and inaccurate data, and
3) the non-uniqueness of the geophysical inverse

problem.



Lateral variations in velocity - An attempt to

define uniquely velocity as a function of a single
variable, depth, implies that the velocity does not
vary laterally within the region sampled. The
determination of upper mantle velocities by refraction
methods requires observations of travel times over a
distance range of up to 30° and it is unlikely that any
region of the Earth has a hombgeneous velocity
distributién over such a range. Observations of earthquake
sources are especially susceptible to this problem, as
the very existence of the earthquakes implies the existence
of an anomalous region. In studies of the uppermost
mantle, tﬁe-problem has been minimized by using
observations of artificial explosions at temporary
stations set up along profiles within regions where the
velocity structure may be nearly homogeneous (e.g., the
Early Rise Project, Iyer et al., 1969). Even these
studies have sometimeé indicated regional variations in
structure that are greater than originally expected (e.g.,
the thick crust found beneath Lake Superior, Smith et al., .
1966) . Observations of nuclear explosions at distances
which sample the transition zone are limited by the
location of test sites. The American test sites in
Nevada and the Aleutians are both situated in regions
of recent tectonic activity where it is likely that the
upper mantle structure is atypicél.

Recent attempts to utilize three dimensional ray
theory (Jacob! , 197Q, Sorrells et al., 1971) have

provided insight into the effects of lateral variations



in velocity, but the usefulness of this approach as an
inversion tool is limited at this stage by the increased
non-uniqueness of the inversion process in three
dimensions.

Incomplete and inaccurate data - The global

distributions of earthquakes, nuclear explosions and
recording stations impose severe restrictions on the
determination of a complete travel time curve by routine
observations alone. ‘Special studies using explosions
have helped to alleviate this problem also, but the
limitations in size of non-nuclear explosions has
restricted their usefulness mainly to the investigation
of the uppermost mantle.

The present state of seismic instrumentation has
virtually eliminated problems associated with timing
errors. Once identified, the arrival time of a clear
phase can be read to adéquate precision. The major
unresolved problem in interpretation of the multi-
branched travel time curve near 20° is the proper
identification of later arrivals; i.e., the data are
incomplete and inaccurate-becéuse of errors in
interpretation rather than observation. As will be
shown in Chaéfer 6, seismic arrays are perhaps most
useful in this context. The ability to determine dT/A
directly makes it possible to relate each arrival to a
~ particular branch of the travel time cur#e and thus
eliminate much of the uncertainty in phase identification.

The non-unigueness of the geophysical inverse

problem -~ It has been shown that the nature of the



inverse problem in seismology is such that it is
impossible, with only a finite amount of data, to
determine a unique solution to fit these data (Backus
and Gilbert, 1967). .Using Monte Carlo methods (Press,
1968, 1972; Wiggins, 1969; Worthington et al., 1972)
and extremal techniques (McMechan and Wiggins, 1972) it
is poFSible to place bounds on the range of solutions
that are consistent with observed data. The limits of
these bounds can be refined as the amount and quality
of data increase. At any stage, a geophysically useful
estimate of the "correct" model is the simplest valid
solution within the current bounds which satisfies the
observed data and meets any constraints imposed from

independent sources (e.g., geochemical models) .

1.3 Other Methods of Velocity Determination

The observation of travel times of refracted
arrivals at less than 30° provides the most direct means
of determining body wave velocities in the upper mantle,
but recently two less direct methods have been
successful in describing average structure and detecting
regional variations in velocity.

Body wave residuals - In a revision of the P wave

travel time curve from 32° to 100° Cleary and Hales
(1966) were able to separate regional differences in
travel times into residuals associated with source and
receiver areas. These residuals showed definite
correlation with tectonic regions. Negative residuals

(early arrivals) were associated with stable shield areas



and positive residuals (late arrivals) were found for
younger tectonic regions. Hales et al. (1968) showed
that these variations could be explained by changes in
the thickness of the low velocity zone in the upper
mantle. This technique is especially suited to the
study of regional variations in structure since the rays
involved pass through the upper mantle at a steep angle
and hence sample a region that is limited in lateral
extent.

Underside reflections - Gutenburg (1960)

suggested that precursors to the main arrivals of phases
such as PP, P'P' or pP may be reflections from the crust
and from discontinuities inrthe upper mantle. . Bolt

et al. (1968) identified arrivals before the onset of

PP which they ascribed to underside reflections (PdP)
from discontinuities near depths of 400 and 600 km.

Some doubt now exists as to the proper interpretation
of these arrivals, and Wright (1972) and Angoran and
Davies (1972) showed that they are likely to be confused
with asymmetrical reflections from the Earth's surface.
This criticism does not apply, however, to observations
of precursors, P%iP', to the core phase P'P'. Adams
(1968, 1971).and Whitcomb and Anderson (1978) have
identified P'dP' arrivals which originate from
reflectors at depths between 280 and 650 km. The
amplitudes of the arrivals suggest that the transition
at 650 km is much more abrupt than those at shallow
depths (Richards, 1972). The virtual absence of the

reflection from 400 km on short period records,



contrasted with its prominence on long period records,

also indicates that the shallower transition is gradual.

1.4 Relevance of Velocity Studies to Related Fields

With the development of the theory of plate tectonics,
studies of the structure of the upper mantle have taken
on great importance because of the role this part of
the Earth must play in the motion of plates. The
properties of the low velocity zone vary widely. For
P waves, it is best developed in areas of recent tectonic
activity and‘appears to be almost absent from shield
regions (Cleary and Hales, ©1966, Kanamori, 1970). If
the low velocity layer is assumed to provide the region
over which plates move, then variations in its properties
have important implications on the mobility of plates.
Further insight into the mechanism of the formation
and growth of continents may lie in an understanding of
the reasons for differences to considerable depths in
the structﬁre beneath shields and tectonic regions and
the persistenCe of thesekdifferenées over long periods
of time.

The significance of high velocity gradients in
the transition zone has become apparent with the
identification of phase transitions in upper maritle
mineral assemblages using high pressure and temperature
techniques (see reviews by Anderson, 1967b, and Ringwood,
1970). A mantie of predominantly olivine composition
would undergo abrupt changes in properties at the

pressures and temperatures expected near 400 and 650 km.




When assumptions are made concerning the composition of
the mantle and the variations of pressure and temperature
and depth, it is now possible to predict fine structure
in considerable detail, but the validity of such
geochemical models depends on confirmation by the

observation of fine structure in the velocity distribution.

1.5 The Scope of This Thesis

The Australian sub-continent has a number of
features which make it a particularly fruitful region
for upper mantle studies. In general terms, the area
consists largely of Precambrian shield, which is bounded
to the west and south by ocean, to the east by a region
of recent uplift and to the north by an intensely active
zone of plate subduction'(Figure 1-1) . The seismic
area to the north is confined to a narrow belt and the
transition from the active region to the stable continent
is relatively abrupt. Unlike most other areas in the
circum-Pacific belt, the Benioff zones in this region
generally dip away from the continent, so that seismic
waves travelling to a receiver on the continent spend
little time in the anomalous source region. The location
of the Warramunga seismic array (WRA) in the central
part of the continent thus provides one of the few
locations on the Earth where rays with relatively pure
transmission paths through the transition zone of the
upper mantle can be observed using earthquake sources.
An automated array analysis technique developed by King,

Mereu and Muirhead (1973), which is described in Chapter
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5, has made it possible to analyze WRA data in great
detail. The ability to measure dT/dA for later, as well
as first, arrivals makes this method especially well
suited for unravelling the complexity in the travel time
curve near 20°. A combined travel time and 4T/dA
approach (Chapter 6) has béen used to identify the nature
of travel time branches in the range 15° to 30°, using
array-analysed data from approximately 200 earthquakes
in the New Guinea region. Velocity models derived

from these data (Chapter 7) show details in structure
that have not previously been identified.

The timely occurrence of three large explosions
during the course of study related to this thesis provided
the opportunity for two other investigations of the
upper mantle in the Australian region (Chapter 4). Two
large explosions at the Ord River damsite in northerhn
Australia were observed at distances up to 24° and
provided the basis for a study of velocities in the
uppermost mantle‘beneath the Australian shield. A set
of portable instruments (Chapter 3) developed for this
project was also used to record the large American nuclear
explosion Cannikin. The location of this explosion in
the Aleutian Islands was particularly fortunate, as a
line perpendicular to the great circle path from the
shot point cuts directly across the boundary ‘between
the Precambrian shield and the younger highlands of
eastern Australia. Travel time residuals at a .series
of femporary stations along the line were used to define
variations in upper mantle structure across the Precambrian

boundary (Chapter 4).
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CHAPTER 2

- TRAVEL TIMES FOR UPPER MANTLE MODELS - A REVIEW

2.1 Introduction

Among the important parameters of seismic body
waves which can be observed as a function of distance
(A) at the Earth's surface are the travel time (T),
slowness (dT/d4, corresponding to the inverse of the
apparent velocity, va) and amplitude (A). The slowness
and amplitude are related to the'travel time curve
through its first and second derivatives, and the slowness
can be related to the velocity (v) of the medium at the
maximum depth (dp) to which a ray penetrates.

In this chapter a graphical presentation will be
used to show the interrelationship between the four
distance-dependent parameters (T, dT/dA, A and dp) and
the depth-dependent velocity (v) for a number of upper
mantle velocity models. The historical development of
velocity models is interesting in its own right, but a
study of these models and the travel times derived
from them has also proved useful in providing a basis
for comparison with the data presented in this thesis
and by indicating the éxtent of regional variations in
velocity structure. The wide variety of velocity
distributions represented by these models has also
shown the effects of various types of velocity structure

on the parameters derived from them.
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Slowness - The first distance derivative of the
travel time curve (dT/dA) can be shown to equal the
seismic ray parameter p and it is this parameter, as
a function of distance, which is required in the
classical Herglotz-Wiechert inversion technique in
order to derive a velocity-depth distribution (Appendix
A) . .Until recent years dT/dA could only be obtained by
smoothing observed travel time data and finding the slope
of the smoothed curve. With the advent of modern seismic
arrays, it is now possible to measure dT/dA directly and
independently of absolute time, thus removing many of
the errors associated with the earlier technique.
Because AT/dA is now a readily observable quantity its
importance as an analytical parameter has increased in
recent years.

Amplitude -~ The second distance derivative
(dzT/dAz) gives the curvature of the travel time curve.
If the curvature at a particular distance is large,
rays are focussed at that distance and the amplitude
of arrivals is high. .If the curvature is low (i.e. the
travel time curve is almost linear), the rays:are spread
out and the resulting amplitude is low. A complete
discussion of this geometrical spreading effect on the
amplitude of body waves is given by Bullen (1963,
Chapter 8) (see also Julian and Andérson, 1970). It
is.sufficient here to simply state that, in the absénce

of attenuation, amplitude is proportional to dzT/dA2 .

Depth of penetration - The true velocity (vt) at

the maximum depth of penetration (dp) for a given ray is
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related to the apparent velocity (va) at the Earth's

surface (radius RE) by

_Va (Rg - 4) (2-1)
t Rg (see Appendix A)

v

It is obvious from equation 2-1 that the slope (d4T/dA ava_l),
and hence the shape, of any part of the travel time curve

is determined by the velocity at the maximum depth of
penetration for the rays arriving over that part of the
curve. Conversely, if the apparent velocity at the

surface is known as a function of distance, the true
velocity at depth can be found by determining the
corresponding depths of penetration as a function of

distance, using the Herglotz-Wiechert inversion technique.

2.2 ‘Graphical Presentation

An example of the graphical presentation which will
be used in all subsequent travel time plots is shown in
Figure 2-1, for a hypothetical upper mantle velocity
model. Slowness (dT/d4, in s/deg), reduced travel time
(T-4/10 km/s, in s) and depth of penetration (in km) are
shown as a function of distance (4, in both km and deg) .
Velocity (in km/s) is given as a function of depth (in
km) . Crosses are placed,oh the travel time curve at
points corresponding to the arrivals of rays separated
by equal intervals of slowness (0.05 s/deg). The density
of crosses (i.e. the change of slowness with distance)

is a measure of dzT/dA2 , and thus provides a qualative



indication of the amplitude of arrivals. When reflections
occur due to a first order discontinuity in the velocity
model, the travel time curve beyond the critical

distance is included and is indicated by circles,

instead of crosses.

This unified présentation emphasises the inter-
relationship between the velocity model and the various
parameters derived from it. It is possible to relate a
point on any curve (viz. velocity-depth, depth-distance,
time-distance or slowness-distance) with the corresponding
points on the other curves in the manner shown in Figure
2-1. The vertical line through 18.1° shows that at
this distance twé phases (a, c¢) arrive simultaneously
with a reduced travel time of 51.5 s. The slownesses of
the two arrivals are 13 s/deg (a) and 11 s/deg (c) and
they correspond to rays which have penetrated to depths
of 200 km and 410 km where the velocities are 8.3 km/s
and 9.5 km/s, respectively. A larger amplitude later
érrival, b, on the retrograde branch, has a slowness of
12 s/deg and.penetrétes to a depth of 360 km where thé
velocity is 8.9 km/s. The times, slownesses, depths of
penetration, velocities and relative amplitudes of the
later (d, e) arrivals at this distance can be found in
a similar manner.

This presentation also stresses the importancevof
later arrivals in determining velocity structure. The
vertical lines in Figure 2-1 at the cross-over distances
near 18° and 24° show that the first arrival portions

of the travel time curve correspond to rays which reach
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their maximum depths of penetration over a very limited
range. Between depths of 200 and 700 km, first arrivals
in this model correspond to a total depth interval of
only 100 km. Depths near the two discontinuities at

400 and 650 km are always related to later arrivals.
~Thus if the details of later arrivals are unknown, much
of the velocity distribution is beyond the scope of the

data.

2.3 Computational Methods

The calculation of travel time, slowness and depth
of penetration is based on the discussion of rayftheory
given by Bullen (1961). An outline of the method is
given in Appendix A. The velocity is assumed to follow
a law of the form v =‘a“~rb between the tabulated values
of velocity and depth. Wesson (1970), Shimshoni and
Ben-Menahem (1970) and Chapman (1971) have discussed
problems associated with the use of this velocity function
when deriving amplitude curves. Discontinuities in the
gradient of the velocity-depth curve are introduced at
the tabulated depths and this leads to singularities in
the amplitude curve.  The effects on the travel time
and slowness are minimal however, and in the presentation
used here the problem has been avoided by treating the
amplitudes in a qualative manner and not explicitly

presenting amplitude-distance curves.
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2.4 Velocity Models

Velocity models for the upper mantle can

conveniently be divided in two groups: 1) the classical

and gross Earth models which include those of Jeffreys,

Gutenberg and Lehmann, as well as the more recent gross

Earth model of Herrin et al. (1968) ; and 2) the recent

models, which include numerous models with the general

characteristic of high velocity gradients near 400 and

650 km, as first suggested by Niazi and Anderson (1965).
The velocity models to be considered in this chapter

are shown in Figures 2-2, 2-3 and 2-4. The source of the

data used in determining the models and the main

features of the models are briefly discussed below.

More detailscan be found in the original papers and in

reviews by Lehmann (1967), Julian and Anderson (1968)

and Hales (1972).

2.4.1 The classical and gross Earth models

The identification of a change in slowness and
amplitude at the "20° discontinuity" (Byerly, 1926,
Neumann, 1933, Lehmann, 1934, Gutenberg and Richter,
1935, Jeffreys, 1939) prompted a long series of papers
in which Jeffreys, Gutenberg and Lehmann debated the
proper interpretation of this feature (see reviews by
Jeffreys, 1970, pp. 113-124; Gutenberg, 1959, chapter
4; and Lehmann, 1967). |

Jeffreys - The study of travel times by Jeffreys
and Bullen which led to the J-B tables of 1940 was used
in the derivation by Jeffreys (1939) of the velocity

model shown in Figure 2-5 (Figures 2-5 to 2-24 are
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grouped together at the end of this chapter). The
velocity is continuous throughout the mantle but has a
discontinuity in slope near 410 km which causes the minor
triplication at 20°. As Jeffreys (1966) has pointed

out, this model resulted from the use of travel times
from different regions - the times up to 10° coming
mainly from Japan, Edropean times extending the data to
25°. It was this "patchwork"-that caused the break in
slope at 20° (Jeffreys, 1966). "The 20° discontinuity

in the travel time curve and the corresponding
discontinuity at 413 km depth were derived from the
Jeffreys-Bullen time curve, but when this was found to
be in error at small epicentral distances there was no
longer any support for the existence of the discontinuity.
Nevertheless, it has continued to figure in the literature"
(Lehmann, 1967, p. 50). Figure 2-6 shows a more recent
model of Jeffreys and Shimshoni (1966), based on
European travel time and amplitude data, which, while
retaining the high amplitudes near 20°, does not show
the abrupt change in slowness or the minor triplidation
given by the earlier model.

Gutenberg - The velocity model of Gutenberg
(Figure 2-7) is characterized by a low velocity zone
extending from just below the crust to a depth of 200
km, and an absence of any discontinuity in velocity or
velocity gradient below this zone. The method used by
Gutenberg (1959) was based on the observation of
inflections in the travel time curves from earthquakes

at various focal depths. Jeffreys (1966) expressed
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severe reservations concerning the accuracy of this
method. Gutenberg supported the presence of the low
velocity layer with amplitude data from shallow focus
earthquakes, which show a rapid decrease in amplitude
up to 7°, low amplitudes in a shadow zone from 7° to 13°,
which he attributed to diffracted energy, and a .sudden
increase in amplitude at 14° caused by the focussing of
arrivals from below the low velocity zone.

Lehmann - Lehmann (1934) introduced the notations
Py and P to describe two travel time branches which she
first observed to cross near 20° in times from the
Azores earthquake of 1931 (Lehmann, 1934). She related
the P branch to a discontinuity in velocity at a depth
near 250 km. Figure 2-8 shows a model determined from
travel times to the northeast of the Gnome nuclear test
site in the south-central United States (Lehmann, 1964) .
The Pr branch becomes a first arrival near 20°, thus
corresponding to the "20° discontinuity". In a second
model from the same paper (Figure 2-9), using times
from the more tectonic region between the Gnome and
Nevada test sites, the low velocity layer is at a
shallower depth, causing the distance at which the‘Pr
branch becomes a first arrival to move back to 14°.
These models explain the same general features as those
in the Gutenberg model - low amplitudes on the Pd branch
up to some distance beyond 14°, where the phase Pr
appears with higher amplitude and higher apparent

velocity. This higher velocity branch can usually be

observed as a second arrival at distances less than the
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cross-over with the Py branch. Lehmann finds no
evidence for the high amplitudes requiréd by the

caustic at 14° in the Gutenberg model and hence she
attributes the higher velocity arrival as coming from
an abrupt velocity increase at 220 km, which may (Figure
2-8) or may not (Figﬁre 2-9) correspénd to the bottom
of the low velocity layer.. |

Herrin et al. -~ The revision of travel times in

the "1968 Seismological Tables for P Phases" (Herrin et al.,
1968) involved the determination of an average upper mantle
structure (Figure 2-10) . They state that the model for
times up to 20° "is not intended to represent the actual
velocity structure beneath ... any ... part of ﬁhe~Earth.
This arbitrary model has a much simpler structure than

is expected to exist anywhere in the upper mantle. ... An
over-simplified model of the upper mantle is postulated

as a basis for travel time estimation in the hope that
regional differences with respect to this model can be
determined through future studies."” (Herrin et al.,

1968, p. 1274)

2.4.2 Recent Models

By the mid 1960'8, a number of travel time studies
(e.g. Carder, 1964; DoYle and'Webb, 1963. For summary
see Johnson, 1967, Table 4) and a dT/dA study by Niazi
and Anderson (1965) had indicated abrupt changes in.the
slope of the P wave travel time curve near 18° and 24°.
At the same time, surface wave dispersion studies
(Anderson and Toksoz, 1963) showed rapid increases in

shear wave velocity at 350 and 650 km. The interpretation
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of the body wave data was strongly influenced by the
surface wave results, and most of the upper mantle P
wave models published since 1965 have tended to follow
the general character of the CIT1lA model (Figure 2-3)
(Anderson, 1967) which was based on the Anderson and
Toksoz (1963) shear wave model CIT11.

Lukk. and Nersesov - Using data from intermediate

depth earthquakes in the Hindu Kush region, recorded
along a line to the northeast across central Asia, Lukk
and Nersesov (1965)‘derived the velocity model shown in
Figure 2-11. The main features of their model are a

low velocity layer from 110 km to 150 km, a change in
velocity gradient at 400 km, and a layer of high velocity
gradient from 700 km to 780 km.

Tonto Forest array models - Niazi and Anderson

(1965) made measurements of dAT/dA for first arrivals in
the distance range 12° to 30° using the Tonto Forest
array in Arizona. Model CIT11CS3 (Figure 2-12) is a
smoothed version of the CIT1ll model and was considered
by Niazi a;d Anderson to agree with their data, although
they stressed that the absence of later arrival data did
not allow them to distinguish between various models
with differing structure near the discontinuities at

350 and 650 km.

In a later study‘using an extended version of the
Tonto Forest array, Johnson (1967) included ar/4d
measurements for later arrivals. The CIT208 model in
Figure 2-13 shows high velocity gradients near 400 and

650 km, producing triplications at 18° and 24°.
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Kanamori - Using the Japanese Wakayama
microearthquake dbservatory and its substations as an
array of approximately'lo aperture, Kanamori (1967)
determined the apparent velocity (dA/dT) for first
arrivals from earthquakes along the western margin of
the Pacific Ocean. In his preliminary model (Figure
2-14) the velocity increase at 375 km causes a
triplication near 18o similar to that in Johnson's
model. Because of the paucity of Kanamori's data near
25° he was not able to identify an abrupt change of slope
in this range and therefore his model shows a rapid,
but continuous, velocity increase near 650 km which
does not produce the major triplication seen near 24°
in Johnson's model.

Early Rise models - -Explosions fired in Lake

Superior during Project Early Rise in 1966 provided travel
time data along a series of profiles covering a large
part of the North American continent (Iyer et al.,
1969) . Two of ﬁhe longest profiles have been studied
in detail by Lewis and Meyer (1968) and Green and Hales
(1968) . Figure 2-15 shows the model of Lewis and Meyer
as determined from times to the west of Lake Superior.
The 450 km discontinuity in this model is based on a
change in slope at 2400 km and a later arrival branch
which extends back to 1600 km.

Green and Hales supplemented data from a profile
to the south of Lake Superior with observations of the
Gnome explosion in New Mexico to produce the model in

Figure 2-16. In the same paper they use data from
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Nevada Test Site explosions to derive the model in

Figure 2-17. The rapid increases in velocity near 370

and 640 km in these models were introduced on the basis

of breaks in the slope of the travel time data at 2150

and 2500 km. "The authors regret that they have not

been able to confirm the structure deduced from firét
arrivals on the basis of later arrivals, as indeed they
have not." (Lehmann, 1970, p. 371).‘ Later arrivals are
observable in their record sections but they do not appear
to follow a definite trend.

CIT100 series -~ -Archambeau et al. (1969) made a

detailed study of travel times and amplitudes of first
and later arrivals alohg four profiles to the northeast
and southeast of two explosion sites in Nevada. The four
profiles sample distinct upper mantle provinces at short
distances, and differences in the structure of the
uppermost mantle are reflected in the four velocity
models. Beyond 1500 km the profiles all extend into the
Central Plains area, and the structure below 300 km
depth is essentially the same for all models.  The models
are shown in Figure 2-18 (CIT1l09, eastern Basin and Range -
northern Rocky Mountains), Figure 2-19 (CIT110, Colorado
Plateau - Rocky Mountains), Figuré 2-20 (cI1ITll1l, Basin
and Range) and.Figure 2-21 (CcITl1l2, Snake River Plains -
northern Rocky Mountains). CIT11l1l is classified as
tectonic, the others as intermediate—tectoﬁic.

HW series -~ Helmberger and Wiggins (1971) and
Wiggins and Helmberger (1972) have also used data from

western United States explosions and earthquakes. - In
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the technique which they use, velocity models are first
derived using observed travel time and amplitudes.
Synthetic seismograms are produced for these models using
the Cagniard-de Hoop technique, and the models are
modified until the synthetic seismograms explain the
feature observed in the real data. Their first model
HWNE (Figure 2—22) has discontinuities at 430 and 650 km
and a decrease in velocity gradient at 520 km. In two
later models HWA (Figure 2-23) and HWB (Figure 2-24) the
extent of the discontinuity at 650 km has been decreased.
The HWNE and HWB models are from data to the area northeast

of Nevada, the model HWA is from data to the southeast.

2.5 Discussion

The models in Figures 2-5 to 2-24 show the increasing
resolution of the complex nature of the P wave travel
time curve which has resulted from detailed regional
studies of travel times, slownesses and amplitudes. As
the main features of fravel time curve become better
known, emphasis has shifted from the well established
arrivals to various unidentified phases. Such an approach
has been profitable, for example, in the identification
of precursors to the core phase P'P' as reflections from
upper mantle discontinuities (Adams, 1968; Whitcomb and
Anderson, 1970); in the suggestion that precursofs to
the phase PKP result from scattering near thevcore mantle
boundary (Cleary and Haddon, 1972) ; Qand in the
identification of the multiply reflected core phases PmKP

(Buchbinder, 1972; Bolt and Qamar, 1972). However; care must
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be taken to ensure that a complex interpretation is not
given to signals which might more readily be explained
in terms of known structure.

As the basis of an argument which relates the
complexity of P signals from uhderground explosions to
zones of anomalous Q in the upper mantle, Douglas et al.
(1971) compare the signals from an explosion recorded at
the GBA array in India (& = 27.40) with that recorded at
the EKA array in Scotland (4 approximately 45°) . wWhile
the EKA record is a simple arrival characteristic of
explosions, the GBA record shows a first afrival»(P) with
slowness of 9.2 s/deg, followed approximately 4 s later
by a larger amplitude arrival (PHlf with slowness of
10.3 s/deg. Presumably on the basis of the Herrin model
(Figure 2-10), Douglas et al. assume that the 10.3 s/deg
arrival originates from an apparent source at 22° and

they suggest that "pne possible ray path for PH which

1
agrees with the travel time and phase velocity
measurements would be a reflection path of theiPdP type
from a discontinuity at a depth of about 500 km".
.However, Figure 2-13 (for example) shows that the
triplication of the travel time curve resulting from a
discontinuity near 650 km produces at 27.4°, in the
Johnson model, a first arrival with slowness of 9 s/deg
followed 5 s later by two closely spaced, larger amplitude
arrivals with slowness of approximately 10 s/deg. Thus,

it would appear that the P arrival is more simply

H1

explained as a phase refracted from a depth near 650

km.
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It is hoped that this unified presentation of the
parameters derived from standard velocity models will
prove useful as a comparison with observed data and as
a basis for interpretation of this complex portion of the

travel time curve.

Addenda
After this chapter was compléted, two models became
available which are included in this discussion as
Figures 2-25 and 2-26,

Jordan model Bl - Jordan (1973) has presented a

gross Earth model of velocities and density within a
spherically symmetrical Earth based on an inversion of

free oscillations and differéntial travel times. The upper
mantle P wave structure from his model Bl is shown in

Figure 2-25,

Massé et al. model SDL-UT-BR1 -~ Using travel times
to western United States stations from Nevada Test Site
explosions, Massé et al. (1972) derived the velocity model
shown ih Figure 2-26. A double discbntinuity near 400 km
(315 km and 422 km), similar to that suggested by Simpson
et al. (1971), produces an extra triplication in the

travel time curve near 18°.
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CHAPTER 3

PORTABLE SEISMIC INSTRUMENTATION

3.1 Introduction

In May 1970 a 500 t explosion at the Ord River
damsite in northern Australia was recorded by most of
the permanent seismic stations on the Australian
continent. The large distance range over which this
explosion was detected indicated that a similar explosion,
planned for the following year, would be very suitable
for a study of the uppermost mantle beneath Australia.
It was the need for portable instruments to record this
second explosion which initially prompted the development
of thé recording system to be described in this chapter;

Although the immediate need was for instruments to
record the Ord'River explosion, many other applications
for such instruments were foreseen, including the
monitoring of localized earthquake or aftershock
activity, as well as the recording of controlled
explosions and quarry blasts. As many of these
applications would involve naturally occurring évents
or explosions for which there may be no foreknowledge
of the origin time, it was decided that the recorders
should be cépable of long periods 6f continuous
unattended recording. ﬁsing direct recording on magnetic
tape, it ié possible to achieve continuous recording in
excess of four weeks using standard tape lengths and

slightly modified inexpensive recorders. This method
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has been used successfully by K.J. Muirhead in Tasmania
(Muirhead and Read, 1966) using a system similar to that
developed by Dibble (1964). The main drawbacks of these
earlier systems were that accurate clocks were not
included and the power consumption was so high that
battery supplies for long term recording were unwieldly.
Recent advances in low-power semiconductor technology
have made it possible to develope low-power, high-
stability clocks, and to greatly reduce the power
required by other componénts in the recording system.
Thus, it was decided to design and construct a set of
direct recording instruments, based on the earlier
Muirhead aesign and meeting the following design criteria:
a) Instrumental Performance:
1. continuous recording with a life in excess
of one month,
2. a frequency range of at least 0.1 -20 Hz,
3. a dynamic range sufficient to allow for
expected variations in signal strength,
4. a timing accuracy of 0.1 s throughout the
recording period,
5. power consumption low enough to allow a
convenient battery supply to power the
system for the total recording period,
b) Logistics:
6. low weight and bulk to allow easy handling
and transport,
7. simple installation, operation and repair,

8. rugged construction,
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c) Cost:
9. low cost so fhat a number of instruments
could be constructed for a reasonable

financial commitment.

3.2 The DirectiRecording Method

A reasonable "figure of merit" for the highest
frequency response of the direct recording method is
4000 cycles/in of tape (Weber, 1963). Thus, if the
maximum frequency of interest is in the order of 40 Hz,
a tape speed as low as 0.0l in/s can be used. .Using a
standard 7 in reel of 2400 ft of tape, this speed allows
33 days of continuous recording. The lower end of the
frequency range in the direct recording process is
determined by the response of the playback system.
Below 20 Hz the output of conventional playback heads
approaches the noise level of playback amplifiers, and
thus frequencies below this are difficult to recover in
real-time playback. If the playback speed is increased
to a standard speed of 1 7/8 in/s, the frequency of a
40 Hz signal recorded at 0.0l in/s is reproduced as
7.5 kHz, and a recorded frequency of 0.4 Hz is
reproduced as 75 Hz. This range is then well within
thebresponse of a standard audio playback system. An
additional advantage is gained by time compression on
playback, since the recorded seismic frequencies are
brought into the audio range, so that the tapeé can be

~edited aurally.




3.3 Instrumentation

3.3.1 Recording

A block diagram of the recording system is shown

in Figure 3-1l.

)
. . 1
High .G.om Chonnel )
— Amplifier I
Seismometer |___] Attenuator [ __]Pre —amplifier }—
2
. Low Gain ! Channel 2
Amplifier
é
?
Crystal Clock Gote - Channel 3
¢ 7
20 Hz Generotor : Tope
: Transport
i .
Radio 1 kHz Filter & AGC Gate Chonnel 4
: N
1 H 34 s 37 ) ‘
L) L] L) L ]
x """""" !,\5(_____ Meter Full Wave Micr rer
Amplifier Rectifier

Figure 3-1. Block diagram of portable
recording system.

(from Muirhead and Simpson; 1972)
The instrument sYstem was designed by K.J. Muirhead
and is described in the appended\publication by
Muirhead and Simpson (1972). TH; tape transport is
adapted from a domestic tape recorder, modified with’
a slow speed motor and gearbox’to‘give tape speeds 6f
0.005, 0.01 and 0.02 in/s. .A second two-track head is
added tb provide for four channel recording. The

output of a'Willmore Mk II seismometer is passed

thrbggh a 0-30 db -attenuator and low-noise preamplifier

before being recorded on two channels with a gain
separation of 26 db, giving a total dynamic range of

greater than 70 db.

54
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Absolute timing is obtained from a domestic radio
receiver tuned to the Australian Post Office time
service (VNG) on 7.5 MHz. The VNG transmission
consists of a 0.05 s long 1 kHz burst each second, with
the minute identified by the omission of the 59th second
and a double length tone on the minute. To prevent
drift of the radio recéiver, a crystal is added to the
superheterodyne oscillator, and the signal-to-noise
ratio is imprd%ed by adding a narrow band, 1 kHz filter
and automatic gain control to the radio output. After
full wave rectification the 1 kHz second tone is used
to gate the output of a 20 Hz oscillator which is
recorded on the third tape channel.

Because radio signal fading occurs at night,
continuity of time signals is provided by a crystal clock,
the output of which is recorded on the fourth tape
channel. A complete time code provides a method of
determining the time on any part of the tape. The clock
consists of a 4.194304 MHz crystal-controlled oscillator
and a series of dividing and decoding circuits. The
oscillator frequency is reduced tb 1 pulse per second
using straight binary division, after which binary
dividers incorporating feedback loops are used to provide
minute, hour, and day counts. Each minute, the outputs
of these counters are gated into a parallel-to-serial
shift register, and, from this they are gated onto
the tape, giving a binary registration of the hour,
minute and day during the first 30 sec of each minute.

A sample time code recovered from the tape is shown in
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Figure 3.2.

HR MIN DAY
10 20 30 sec
168 421 32168 4 21 6432168 4 21
00 111 171000 0010100

7 56 20
(07 .56 on DAY 20)

Figure 3-2. Sample time code.

(from Muirhead and Simpson, 1972)
A 0.5 s pulse identifies the start of the minute,»a
0.25 é pulse identifies 10 s intervals as well as
logical "ones" in the time céde, while a 0.125 s
pulse is used for all other seconds. To keep power
consumption to a hinimum, COS-MOS integrated circuits
- have been used throughout the clock logic, and fhe use
of a crystal oven has been avoided by selecting a crygtal
with a stability of better than + 0.5 ppm over'thé,%
temperature range 0 to 60°C, which corresponds to a
variation of less than + 0.05 s per day. A separate
circuit incorporating a digital display is used to'set
the clock at commencement of recording.

The 6peration of the seismic amplifiers, radio,
clock (together with its encodihg circuitry) and bias
oscillator, can be checked by switching an inbuiit
test amplifier to the input of the four tape channels.
This feature together with a spare set of printed
circuit boards allows damage incurred in transporting

the system to be detected and repaired in the field.



The complete recording system, shown in Figure 3-3
consists of the seismometer, a long-wire radio aerial,

a fiberglassed wooden box containing the tape recorder,
radio and all timing and amplifier circuits, and a
battery supply, which may consist either of dry cells,

as shown in the figure, or an external wet cell. The
only other equipment required is a clock set-up box, also
shown in the figure, which is used to set the clock to a
standard time and to monitor the clock at the start and
end of the recording period.

To prevent vandalism and to maintain a constant
temperature for the clock, the instruments are normally
completely_buried except for the radio aerial.
Waterproofing is achieved by using a tight-fifting brass
1id, which is sealed to.the fiberglassed box with a 2 in
wide moisture resistent tape.

The weight of the complete field system is 88 1b,
including 17 1b of dry cells and the 32 1b Willmofe
seismometer. . The instrument box measures 22 in x 18 in x
9 in. Total power consumption is 0.65 W includihg 0.40 W
for the motor and 0.10 W for the radio. This is low |
enough to allow one month's recording using eight
‘Eveready no. 6 dry cells.

3.3.2 Playback

Thg same type of tape recorder used in the field
system has been modified for playback to give seven tape
speeds between 15/64 and 15 in/s (corresponding to time
compressions of 23.4 to 1500, assuming a recording speed

of 0.01 in/s). Four amplifiers, with frequency response

57



58

Figure 3-3. The complete field recording system with clock
set-up box at right.
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down to 20 Hz, are used to replay all four channels.
simultaneously on a multichannel "jet pen" recorder
which has a maximum frequency response of 800 Hz. The
difference ih offset between the two tape heads on the
recording and playback instruments>is checked using a
calibration pulse which is recorded simultaneously on all
four channels at the start of each recording period.
Events are located aurally using a high playback speed
and are then transcribed to paper using a playback speed
which brings the signals within the frequency band
(20-800 Hz) of the playback system. If desired, the
signals can be band-pass filtered on playback. The
signals may also be digitized using the mulﬁiplexed
analogue to digital converter system shown in Figure 5-2b.
3.3.3 Cost

The apprb#imate cost of major components for each
recording system (eXcludingvthe seismometer) is summérized
in Table 3-1. Approximately two to three weeks of

technical timeare required for complete assembly.

3.4 -Application and Performance

In the two studies to be described in the next
chapter three instruments were used to record the Ord
River explosions in June, 1971 (Figure 3-4a) and ten
were used to record the American nuclear explosion

Cannikin in November, 1971 (Figure 3-4b) .



TABLE 3-1 Component Cost

Field Recorder

Tape transport
Sony TC 105 tape recorder
Slow speed clock motor and gearbox
Second two track record head
Clock
Crystal oscillator (4.194304 MHz)

RCA COS~-MOS integrated circuits,
dividers etc.

Radio
Sony TR 1010 receiver
Crystal

Electronics

. Amplifiers, radio filter, bias
oscillator etc.

Miscellaneous
Plugs and sockets
Printed circuit boards and sockets
Fiberglassed box and 1lid
Interconnecting cables
Hardware

TOTAL

Ancillary Equipment

Seismometer
Clock setting device
Playback deck

"Jet-pen" recorder

$ Australian

80
15

25
20
250

40

10

100

15
40
30
10

15

$A650

600
50
200

2000

60



Orp River 500 ton Explosion A =12.8°

e\ A

CANNIKIN 5 Megaton Explosion A =90.4°

’ Pos

c. N 2\ v

TALBINGO Microearthquake M, =1.) A=6km
——

1sec

Figure 3-4. Sample records.
(from Muirhead and Simpson, 1972)

The three original instruments have been used for a
total of ten months recoiding of microseismic activity
associated with the filling of Talbingo Resevoir |
(Figure 3-4c) (Timmel and Simpson, 1972). During that
time only one interruption to recording occurred, duer
to a Minor mechanical failufe on one instrumént. The
instruments have aiéo been used to investigate the
seismic effects of large dams on the Serpentine River
in Tasmania and the Ord River in Western Australia, and
to record 10 t explosions in the Flinders Ranges of
South Australia and‘Baés Strait.

’Figure 3-4 indicates the qualitf of records
obtained f#om the instruments.v Tape speed variation
is about 2% and onset times can be measured to bettér “

than 0.1 s. The stability of the clock has been higher

6l



than expected. Random drift amounts to less than 0.1 s

over a month's recording.
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CHAPTER 4

THE UPPERMOST MANTLE

OBSERVATIONS OF THE ORD RIVER AND CANNIKIN EXPLOSIONS

4.1 Introduction

During the decade of the Upper Mantle Project, the
velocity structure of the uppermost mantle was the
subject of extensive investigation. Travel times and
attenuation of body waves, body wave station residuals
and the dispersion characteristics of surface waves have
revealed extensive regional variations in structure which
are closely related to tectonic setting (Nuttli, 1963;
Toksoz et al,, 1967; Hales et al., 1968; Kanamori, 1970).
The existence of a pronounced low velocity zone for both
P and S waves in tectonic regions is now well established.
Although surface wave studies indicate that a shear wave \
low velocity zone exists beneath stable continental
regions (Brune and Dorman, 1963; Wickens, 1971), there
is less support for a similar zone for compressional
waves. P wave station residuals are lower for stations
in stable areas (Cleary and Hales, 1966), suggesting
that any low velocity layer for P waves, if it exists in
these areas, is less pronounced than in more active
regions,

The most extensive studies of P wave travel times
in a stable continental area resulted from Project Early
Rise, a series of large explosions in Lake Superior in

1966. The structures derived for the upper 200 km of
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the mantle for various profiles from these and related
shots (Barr, 1967; Green and Hales, 1968; Lewis and
Meyer, 1968; Mereu and Hunter, 1969) have been summarized
by Hales (1969). Although there was no conclusive
evidence for a pronounced low velocity layer for P waves,
all of the profiles revealed the presence of a sudden
velocity increase at a depth between 80 and 130 km,

which Hales attributed to a phase transition from spinel
to garnet peridotite. |

The Australian shield represents a tectonic region
similar to that sampled by the Early Rise profiles, and
observations of the Ord River explosions described in
this chapter provided an opportuhity to compare the
structures benéath these two areas.

In contrast to the Australian shield, the eastern
region of the continent is an area of Cenozoic uplift
and volcanism. P wave residuals and refraction surveys
have indicated lower crustal and upper mantle velocities
and the possibility of a well developed low velocity
layer in this region (Sutton and White, 1966; Cleary,
1973) . The latter portion of this chapter describes
observations of the nuclear explosion Cannikin along a
line crossing the boundary between the~Precambrian_shield
and the Eastern Highlands, which enabled a study to be
made of the transition in upper mantle structure between

the two areas.
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A. THE ORD RIVER EXPERIMENT

4.2 The Ord River Explosions

The Ord River explosions, along with a preliminafy
investigation of travel times and amplitudgs, have been
déscribed in the appended publication by Dehham gg_gi;
(1972) . The explosions were part of quarrying
operations to provide fill for a large irrigation
reservoir dam, and the method used in blasting made
them exceptionally.efficient seismic sources. The
details of the shot configuratioﬁs are shown in Figure

4-1.

SECTION A-A’

220

180

PRE~ BLAST PROFILE

emwewe  Explosive

s Sand Stemming
Primacord Fuse
° Initiation Polnt

CONTOUR INTERVAL ~ 20m

Figure 4-1. Shot details for the Oord River
explosions.

(from Denham et al., 1972)



66

For each blast, tunnels at the base of a 100 m high hill
of massive quartzite were filled with approximétely 500 t
of explosive. There was no delay between charge groups,
producing a large, well contained, almost instantaneous
explosion. The shot instants (02h 58m 48.4s on 21 June,
1970 and 03h OOm 07.6s on 2 May 1971) were determined
with recording instruments placed within 0.5 km of the
shot point and are accurate to within 0.05 s. The
location of the shot point and the stations which
recorded one or both of the explosions are given in
Figure 4-2 and Table 4-1. The stations fall into three
groups: those along‘lines to the south and east of the
shot point and a series of stations in Western Australia.
Observed travel times and amplitudes of the first
arrival mantle phases and later crustal phases are given
in Table 4-2 and the P and S travel times are shown in
Figures 4-3 and 4-4. On the basis of these first
arrival times, Denham et al. reported a least squares
analysis of apparent velocities and intercept times

which is summarized in Table 4-3.

4.3 The Ord River - Adelaide line

4.3.1 P wave data

The seventeen stations from GRA to ADE provide the
most complete set of data for a detailed interpretation
of velocities in the uppermost mantle. Because a variety
of instruments were used along this line, a direct
comparison of original records is difficult. In order

to overcome this problem, a record section was prepared
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Table 4-1.

Station information -

Ord River

Station

Kununurra
Katherine
Darwin

The Granites
Mount Doreen
Warramunga array
Stuart Bluff
Aileron

Barry Caves
Alice Springs
Mill Ridge
CamooweaI
Mount Cavenagh
Mount Isa
Mundiwindi
Mount Chandler
Kumarina
Cloncurry
Karratha
Dampier

Mount Willoughby
Oodnadatta
Julia Creek
Meekatharra
Coober Pedy
Menzies

Mount Eba
Kalgoorlie
Island Lagoon
Umberatana
Charters Towers
Partacoona
Cleve
Mundaring
Adelaide
Brisbane

explosions

Station information

Lat, S Long, E
Code* deg min deg min
KNA @ 15 45-0 128 46-0
KAT O 14 29-6 132211
DAR & 12 24-5 130 49-1
GRA + 20 343 13021-2
DOR -+ 2202-6 13119-7
WRA @ 19 56-7 134 20-5
SBL + 22456 13229-0
AIL + 22372 133 18-5
BAC + 20029 136 40-2
ASP @ 23 41-0 133 53-8
MIL + 24 52-0 133 09-2
CAM + 19 53-4 138 09-4
CAV + 25546 133 07-9
ISA + 2026-3 139 25-5
MDI + 23 471 120 14-8
CHN + 26 59-8 13319-4
KUM + 24 42.7 119 36-9
CRY + 20417 140 32-6
KAA + 20 46-6 116 51-5
DAM O 2042-6 116 45-6
WIL + 28 00-2 134 09-2
00D O 27378 135 35-0
JCK + 20 38-6 141 43-3
MEK O 26 36-8 11832-7
CPB + 2915-7 134 58-4
MNZ + 29 40-9 121 01-5
EBA + 3003-6 13537-7
KLG @  3047-0 12127-5
ILN O 3123-6 136 52-2
UMB + 30 14-4 139 07-7
CTA @ 2005-3 146 15-3
PNA + 3200-4 138 09-9
CLV & 33415 136 29-7
MUN @ 31587 116 12-5
ADE O 34 580 138 42-5
BRS O 271235 152 46-5

Elevation

(m)

60
50
5
430
520
365
610
685
290

410
260
550
400
570
380
610
300

15

30
280
135
115
515
205
435
200
360
135
610
355
200
240
255
655
525

68

Operator**

PWD
BMR
BMR
BMR
BMR
ANU
BMR
BMR
BMR
BMR
ANU
BMR
ANU
BMR
BMR
ANU
BMR
BMR
BMR
BMR
ANU
UA

BMR
BMR
UA

BMR
UA

BMR
UA

UA

QLD
UA

UA

BMR
UA

QLD

*Permanent seismograph station underlined, (O Recorded 1970 explosion; + recorded 1971

explosion)

**BMR, Bureau of Mineral Resources; ANU, Australian National University; UA, Univeréity of
Adelaide; QLD, Queensland University; PWD, Public Works Department, Western Australia.

(from Denham et al., 1972)



Table 4-2. Travel times and distances -
Ord River explosions.

Station code Distance Travel times, seconds
and year degrees km P S

KNA 70 0-38 41-8 7:0B 11-7C
"KNA 71 6-8A 10-8C

KAT 170 3-85 428-4 59-6A

DAR 170 4-21 468-8 65-0B  111-5C

76:5C(P,) -
DAR 71 65-6B  111-6B

77-5B(P,)127-1C(S))

GRA 71  4-68 520-8 “71-59A  121-2B
DOR 71 638 709-4 94-65A 161-5B
WRA 70 655 7286 95-10A 167-6B
WRA 71 95-10A 167-6B
SBL 71 7-49 8329 109-62A.  188:3B
AIL 71 71717 864-5 113-5A  193-4B
BAC 71  8-49 945-1 121-7B  215-2C
ASP 70 895 995-7 120-2A  226-6B
ASP 71 129-3B  225-4B
MIL 71 9-63 10715 138-7A  240-7C
CAM 71 . 9-71  1080-8 138-1B  243-5C
CAV 71 10-56 11753 151-0A  263-2D
ISA 71 11-02 12264 155-9D

MDI 71 11-03 = 12274 157-4B  276-2B
CHN 71 1163 - 12936 165-1A  289-6B
KUM 71 12-08  1344-1 171-0B  299-9C
CRY 71 12-09 1345.6 170-8C  298-5C
KAA 71 12-18  .1355-4 171-6B . 300-6C
DAM 70 12:24 1362-5 172-4B  302-2C
WIL 71 12-84  1428-5 181-4A  320-0C
OOD 70 13:-09 .1456-3 185-1C  325-6D
JCK 71 13-12 14599 182-8D

MEK 70 14-10 15685 197-4B  348-6D
CPB 71 14-28  1588-7 198-5A  350-8C
MNZ 71 1524 16955 212:7B  374-1C
EBA 71 1524 16959 212:2C  373-5B
KLG 70  16-04  1784-1 220-3C 390-5C
KLG 71 220-3B ~ 390-5B
ILN 70 16-91 18816 232-6B

UMB 71 16-97  1888-4 234:2C  415-4D
CTA. 70 17-11 19043 237-9D

CTA 71 237-6D

PNA 71 17-98  2000-9 245-4C

CLV - 70. 18-84  2095-8 256-1C

CLV. 71 256:1C°  456:1D
MUN 70 19-46 21653 264:8C :
MUN i 264-8C

ADE 70 20-78 - 2312-0 281-6C
BRS 70 24-93 2774:3  325-0B

Uncertainty in travel time is assessed as follows: A < 0-1sec; B,0:1 < 0-5sec; C,0-5 < 1sec
and D > 1sec. .

(from Denham et al., 1972)
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TABLE 4-3

Least squares analysis - all Ord River data

Intercept

(from Denham et _al., 1972)

Veoky eime e bine

P wave data
8.27+0.01 8.79+0.20 400-1500 south
8.27+0.01 8.85+0.21 400-1500 south & west
8.8240.10 19.13+2.53 1400-2400 south
8.85+0.08  19.90+2.03 1400-2400 south & west
8.17+0.02 5.92+0.30 700-1400 east

S wave data
4.75+0.07 12.52+2.29 400- 900 all lines
4.49+0.02 7.84+1.04 400-1450 all lines
4.84+0.06 23.3344.94 1500-2100 south & west
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and is shown in Figure 4-5. The ANU tape recording

stations (MIL, CAV, CHN, WIL) were digitized using the
A/D converter and computer system shown in Figure 5-2b.
'The remaining traces shown in Figure 4-5 were digitized
from paper records. The records from AIL, OOD, UMB,

PNA and ADE were not of sufficient quality to allow
digitization, and the travel times of first and obvious
later arrivals at these stations are indicated by points
in Figure 4-5. Examples of the original records from
most of the stations on this line are shown in Figure 4-6.

Although variations in instrument response and the
distortion resulting from scale expansion are obvious
on some of the records in Figure 4-5, it is possible to
distinguish a number of later arrival branches. The
phase marked A' in Figure 4-5 is a first arrival at GRA,
DOR and SBL, and can be followed as a second arrival
from ASP to WIL. The phase C' appears as a second arrival
on GRA, DOR and SBL, and becomes the first arrival from
ASP to WIL,

The most interesting record is that from CPB at
1588.7 km (see original record in Figure 4-6). The clear
first arrival, E', is followed 1.3 s later by a very
large amplitude arrival, C"., The record from EBA at
1695.9 km shows an arrival similar to the C" arrival at
CPB and, although no earlier arrival can be positively
identified, the higher noise level at this site could,
easily mask a low amplitude earlier arrival. - Both c"

and E' can be identified at PNA and possibly ILN, and
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the higher amplitude phase C'" is the first arrival
identified at UMB. Least squares straight line fits to

the arrivals A', C', C", and E' are given in Table 4-4.

TABLE 4-4

Least squares analysis - Ord River - Adelaide line

. - Velocity | Intercept "Distance
Branch ’ (km/s) time range
(s) » " (km)

Al 8.15+0.02 7,74t0,26 500-1300

o 8.35+0.01 1002010,19 500-1500

e 8.66+0.04 16.44+0.87 1500-2000

E!' 8,7410007 16076tl,79 -~ 1500-2400

4,3,2 P Velocity Structure

Thére is not sufficient data at short distances to
derive a crustal structure from the Ord River observations.
In a review of Australian crustal structure, Cleary (1973)

finds that the average P velocity for the upper crust of

1
the western part of Australia is 6.2 km/s and that there
is evidence for an intermediate layer in all parts of the
continent with a P, velocity of approximately 6.5 km/s 
below 20 km, Theée values have been adopted as typical
of the crust along the Ord River - Adelaide line. .

Using the method outlined by Mereu (1968), velocities

and layer thicknesses, corrected for a curved earth model,



have been determined from the apparent velocities and
intercept times of the straight line fits to branches

A' and C' given in Table 4-4. A layer of velocity 8.10
km/s is found to extend from the base of the crust at
39.4 km to a depth of 85.0 km where the velécity increases
to 8.24 km/s. If the first arrival branch, E', is
included in this analysis, a discontinuityrfrom 8.24 to
8.52 km/s occurs at 156.4 km. The high amplitude
arrivals C" in Figure 4-5 suggest, however, that the C'
branch does not continue as a straight line beyond 1400
km, but that a strong curvature of the branch occurs near
1500 km, making the C" arrivals an extension of the C'
branch and producing the high amplitudes associated with
the focusing of energy related to such a rapid éhange in
slope of the travel time éurve; If the times for the C'
branch beyond 1100 km are grouped with the C" arrivals,
a smooth curve ﬁhrough these points can then be used as
the basis of a Herglotz-Wiechert inversion to determine
velocities below the 85.0 km discontinuity. The Ord ﬁ
model resulting from such an inversion is tabulated in
Table 4-5. Figure 4-7 shows the velocity model and the
travel time curve derived from it superimposed on the
record section.

Later arrivals at the stations beyond 1500 km may
be related to structure below 250 km and these will be
mentioned in Section 4.3.4 and Chapter 6. At shorter
distances the only obvious arrivals unexplained by the

model are those labelled B' in Figure 4-5 at DOR and SBL



TABLE 4-5,

Velocity
(km/s)

6.20
6.20
6.50
6.50
8.10
8.10
8.24
8.2441
8.2497
8.2562
8.2629
8.2792
8.3173
8.3563
8.3749
8.3830
8.5320

8.6000

Ord P Model

The Ord P Model

Depth
(km)

20.
20.
39.
39.
85.
85.
95.
100.
105.
110.
120.
140.
160.
170.
175.
175.

350.

77
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Figure 4-7. The Ord P model.
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and a later arrival at DOR, Overloading of the instrument
at SBL makes the identification of the B' arrival suspect,
but the onset of a similar arrival at DOR suggests that

it may be real. A minor low velocity layer stafting near
65 km and a slight adjustment of the depth of the 85 km
discontinuity in the Ord P model would produce the delay
required to satisfy the B! arrivéls without significantly
altering the times for the C' branch in Figure 4-7.

4.3.,3 Additional evidence supporting the Ord P model

Amplitudés - Although no absolute calibrations

were available for most of the stations along the profile,
it is possible to make some comparisons of relative
amplitudes which, while based on rather tenuous
assumptions, provide at least qualitative support for the
high amplitudes associated with the curvature of the C"
branch near 1400 km., The fortuitous occurrence of an
earthquake north of Australia (probably in the Banda Sea
region), approximately five minutes after the 1971 Ord
River explosion, provided the opportunity to compare the
amplitudes from the explosion with those from a sécénd
source, Figure 4-8 shows the analogue records for the
explosion and earthquake from the tape recorder stations
MIL, CAV, CHN and WIL played back at the same gain and
with a highly compressed time scale., The instruments

are all similar and were set to the same gain for |
recording, but the apparent gain at WIL appears higher
than the other stations, perhaps due to a local amplitude

anomaly at this site. In spite of this, the overall
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MIL
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WIL

- va'plosion- ‘Earthquake

Figure 4-8. Comparison of the 1971 Ord River
explosion and an earthquake recorded
on the ANU tape recording stations.
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character of the records, a comparison of the P amplitude
from the explosions at each station, and the ratio of the
P arrivals from the explosion and earthquake all suggeét
an increase in the initial P explosion amplitude from CAV
to WIL, The first few cycles of the WIL record are
especially strong. Comparisons of the explosion and
earthquake at CPB and EBA indicate that the relative
amplitudes of the C" arrival remain lérge at these
stations,

The Meckering earthguakes - In the Ord P model the

E' arrivals have been ascribed to the same branch with an
apparent velocity of 8.74 km/s. As the recent models in
Chapter 2 indicate, a higher velocityvbranchkshould emerge
as a first arrival near 20° and it is important to détermine
whether the first arrivals beyond 18° on the Ord River -
profile could belong to the higher velocity branch.

The large Meckering earthquake near Perth in Western
Australia on October 14, 1968 (Everingham et al,, 1969)
and a smaller aftershock on October 15, 1968 are at a
distance of 19,4° from the WRA array and the travel path
to the array is entirely within the Australian shield.
Although the main shock saturated the recording system:at
WRA, the aftershock was well recordedvand.an adaptive
processing solution (see section 5-3) for the apparent
vélocity from this event is shown in Figﬁre 4-9, In
the first ten seconds, six arrivals are obvious on the
time averaged product (TAP) trace. Each of the M arfiVals

is followed approximately 2 s later by a higher amplitudé
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N arrival with the same apparent velocity as the
corresponding M phase, The N arrivals may be of the pP
type, or due to a second shock. The M arrivals, however,
show that at 19.4° there are three arrivals (Ml, M2' M3)
separated by 3.2 and 4.2 s with measured apparent
velocities of 8.5, 8.9 and 8.75 km/s. These apparent
velocities should be corrected for array structure (see
Chapter 6), but corrections for this azimuth and distance
range have not beén determined. The apparent vélocity
solutions do show, however, that the lower velocity phase
is still the first arrival at 19.4° for a travel path
similar to that for the Ord River - Adelaide line. Using
the origin time determined from local stations for the
main Meckering shock (Everingham et al., 1969), the travel
time to WRA is approximately 3 s earlier than that |
éxpected for ‘the E"branch in the Ord P moael, which may
be due to an error in‘brigin time or higher velocities

in the western part of the Australian shield. In Figure
4-5, lines with slopes corresponding to the measufed
apparent velocities are shown for the Ml—3 arrivals, with

the times adjusted so that the M., arrival falls on the

1
E' branch. The arrivals approximately 3 s after the

first arrivals at CLV and ILN may be related to- the M,
Meckering arrival and later arrivals at a number of the
stations beyond 1400 km may correspond to the M3 arrivals.

The M2 and M3 arrivals result from structure below 250 km

and will be discussed in Chapter 6,



84

4,3,4 S wave arrivals

Because of their emergent nature, the S arrivals are
more difficult to identify than the P phases° Denham et al.
(1972) noted that the S times in Figure 4-4 suggested a
break in the travel time curve near 900 km which might
be related to a low velocity‘layerou The records from the
Oord River - Adelaide -line have been searched for multiple
arrivals and the revised times are shown in Figure 4-10,
The delay in arrival times beyond 900 km is obvious in this
figure and is supported by the identification of later
arrivals, ét the stations from GRA to SBL, which lie close
to an éxtension of a line through’fhe first arrivals at
the more distant stations.

| Using a notation similar to that for the P arrivals in
Figure 4-5, a tentative interpretation of the data is
shown in Figure 4-10. Because of the scatter in the data,
ﬁhe paucity of points on the S (AS') line, and the |
difficulty in correlating arrivals from stations to
station, no velocity model based on the observed data
will be presented. A model with a low velocity layer from
60 to 85 km, similar to that suggested in Section 4.3.2
for P waves, would satisfy the A_ ', BS' and CS' branches
.in Figure 4-10. The arrivals beyond 1200 km are weak
and little confidence can be given to the identification
of the Eg' brandh, which may be related to a second'low
velocity layer below 85 km, or a discontinuity near 175

km similar to that shown in the Ord P model.
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4,3.5 Comparison with other studies in shield areas
Australian shield - Bolt, Doyle and Sutton (1958)

observed travel times to 10.7° from atomic explosions at
Maralinga in South Australia on a line to the west along
the southern part of the Australian shield. The average
Pn velocity determined from first arrivals at four
stations from 350 to 970 km was 8.21 km/s with the crustal
thickness of 32.2 km. As shown by Denham gg_glo (1972),
these values are consistent with the average values found
using first arrival Ord River data° The most distant
station to observe the Méraliﬁga explosions, at 10.7°,
showed an arrival 1.9 s earlier than the time expected
fromvthe apparent velocity of 8.21 km/s, which Doyle
(1957) suggested as evidence for an increaSe in velocity
with depth.

White (1971), using observations of first arrivals
from earthquakes with travel time paths through the
Australian shield, derived the velocity model shown in
Figure 4-1la, which has a low velocity layer from 260 to
300 km, The low velocity layer in this model is not
directly rglated to the'present discussion of uppermost
mantle. it was introduced to account for arrivals“of‘l
the M2, M3 type (Figure 4—5) which are‘moreriikely _
explained by structure near 400 km (Chapter 7). White's
data at less than 15° was limited and the model is |
presented here only to show a compa:isoh of the average
times for this model with those from the Ord P model.

Up to a distance of 1400 km, the times from the White
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model are approximately 6,5 svearlier than the first
arrivals for the Ord P model. Beyond 1400 km the times
are closer to the higher amplitude c! arrivals in Figure
4-5,

Canadian shield - - The uppermost mantle P velocity
models determined for the Canadian shield and central
United States from Lake Superior and Hudson Bay explosions
(Barr, 1967; Green and'Hales; 1968; Lewis and Meyér, 1968;
Weichert, 1968; Mereu and~Huntef, 1969; and Mereu,
persdnal communication) are compared with the Ord P and
White models in Figure 4-11. Those studies which have
the most continuous station coverage (Green and Hales,
Lewis and Meyer, Mereu and Huntef, and the Ord River
study) all show a change in slope in the tfavel.time
curve near 700 km and a change in slope or offset in the
travel times near 1300 km. The offset near 1300 km is
especially clear in the profiles shown by Green‘and Hales,
Mereu and Hunter, and Weichert. Weichert had no data
available in the distance range 500 to 1300 km and it is
impossible to determine whether the A'B'C' triplication
near 700 km (correspohding to a discontinuity near 85 km)
existé along the profile to the east of the Yellowknife
array. If such a structure did exist, the depth to the
low velocity laYer in Weichert's model would bevshaliowér;

Dowling and Nuttli (1964) have studied the effect
on travel time of various types of low velocity layers,
In Figure 4-12 are shown a number of models similar to

those discussed by Dowling and Nuttli. Above 120 km
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these models are the same as the Ord P model. Between
120 and 175 km low velocity layers are included in models
1l to 3. Model 4 has a consgtant velocity between 120

and 175 km and model 5 is the Ord P model. As Dowling
and Nuttli have shown, the effect of the low velocity
layer is to cut off the C branch at Ce and produce the
delayed branch D. The first arrival from below the low
velocity layer (DS) emerges with the same apparent
velocityvas the end of the C branch and is offset above
an extension of the C branch, the offset decreasing as
the extent of the low velocity layer decreases until the
situation such as that in model 4 is reached, when the
travel time curve becomes continuous. Increasing the
velocity gradient in the interval 120 to 175 km, as shown
in the Ord P model, increases the curvature along the C
branch.

The offset in travel times near 1300 km observed in
the Canadian shield data is best explained by models
similar to case 3 in Figure 4-12 with a minor low velocity
layer near 150 km (e.g. models D (Green and Hales) and
E (Mereu) in Figure 4-11). The high amplitude C" arrivals_.
in the Ord River profile (Figure 4-5) occur at
approximately the same distance as the offsets observed
in the Early Rise profiles. The C" arrivals however,
fall earlier than a continuation of the C' branch and do
not show the offset characteristic of the presence of a
low velocity layer. It thus appears that a minor low

velocity layer for P waves near 150 km may be present
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beneath the Canadian shield, but is absent beneath the
Australian shield. The significance of this difference
and the presence of a discontinuity near 85 km, which
appears in both the Canadian and Austraiian shield models,

will be discussed in Chapter 8.

4.4 The Cannikin Experiment

A study of the variations in P station anomalies
across the eastern boundary of the Australian shield,
using the nuclear explosion Cannikin on Amchitka Island
as a signal source, is described in the appended
publication by Cleary, Simpson and Muirhead (1972).

Ten of the portable instruments described in Chapter 3
were installed along a 1700 km traverse approximately
90.5° from the explosion site (Figure 4-13a). The P onset
at one of these stations is shown in Figure 3-4b. Travel
times and distances to the ten portable stations and
four pérmanent stations*aiong the same traverse are given
in Table 4-6 along with station anomalies calculated

from the 1968 P Tables (Herrin et al., 1968) and the P
table of Hales, Cleary and Roberts (1968b). In Figure
4-13b the two sets of anomalies are shown reduced to a
‘common baseline. Cleary, Simpson and Muirhead showed
that the effects of structural irregularities near the
source, changes in crustal structure along the.traverse,
onset timing errors and differences in distance from the
source to receivers are minor, and concluded that the

scatter in the data of Figure 4-13b may be due to local
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o) —
/

Time difference (s)

Figure 4-13,

The Cannikin traverse.

a) Station locations. Shaded and unshaded
circles represent permanent and portable stations.
The dashed line indicates the eastern extent of
exposed Precambrian rocks. .

b) Differences in P station anomalies along
the traverse, calculated from the Herrin et al.
(1968) P tables (0) and the P table of Hales,
Cleary and Roberts (1968b) (X). The smooth
curve has been derived by taking means of
adjacent points.

(after Cleary, Simpson and Muirheéd, 1972)



TABLE 4-6.

Station

Maralinga (MR)
Mulgathing (MU)
Kingoonya (KI)
Island Lagoon (ILN)
Partacoona (PNA)
Melton (ME)
Mazar (MZ)
Harcourt (HA)
Curragh (CU)
Carrathool (CA)
Yanco (YA)‘
Woodstock (WO)
Talbingo (TAO)

Canberra (CAN)

lCalculated from the shot coordlnates and origin

Cannikin traverse station data

Distancel

(deq) -

"91.34
90.47
90.77
90.45
90.55
90. 44
90.30
90.01
90.36
90.21
90.38
90.36
90.79
190.34

time glven by NOAA,

Travil
time

(s)

786.13
781.99
782.97
782.30

782,20

782.17
781.62
780.90
781.90
781.86

782.59

782.39 -

784.40

782.40

Station
anomaly

(a)

-0.58
-0.70
-1.02
-0.23
-0.78
-0.27
-0.20

- +0.47

-0.12

(s)

+0.54

+0.45
+0.37
+0.37
+0.45

2leference between observed time and time
calculated from (a) Herrin et al.

(b) P table of Hales, Cleary and Roberts. (1968b),
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(b)

~0.92
~1.10
~1.40
~0.63
-1.18
~0.67
-0.61
+0.05
-0.53

+0.13

+0,05

'~0.04
 -0.01

~+0.04

(1968) P tables,

with ellipticity correction applied.

(from Cleary, Simpson and Muirhead, 1972)
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variations in upper mantle structuré beneath the stations
or minor irregularities in velocity along the entire path.
In spite of this séatter, there is an obvious trend
towards earlier arrivals in a westerly direction along

the Cannikin profile in Figure 4-13b. The trend appears
most pronounced near the centef of the traverse close to
the eastern limi£ of expoéed‘Precambrian rocks (see Figure
1-1). |

Hales et al. (1968) investigated the origin of P
station anomalies and concluded that they are related
to variations in the extent of the upper mantle low
velocity'layer. They showed that the wedging out of a
pronounééd‘low velocity layer between the tectonically
active western United States (the Nevada model, Figure
2-17) and the stable eastern region (the Early Rise model,
Figure 2-16) was sufficient to account for observed
differences in station anomalies for these two areas.

A similar explanation is proposed for the gradual decrease
in station anomalies across the boundary of the Australian-
shieiﬂ;

Althoug» there has been no detailed study of
velocities in the uppermost mantle beneath eastern
Australia, there are limited data which indicate that a
low velocity layer for P wave exists beneath this region.
Sutton and White (1966) suggested that a low velocity
layer below 60 km was responéible for delayed P arrivals
and prominent later arrivals observed near 13° from

earthquakes in southeastern Australia.
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In Figure 4-14, two hypothetical models for southeastern
Australia are presented in an attempt to determine the
extent of a low velocity layer required to satisfy the
difference in P station anomalies observed along the
Cannikin traverse. Cleary (1973) has reviewed the available
data on crustal structure in eastern Australia, which
indicate an upper crustal velocity of 6.0 km/s with a
velocity of 6.5 km/s below 20 km, a P_ velocity of 7.95
km/s and a crustal thickness of 30 km. These values have -
been used in the models A and B (Figure 4-14) for the
eastern end of the Cannikin traverse. The‘brd P model
has been used for the western end of the traverse. 2ll
three models, shown in Figure 4-14b, are assumed to be the
same below 350 km, where the velocity is 8.7 km/s.. 1In the‘
A model the velocity at 85 km is‘decreased from 7.95 km/s
to V ., and then increased linearly to 8.7 km/s at 350 km.
In model B the velocity is held constant at Vﬁinbin a low |
velocity layer extending from 85 to 125 km.‘ In Figure
4-14a the time (T), required for a ray from 90.5° (slowness-
4.63 s/deqg) to travel from a depth of 350 km to the
..surface) is shown as functibn of Vmin‘er models.A and B.
Also shdwﬁ in Figure 4-l4a is the difference in time (AT)
between the times for the two eastern models and'the time
(46.0 s) required for a ray at the same distance to pass
through the Ord P model. The A and B models in Figure

4-14b show the values of=Vm.

ln”(7.72 km/s in case A and

7.53 km/s in case B) required to give the observed

difference in station anomalies (1.3. s) along the Cannikin



48.2

)
N -
o heS
\~ P
= A
-
-
— .\
° . \~ ——
. . 'S .
. — . ~ -
. . \s‘
T oo ~ . . -y
(s) [ TN lA A
' ~
. -
s 47,4 [omy ) e -
. . .... oe ' ~\
b *ere, o -l
[}
o .
™ . B ..’00... . ‘\~ . -
1) .
= ‘.... -
R ’~ 00.......
e . 24
o ‘
= ) ~~. e
. E e
S
-a ]
! i 1 1 |

2.2

M7y

- 100

200

300

76
- Vmin (km/s)

VELOCITY (km/s)

78

96

AT (s)
1.4

0.6

Figure 4-14, Hypothetical models for southeastern
Australia (for explanation see text).



97

traverse.

There is, of course, an infinity of models for
eastern Australia that will satisfy the constraints
imposed by the station anomaly difference and the models
A and B are only presented to indicate the approximate
extent of possible low veiocify layers in this regibn;

A decrease in the thickness of the low velocity layer in
model B, for instahce, would decrease the required value.
of V ,n7 @ decrease in the velocity contrast between the
Ord P model and models A or B below 125 km would increase
the extent of the low velocity required in either model.
The B model is similar to the Nevada 2 model used by
Hales et al. (1968), although the difference in station
anomalies between the western and central U.S. (1.5 s)
is greater than that observed on the Cénnikin travérse
and the minimum velocity of 7.5 km/s in the Nevada 2
model is slightly less than in model B. A more complete
knowledge-of the extent of a low velocity layer in eastern
Australia must await detailed studies of travel times ahd

velocities in this region.
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CHAPTER 5

SEISMIC ARRAYS

5.1 Introduction

Phased seismic arrays, in the sense of spatial
arrangements of seismometers which are recorded with
a common time base on magnetic tape, were initially
introduced as a tool for the detection and identification
of nuclear explosions. The early "Geneva arrays" (SIPRI,
1968) were small in dimension compared to the wavelengths
of recorded signals and were intended to provide signal
to noise ratio (S/N) improvement, on the assumptions
that the signals were coherent, and the noise incoherent,
over the dimensions of the array. A S/N improvement of
/O (where n is the number of seismometers) can then bé
achieved by straight summation. The results from an |
early group of these small arrays in the United States
did not substantiate the assumption of incoherent noise
over a limited range (less than 5 km) (SIPRI, 1968) and
the next generation of arrays was deveioped with wider
aperture. The specially designed arrays (in contrast
to regional networks recording with a common time base)
have developed along two lines: 1) ﬁhe med ium aperture
(20 km) United Kingdom Atomic Energy Authority (UKAEA)
arrays (EKA - Scotland, YKA - Canada, WRA - Austfalia
and GBA - India); and 2) the large aperture (200 km)
American arrays (LASA - Montana and NORSAR - Norway).

Since the extent of these arrays is comparable with or



larger than the signal wavelengths of interest in body
wave seismology, it becomes possible, by inserting
appropriate delays between the sensors, to use the array
as a three dimensional directional filter in a manner
analogous to that used in radio and radar arrays. In
the seismological application the direction of approach
of a signal is usually specified by the azimuth (the
horizontal angle) and the apparent velocity or slowness
(defining the vertical angle of incidence).

Seismic arrays can be considered in three modes of
operation:

1) S/N improvement.  The insertion of delays

between sensors creates an azimuth and slowness filter.
Since, for the Earth, distance is a unique function of
slowness, this process enhances signals originating in
one location with respect to those from another. The
appropriate delays can be determined directly by the
array, or, for a specific source location, they can be
approximated from the calculated azimuth and standard;

tables of slowness as a function of distance.

2) Determination of seismic parameters. Using
signals from events in known locations, vaiues of‘azimuth
deviations and of slowness as a function of distance can
be determined.

3) Event location. If a table of slowness as a

function of distance is available, either from 2) above
or from standard tables, measured values of slowness and
azimuth can be used to specify the azimuth and distance

to, and hence the location of, the source of the recorded

99
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signal.

Modes 1) and 3) are most directly related to the
detection and identification of nucléar explosions. As
well as making it possible to observe events which
might otherwise go undetected, the S/N'improvement
obtained from 1) provideé’a low noise environment in
which it is then possiblé to carry out more sophisticated
processing. Mode 3) provides a means of real-time
location of events so that those from areas of interest
can be immediately processed in detail.

It is in the second mode of operation that arrays
are able to provide the most useful information about the
internal structure of the Earth. The purpose of the
remainder of this chapter is to describe the operation
of one parficular array and the method used to determine
slowness from array data. The following chapters will
describe how such data has been used in the determination

of Earth structure.

5.2 The:-WRA Array

The Warramunga array (WRA), located near Tennant
Creek in north central. Australia, is one of the UKAEA
medium aperture arrays and is operated jointly'by the
UKAEA and theé Australian National University (ANU). The
array consists of twenty 1 Hz Willmore Mk II vertical
seismometers at approximately 2.5 km spacing along two
arms of an asymmetricél cross (Figure 5-1). The array
installation facilities are shown schematically in

Figure 5-2a. The recording, data storage and analogué
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Figure 5-1. The WRA array.
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pProcessing equipment have been described, for the UKAEA
arrays in general,‘by Keen et al. (1965) and, for the
WRA system in.particular, by Muirhead (1968). The
seismic and timing information are recorded in frequency
- modulation (fm) form, along with a reference frequency
channel, on two 24 track magnetic tape recorders. One
tape (which goes to the UKAEA) records continuously and :
the other (retained by the ANU) is an edited version
contalning only events detected by an on-line automatic
gevent detector at the array

' A schematic diagram of the playback fac1lities at
ANU is shown in Figure 5-2b. The analogue equipment is
described,by‘Mnirhead4(1968). Playback is carried‘out"~h
with a speed-up factor of 12.5. The fm signals from thee
tape areddemodulated corrected for tape speed variations
and band-pass filtered before being fed to a 16 channel i
pen recorder or to the computer installation.

A PDP15 computer forms the basis of the digital
pProcessing part of the system, which is‘described by
‘King et et al. (l973) After being digitized by a
multiplexed analogue to-digital (A/D) converter, the
seismic and timing information is analysed uSing an
adaptive process1ng technique (King et al., 1973) which
will be briefly descrlbed below. The processed data
can be presented graphically on a Calcomp,incremental

plotter or listed on a'tehetype printer.
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5.3 Slowness and Apparent,Azimuth.Determination

Various methods can be used to determine the slowness
and apparent azimuth of a signal crossing an array:;
either directly by measuring the delays between onset
time ét the sensors, or indirectly by inserting delays
corresponding to various azimuths and slownesses and
searching for an absolute maximum in the array response.
Wright (1970) and King et al. (1973) have discussed a
number of these methods, with particular reference to

the processing of WRA data.

Early methods - ‘A detailed analysis is given by
Wright (1970) of a least squares'method of determining
slowness and apparent azimuth from onset times used in
the first WRA study of mantle velocities (Wright, 1970,
Wright and Cleary, 1972). The technique used to
determine relative onset times (Cleary et al., 1968)
involves visually matching all or part of the first few
cycles of an arrival at each seismometer location. vWith
a time scale of 40 mm/s, it is possible to determine
onset times to approximately 0.015 s. Thesevtimes are
then used to détermiﬁe,'in a least squares sénse, the
best azimuthrand slowness of a plane wavefront crossing
the array, using the mefhod‘described by Kelly (1964)
and Otsuka (1966). Although it is possible to determine
slowness and azimuth of a clear afrival to a precision of
2%, the procedure is tedious and does not provide reliable
determinations for later arrivals. Because of
iﬁterference between arrivals and changes in waveformrit

is difficult to determine the onset of a later phase as



it crosses the array unless the arrival is clear and
well separated from the initial arrival. Wright and
Muirhead (1969) and Wright (1970) have also used a
correlation method, described by Birtill and Whiteway
(1965) , which they found to be useful in enhancing the
arrival of later phases, but unsuitable for the preciéé
determination of slowness and azimuth.

Adaptive processing - -In an array study of upper

mantle velocities, the multiplicity of arrivals in the
distance range 10° to 3O°Amakés it important that a
method of slowness determination be a&ailable that can
cope with multiple arrivals in the first 10 s after the
initial onset. The method must also be fast enough to
allow the processing of a sufficient quantity of data to
define the nature of the complete travel time curve.
This is especially important in earthquaké studies,
where scatter in the data caused by epicenter mislocation
must be averaged out on the basis of a large number of
observations. The adaptive processing procedure
described by Gangi and Fariborn (1968), which has been
implemented on‘the ANU processing system by‘Kinglgg_Q;.
(1973) , satisfiés these requirements. This was the
method used in'a study of upper mantle phases to be
described in the next chépter. The following is a brief
description of the method, basedvon the paper'by'King‘.
et al.

Initial estimates of the expected azimuth and
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apparent velocity for the event to be processed (determined

from the NOAA epicenter location and the JB tables, and



106

reported for WRA in the monthly GEDESS listings (Young-

and Gibbs, 1968)) are used to calculate the steering

delays:
R, cos (@e - 0.)
t, =
i v
e
where
: . .th
(Ri, Gi) are the polar coordinates of the 1
seismbmeter
and
® , v are the expected azimﬁth and

appérent vélocity.
After the signals from all operating array channels
are filtered (0.4 - 3.0 Hz) and digitized at approximately

24 samples/recorded s, the delays (ti) are used to form

the array beam:

IR + IB

.and the time averaged prgduct (Tap, looéely termedrthe"
carrelogram) :
R (IR x ZB)%‘

(see Figﬁfe 5-3b), where IR and IB refer to the
appropriately delayed sums of the signals from the Red_
(E-W) and Blue (N-S) array arms.

 For each portion df the signal to be analysed;‘
the adaptive procéssingrmethod is used:to determinev
refinéments to the steering delayé (ti)'by subtractiné
the selected portion of each channel from the array

beam, cross-correlating the channel with the depleted
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beam, and finding the delay corfesponding to a
correlation maximum. The re-aligned channel is then‘
added back into the beam and the process rgpeated for
the remaining channels. The refined time delays are
used to find revised Qalues for the apparent azimﬁth

and velbcity from the normal equations given by.kelly

(1964) :
n
Z x,(t, - %, P-vy.Q) =0
jop 104 i i
n
L oy (t; -x, P -y, Q) =0
j=p 10T i
n
I t, -x.,P-y. Q=0
i=1 + 0t .
where
p = Sin @
v
_.cos 9
Q==
.th ) : .
ti = TO - Ti = delay for i seismometer with
coordinates (Xi’ yi) and
arrival time T,
Then A
T, = arrival time at the origin of seismometer
coordinates
: : 1
v = (PZ + Q2) %

and & = tan~ ! (P/Q)
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An updated array beam is formed from thevnew
estimates of apparent velocity (v) and azimuth (%),
the steering delays are again revised and the process
repeated until convergenée is reached. The method is
"adaptive" in that the time delays resulting from each
iteration are used to provide a refined reference signal
(array beam) for the subsequent iteration.

The portions of the signal to be analysed can be
selected manually, or éutomatically deterﬁined by allowing
the computer to select signifiéant peaks in the ‘TAP trace.
The apparent velocity and azimuth determinations are
normally formed with a window length of 0.75 s which is
hoved 0;333 s between each determination. |

The number of iterations required for weli-defined

signals is, in general, less than five. .When convergence

~is reached, results arérprinted and/or plotted as required.

The sizes of the symbols plotted are indicative of the.
average maximum correlation between thé beam and thev
channels, no symbols being plotted when tﬁe gorrelation
average falls below a pre-set levei;, |

-Figure 5;3a shows the array channels fof a
particularly cléar event from New Britain and the
resulting adaptive-ptdceééing solution is shown in
Figuré.553b. The result for two less clear events from
New Guinea are shown in Figure 5-4a,b and,Figﬁre 5-5..

The complete solutiow shown for these events,
including the digitization and plotting, takes less than
15 minutes, depending on the length of records to be

analysed. .Each determination of slownéggvand azimuth
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Figure 5-3a. Array channels for event 89 (Appendix B)
Fau lty channels have been blanked out.
Amplitudes are normalized to ‘the maximum in each channel.
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takes approximately 10 to 25 s depending on the rate of

convergence. The improvement in S/N for many events is
substantial (e.g. (Figufe-5-4b) and this, along with
the resolution provided by the TAP trace, greatly
improves the identification of the onset of later

arrivals.
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The accuracy of the slowness determinations depends: -

strongly on the nature of the signal. For clear and well

separated arrivals (e.g,:Figure 5-3b) the measurements
of slowness are very‘consistent and can be determined
with a precision of better than 0.1 s/deg.  In many

- cases, however, interference between closely spaced

arrivals causes drift in the measured values of slowness

(e.g.. Figure 5-5). .Kingset al. have investigated this

effect using real and synthetic data and, in general,

it is found that, when two well defined phases interfere,

the slowness vélues drift systematically between the
correct‘values for thé first and secondvarrivals (e.g..
.Figure 5-5). The effect'of local structufe near the
array, which introduces a bias in the observed values
of slowness, will be discussed in the hext shapter.

Significant differences in the apparent azimuths for

different arrivals from the same event may result from .

the effect of lateral variations in structure along the

ray paths but this has not been investigated in detail.
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CHAPTER 6

UPPER MANTLE DATA FROM WRA

6.1 ' Tectonic Setting

‘The location of WRA in relation to the general
tectonic pattern of Australia and surrounding regions
was sketched in Figure 1-1. The Ord River project
described in Chapter 4, and a small scale refraction
study at WRA by Underwood (1967), indicate that the crustal
and sub-crustal structure of central Auétralia is typical
of stable shields in other continental regions, with a
crustal thickness of approximately 40 km and Pn velocity
near 8.1 km/s. The array itself is situated on upper
Precambrian Qﬁanitic outcrop which intrudes £he lower
Proterozoic Wérramunga geosyncline. There is evidence
that the local structure beneath the array may be quite
complex, but a discussion of this will be delayed until'
later in this chapter.

The region to the north of Australia is one of the
most complex areas of present day tectonic activity. The
seismicity and tectonics of the region have récentlybbeehl
discussed in detail by a number of authors including .
Denham (1969), Dewey and Bird (1970), Fitch (1970, 1972),
Fitch and Molnar (1970), Katili (197l1la,b) and Johnson and
Molnar (1972). Seismic and volcanic activity in this
region is an expression of the complex interaction betWeen

the Pacific, Indian-Australian, Asian and Philippine Sea
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plates (seé Figures 1-1 and 6-1). Although the
intricacies of the plate motions do not concern us here,
there are two aspects of the seismicity which bear directly
on the collection and interpretation of WRA upper mantle
data. Firstly, the distribution of epicenters determines
the distance ranges in which data are available; and .
secondly, the presence of deep zones of activity along
descending plate margins, indicating anomalous zones
within the upper mantle, limits the lateral homogeneity
along ray paths from source region to WRA,

The closest events to the north of WRA occur beneath
the Banda Sea at a distance of approximately 12°,
Activity to the north and northwest then extends to beyond

30° within two azimuth groups: along the Philippine Sea

plate margin, and along the Sunda arc. To the northeast

of WRA, diffuse activity along the northern coast and
central part ofbthe main island of New Guinea begins
at a distance of approximately 15°, with more céncentréted
regions of major activity extending to beyond 30° along
the New Britain, New Ireland and Solomon Island arcs.
Because of structural complexities near the array,
it is desirable to use events confined to a narrow
azimuth range. The line of epicenters north of WRA
through the Philippine Sea most readily meets this
requirement; but early work, descfibed in the nex£
section, indicated that complexities in structure
encountered by rays passing beneath the Banda Sea and

Philippine Trench introduce major uncertainties into the
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interpretation of travel time and slowness data from
events in this region. Although the azimuth range covered
by events at distances of 15° to.30o from New Guinea is
larger than that to the north, the azimuth range is still
narrow for distances from 18° to 25°, The New Guinea
region has the added advantage that upper mantle
structure between this region and WRA is not disturbed

by anomalous zones of descending plates. The stable
platform of the Australian continent extends into ﬁhe
main island of New Guinea. Thus for events out to 300,
the critical regioﬁ*between the array énd the point where
rays bottom (i.e. out to about 15°) lies mainly beneath
tﬁe stable Australian continent. Evén in the source
region itself, the trend of the Benioff zones in the New
Britain and New Ireland regions is generally away from
the continent, so that energy travelling toward WRA
spends only a small portion of its total path in the

anomalous zone near the source.,

6.2 Early WRA Upper Mantle Studies

As part of an investigatioh of lower mantle structure,
Wright (1970) carried out a preliminary slownéss study of .
upper maﬁtle velocities using data from earthquakes in
both the Indonesia—Philippines~and New Guinea regions.
Even with a limited amount of data, it was bbvious thé£'
differences in travel time, slowness and slowness bias
existed between these two regions. It was suggested by

Wright that the best method to correct for the slowness
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bias, caused by structure beneath the array (see Section
6.4.2), was on the basis of observed travel times. Thus, one
of the first steps in the present study was to construct
first arrival travel time curves for WRA,

6.2,1 Travel times to WRA, 0°-30°

The UKAEA provides a monthly report, GEDESS (Young and
Gibbs, 1968), containing a chfonological listing of all NOAA
epicenter information, along with azimuths, distances and
expected JB arrival times and apparent velocities, at each of
the UKAEA arrays. Using these reports, arrival times at WRA
are routinely converted to JB residuals and filed on cards. |
The GEDESS lists were used to find all events within 30° of
WRA which occurred during the period September 1968 to December
1969. The JB residuals for all of these events which were
recorded at WRA (Figure 6-1) are shown in Figure 6-2 and in’
Figure 6-3 the residuals have been converted back to travel
times using the times from the JB tables.

The magnitudes of‘the~JB residuals will be discussed
later in this chapter. - At this stage it is sufficiént
to note that the residuals appear to be independent of
distance beyond about 22° and that the scatter also
reduces beyond this distance. These diagrams also
indicate the extent of differences in the travel times
from the New Guinea and,Indonesia-—Philippinesiregions°
The times from the Indonesia-Philippines group are
generally earlier, which may reflect the presence of.
higher velocity slabs of descending.lithosphere albng

the ray paths from the Philippine Sea region to WRA,
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Figure 6-1.

"WRA T

NOAA epicenters for events within 30°
of WRA recorded during the period
September 1968 to December 1969,
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Figures 6-1, 6-2 and 6-3 also give a general impression
of the frequency of events at various distance and azimuth
ranges from WRA, The presence of some anomalously large
residuals indicates that there may be gross mislocations
(either in time or in space) of a few of the events.

In a preliminary upper mantle velocity study
(Simpson et al., 1971), the travel times in Figure 6-3
were combined with slowness data, derived using the onset
time method of Cleary et al. (1968), for events in the
Indonesia-Philippines region. The interpretation of these
data will be discussed in the next chapter. The Indonesia-
Philippines region was chosen for thié initial study
because of the more complete distance coverage and the
narrow azimﬁth range., It soon became apparent, however,
that a number of ambiguities in the data, caused by the
interference of complicated subduction zones along the
ray paths to WRA, greatly limited the interpretation of
the data. Thus for a more detailed study, it was decided
to use events from the New Guinea region which, for the
reasons given above, was expected to be less contaminated

by structural complexities than the area to the north.

6.3 The New Guinea Study

The occurrence of a magnitude 7.9 earthquake in
New Ireland on July 14, 1971, and its many aftershocks,
provided'an excellent opportunity to study in detail
the nature of the travel time curve in this region.

Fifty four events from this series, which extended from
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21.6° to 24,5° distance from WRA, along with an additional
142 events chosen to cover the rest of the distance range
from 15° to 30°, form the basis for the velocity
inversion which will be described in the next éhapter.

The 196 events which were selected are listed in
Table B-1 (Appendix B) and the locations of epicenters
are shown in Figure 6-4, Where poSsible, events were
chosen which lay within the azimuth range 30° to 60°,
but a£ distances less than 18° and greater than‘289 it
- was necessary.to go to regions outside this range. The
hypocenter data in Table B-1 are from the NOAA 1o¢ations,
and distances and azimuths are taken from the GEDESS
lists. Using the adaptive processing technique of King
et al, (1973) described in the last chapter, slowness and
travel times have been determined fof 494 initial P‘onsets
and significant later arrivals and these are also listed
in Table B-l1. A weight has been ascribed to each
determination of slowness in Table B-1l, which refleéts
both the erfor‘in the slowness measurement (as‘determined‘
from the standard deviation) and the effect of
interfering signals (i.e., arrivals with consistent
slowness values are given higher Weight than those showing:
systematic drift between two separate phases).

Before these data can be used to determine velocity
structure at depth, it is necessary to apply a nﬁmbefv
of corrections in order to produce a set of consisfent
data. The remainder of this chapter will discuss the

nature of the necessary corrections and summarize the
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main features of the corrected travel time and slowness

data.

6.4 ' Data Corrections

6.4.1 Focalkdepth correction

‘The method used to convert the raw time and distance
data in Table B-1 to surface focus is discussed in
Appendix A. The magnitudesoﬁthe corrections are a
- function of thé focal_dépth, the velocity above the focus,
and the ray path taken to reach the surface. Arrivals
from the same event which have different slownesses,
and hence follow différent.ray paths, will require
separate corrections; and therefore the measured value
of slowness for each arrival is used in determining the
time and distance corrections. For the sake of
consistency with the model used in determining the
hypocehte;, the Jeffreys (1939) velocity model has been
used. ‘

The times and distanCes‘qorrectéd for focal depth.
aré includedﬂin Table B-1 and are shown along:with the
slowness data, in Figure 6-5. When they are presented
separately, és in Figure 6-5, the relationship betweén
travel times and slownesses is ﬁot readily aﬁparént,>
and resolution of finer features is lost in the scatter
of the data. 1In Figure 6-6, a substantial improvement
. has been achieved by the incorporation of the travel
time and slowness data.in a single presentation. At

each travel time point a line is drawn with slope
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corresponding to the measured value of slowness and a
length corresponding to the Weight given to the slowness
determination.

In Figure 6-7 only the first arrival points from
Figure 6-5 are shown, and in Figure 6-8 theisecond
arrival branches are clarified by adjusting the times so
that the first arrivals are constra;ned to fall on the

Herrin et al. (1968) travel time curve.

6.4.2 Local structure correction

A careful inspection of Figures 6-5 to 6—8 reveals
that the slope lines, which should lie tangent to the
trend of the travel times at each point, show a bias away -
from the average curve. This bias is due to a shift in
the measured values of slowness caused by local structure
near the array. If a knowledge of the structure causing
these variations is available, it is possible to compute
corrections to the measured slowness values (Niazi, 1966;
Zengeni, 1970). Niazi has shown that the effect of o
dipping layers beneath an array is to change the measured
values of slowness by a factor which remains essentially
constant over limited ranges of azimuth and slowness.
Since we have no detailed knowledge of the stfucture
under WRA and since the data is confined to’a narrow
azimuth range and should thus be affected by the same
structure, it is possible to use an empirical approéchs
to determine the corrections to the slowness measurements.

The first arrival times in Figure 6-7 between 18°

and 30° have been combined with the times from the same
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region in Figure 6-3c and smoothed using a fifth order
polynomial. At each distance where a slowness determination
was available the slope of the smoothed curve was compared
with the measured value of slowness. The RMS residual
was computed and the procedure repeated with the measured
slowness values multiplied by factors ranging from 1.1 to
0.9. At each stage depth corrections were applied using
the revised slowness values. The results are shown in
Figure 6-9. A minimum in the RMS residual occurs with

a correction factor of .97, indicating that the observed
slowness values, within the azimuth rénge considered
here, are high by approximately 3%.

Cleary et al. (1968) studied the effects of local

structure beneath WRA, using events at distances near

80° and azimuths near 27° and 216°. From the>equations
given by Niazi (1966) they determined the best solution
for a dipping interface below the array required to
‘satisfy the observed residuals in azimuth and slowness.
With a velocity contrast of 0.7 across the interface,

the structure they reported dips at an angle of 6.5° in

a direction of 235°. For events near a distance of 25°
(angle of incidence 30°) and azimuth of 30° (155° from
the direction of dip) the Niazi tables give a correction
factor of 0.92 for this structure. Although the Cleary
et al. structure was determined from events at greater
distance and slightly different azimuths than the data
presented here, the correction is at least in the right

sense (i.e. a decrease, rather than an increase in
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Figure 6-9 WRA structure correction factor. RMS
residual is the root mean square of the
difference between the slope of a fifth
order polynomial through first arrival
travel times and the observed slowness
values multiplied by the structure
correction factor.
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slowness) indicating that the direction of dip of the
repofted structure is approximately correct. Decreaéing
the angle of dip, increasing the velocity ratio, or
increasing the dip angle in the Cleary et al. structure
brings the correction factor closer to that determined
above from the New Guinea data.

The slowness wvalues, corrected for structure, are
included in Table B-1l along with the corresponding‘ |
corrected times and distances. These corrected data are
plotted in Figure 6-10., A comparison of Figure 6-10 with
Figure 6-6, especially between 20°‘and 25°, shows the
improvement in the trend of the slope lines with respect
to the travel time data.,

6.4.3 JB origin time bias

Although it is now well established that the JB times
are in error, especially at shorter distances, by as .
much as 3 s (e.g., Cleary and Hales, 1966), the errors
introduced into hypocenter determinations based on these
times are difficult to assess. Even with a good
distribution of stations, azimuth-dependent variations_:
in station and source terms (Bolt and Nuttli, 1966;
Cleary, 1967a) will introduce bias in hypocenter
determination, Errors in focal depth and origin time
are especially difficult to determine because of the
intér-relationship in the determination of these two
parameters. They depend tQ a large extent oﬁ the
distance range covered by stations uéed in locating énv_

event,
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From 22° to 300, the times in Figures 6-3c and 6-7
lie approximately 1 s earlier than the JB times (Figure.
2-5) and 2 s later than the Herrin et al. times (Figure
2-10). Although a station anomaly for WRA based on the
Herrin et al. times is not available, Cleary (1967b) has
reported a value of -1.3 s based on the Cleary and Hales
(1966) times. For Australian stations, the station
anomaiies calculated using the Cleary and Hales times
are on the average 0.3 s less than those found from the
Herrin et al. times (Hales et al., 1968). A correction
of -1.0 s for WRA should therefore be in reasonable
conformity with the Herrin et al. times, and the times
in Figures 6-3c and 6-7 are thus approximately 3 s later
than would be expected on the basis of the Herrin et al.
tables (corrected for WRA). The Herrin et al. times
are an average of 3 s earlier than the JB times and a -3 s
correction to the observed WRA travel times is consistent
with the error in origin time expected from the use of
the JB tables to locate the events. The right hand scale
on the time éxis in fhe WRA data diagrams presented in
this chapter is shifted by 3 s to incorporate this

correction.

6.5 ‘ Main Features of the Data

6.5.1 Histograms and Sample Records

To facilitate discussion, the data have been divided
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into groups corresponding to the various branches of the
travel time curve. Histograms of first and later arrival
slowness values are shown in Figure 6-11. The clustering
in the histograms and the abrupt changes in slowness in
the first arrival data of Figure 6-7 indicate that there
are at least three major- first arrival branches with
cross—overvpoints at 19° and 24.5°. 1In anticipation of the
model to be discussed in the next chapter, the major
divisions A to E have been used to describe the most
obvious branches of the'travel time curve, as indicated
by the inset to Figure 6-12. 1In Figure 6412 are shown a
number of records, selected to‘indicate the main
characteristics of each group, and these characteristics
are summarized in Table 6—1.

6.5.2 General comments: the A and B branches

One of the dominant features of the travel time plots
and the sample records in Figure 6-12 is the later branch
D extending from 20° to 24.50. At shorter distances,
individual records show prominent later arrivals (e.g.,
Figure 6-12 a,e) but these do not fall on consistent later
arrival branches as do the D arrivals. There are a number
of factors which may have contributed to the greater
scatter in the data at shorter distances compared to those

beyond 22°,

(a) Azimuth range: Most of the events used in the distance
range 22° to 25° are aftershocks of the New Britain
earthquake of 14 July 1971, and the narrow azimuth range to

which these events are confined may be partly responsible
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' for local array structure.
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for the consistency of the D arrivals. For events at
shorter distances, the azimuth range is from 320° to 60°
and lateral variations in structure may be responsible
for scatter in both the travel time and slowness data for
these events. |

(b) Focal depth corrections: Changing the focal depth

from 30 km to 60 km for an arrival with slowness of 13 s/deg
results in a change in distance correction of 0.90; whereas
the same change for an arrival with slowness of 10 s/deg
produces a change in distance of only 0.3°. Thus the
shorter distance, higher slowness branches are more
sensitive to errors in focal depth determination.

(c) Surface reflections: The pP arrival was excluded from
the data used in the study whenever it could be identified.
Identification was based on the time expected for its
arrival for the given focal depth and on the observed
value of slowness. Because of the rapid decrease in
slowness near 200, the time of pP- P increases rapidly

for events in this range. For example, the Herrin et al.
(1968) tables show the pP - P time for a focal depth of

50 km at 23° to be 12 s, while at 16° the corresponding
time is only 9 s. The D arrivals occur at a maximum of
only 6 s after the first arrival and it is unlikely that

PP has contaminated the data for this branch. At shorter
distances, however, later arrival branches may extend up
to 10 s or more after the first arrivél, and for shallow
events at less than 20° it is possible that pP has

interfered with, or been misinterpreted as, arrivals on
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later branches.

(d) Multiple branching: It is possible that more than one

set of later arrival branches occurs in the B slowness

range (Figure 6-11) as suggested by Simpson et al. (1971)
and Massé et al. (1972). The first arrival slowness

values near 12,0 s/deg at 18° to 19° (Figure 6-7) may
result from the appearance of an intermediate branch

as the first arrival over a very limited distance

interval, It is possible, however, that these intermediate
values of slowness are caused by interference between the
close arrival of the low amplitude,‘high slowness phase

A with theihigher amplitude, lower slowness phase C. This
effect has been duplicated in synthetic data by King et al.
(1973).

(e) Lateral variations in velocity: The A and B branches

correspond to rays which have penetrated to depths of less
than 400 km, and it is in this depth range (especially
above 250 km) that lateral variations in structure are
likely to be most extensive. The travel paths for events
at closé distances will be mainly through the high velocity
continental structure of the stable Australian platform.
As the distance increases and the source end of the ray
path includes a greater portion of the lower velocity

New Guinea tectqnic region structure, the times will be
progressively delayed. This effect decreases at greater
distances (i.e., on the C branch and beyond) as the
portion of the total ray path spent in the laterally

varying uppermost mantle decreases. Because of the
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delay with increasing distance, the apparent slope of the
A branch travel times will be greater than expected for

a homogeneous structure. The observed values of slowness,
however, depend only on thé structure on the upgoing
(receiver) end of the ray path, and will reflect the
structure beneath the continental region. The resulting
conflict between the travel times and slownesses can be
seen in Figure 6-10 where the average slope of the travel
time curve is near 14 s/deg, while the measured values

of slowness are closer to 13 s/deg.

6.5.3 The C branch triplication

In Figure 6-12 and Table 6-1 the C branch has been
divided into three groups. Many of the events near 20°
(e.g., Figure 6-12 f,g) show multiple arrivals in the
first 5 s with uncorrected slownesses of 10.5 to 11l.4 s/degqg.
As the histograms in Figure 6-11 show, the first arrivals
tend to ciuster near 11.1 and 10.6 s/deg, while the later
arrivals show a minor peak at 10.8 s/deg. The triplication
extends over a distance range of only 2 or 3 deg and
scatter in the data due to errors in distance makes it
difficult to identify the cfoss-over point between the
Cl and C3 branches. However, multiple arrivals are
consistently observed on enough records to consider the
triplicatidn of a real feature of the data. The relative
amplitudes of arrivals in this range provide additional
support for the presence of multiple branches and these

will be discussed in Section 6.5.5.
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6.5.4 The D, E and F branches

Possible reasons for the consistency of the D arrivals
have been discussed in Section 6.5.2. The branch first |
appears near 20.5° and a number of records neér 210, of
which Figure 6-1Zkis a typical example, show the D arrival
as a simple, clear phase, well separated from the earlier
C arrival. At greater distances (Figure 6-12 m-o) the
C and D arrivals merge, with the D phase dominant, and
the existence of two separate arrivals is obvious only
on the array-processed records. On a few records (e.g.,
Figure 6-12 1) it is possible that both the retrograde
(D) and prograde (E) branches can be distinguished. It is
assumed that the higher amplitude later arrival corresponds
to the retrograde branch, although interference between
the two closely spacéd arrivals (D and E) may be present
and would account for the scatter in slowness determinations
for thé D branch. |

Beyond 26° a number of records show arrivals with
slownesses near 8.7 s/deg (the F arrivals in Figure 6—12'q,r);:
These may be related to structure below the discontinuity
causing the D branch, but there is not sufficient data
available in the'study to comment on the depth of the
structure required to produce these arrivals.

6.5.5 Amplitudes

The use of absolute amplitudes in earthquake studies
is difficult even when a number of calibrated stations

and earthquakes with well determined magnitudes are
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available. Since only one recording location was used
in this study and many of the earthquakes used have poor
magnitude determination (or none), absolute amplitudes
can only be considered in a qualitative manner (e.g., for
events of similar magnitudes, arrivals on the A branch
appear to be of lower amplitude and give less reliable
slowness determination than arrivals on the C or D branches).
Nevertheless, important information can be gained from a
comparison of the relative amplitudes of multiple arrivals
from the same event. Figure 6-13 shows a comparison of
the amplitude ratios for the C and D branch arrivals
between 20° and 25°. The ratio is determined from the
maximum peak to peak amplitude of each arrival on the
array phased sum trace of the adaptive proceséing records
(see Figure 5-3b).. |

Although it cannot be determined from these data alone
which arrival is responsible for the variation in
amplitude ratio, the obvious features of Figure 6-13 are
consistent with other characteristics of the travél timex
and slowness data and it is possible to suggest the
underlying structure of the amplitude changes along the
C and D branches. The éample records in Figure 6-12 h-m,
and the rapid decrease in slowness for first arrivals
on the C branch near 220, indicate that the increase in
amplitude ratio at 22° results from a suddenbdrop in
amplitude of the C a;rivals at this distance. This adds
support to the identification of ﬁhe C branch triplication

(Section 6.5.3). The arrivals denoted C in Figure 6-12

32
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Figure 6-13 Amplitude ratios for C and D branches.

Ratio of D branch amplitude over C branch
amplitude. Amplitudes taken from maximum
peak to peak in array phased sum.
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may result from the interference of the Cl and C3 arrivals
at the prograde end of this triplication, or they may
correspond to arrivals from a zone of high velocity
gradient just below the structure causing the triplication.

The gradual decrease in the amplitude ratio from 22°
to 24° in Figure 6-13 is interpreted as correéponding to a
gradual decrease in the D branch amplitude. As will be
shown in the next chapter, an increase in amplitude
towards the retrograde end of the D branch wouldrbe
expected from the sudden velocity increase near 700 km
required to give travel times corresponding to the D branch
arrivals.

One general feature-of the amplitudes which has an
important bearing on the nature of the velocity
discontinuities is that the ends of the major prograde
branches (i.e. the extension of A beyond 19° and c beyond
24.5°) terminate with low amplitude, whereas high amplitudes
are associated with the ends of the retrograde branches
B and D. This makes it difficult to identify the ends
of the prograde branches, but a search of the data has
shown no indication of observable extensions of branch

A beyond 21° or of branch C beyond 29°,
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CHAPTER 7

THE UPPER MANTLE TRANSITION ZONE

7.1 Introduction

Because of the scatter in the slowness data presented
in Chapter 6, a direct inversion of these data alone does
not appear warranted. Instead, thevcombined travel time
and slowness data, as summarized in Table 6-1, have been
used as a basis for the determination of velocity models
which satisfy the main features of these data and which
do not produce features which are not warranted by the
observed data (e.g., high amplitude extensions to the A
and C branches). From the discussion of the main features
of the data in Section 6.5, it is obvious that much
greater confidence can be placed on the interpretation
of the C, D, and E branches than on the data at shorter
distances. It is possible, however, to suggest the type
of structure most cohsistent with the A and B branch
data and to indicate those types of quels which produce

features that are in conflict with the data.,

7.2 Velocity Models

7.2.1 WRA-UM1

The model WRA-UM1 is tabulated in Table 7-1 and
shown in Figure 7-1. The times and slownesses calculated
from this model are compared with the observed data in

Figure 7-2. Above 320 km a simple stripping model,



WRA-UM1
Velocity Depth
(km/s) (km)
6.20 0.
6.50 20.
6.50 30.
8.05 30.
8.05 70.
8.20 70.
8.20 320.
8.3672 321.
8.4353 330
8.5137 340.
8.5910 350.
8.6851 360.
8.8152 370.
8.9814 380.
9.1836 390.
9.3003 400.

9.3508 410.
9.3918 420,
9.4272" 430.
9.4591 440,
9.4885 450.
9,5145 460.
9.5415 470.
9.5790 480.
9.6382. 490,
9.7192 500.
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