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SUMMARY

The upper mantle velocity structure beneath northern Australia has been investigated
by analysis of short-period seismograms, recorded by the portable seismic arrays (LTC &
NWB) and the Warramunga seismic array (WRA) in central Australia from shallow
earthquakes occurring at regional distances (10° < A < 28°) along the eastern Indonesian-New
Guinea seismic belt during the field experiments in 1985 and 1986. Composite record
sections displaying the various upper mantle branches have been interpreted using WKBJ
synthetic modelling for P and S body waves.

The resulting velocity models show clear

evidence of lateral heterogeneity in the seismic structure of the upper mantle under northern
Australia.
The seismic zone from the Flores Sea to New Britain was initially divided into five
source regions with varying range of longitudes keeping the latitude range (0° - 12°S) fixed;
subsequently the source regions Papua New Guinea and New Britain were combined in a
larger region. Composite record sections have been produced for events in each source
region to obtain an array of large synthetic aperture by interleaving seismograms from many
events in a single record section; in order to reduce the effects of location errors all events
have been tied to the Herrin P-wave travel time tables. All events have been shifted to the
free surface by applying time and distance corrections for the depth of the source.
The composite record sections for paths sampling different geographical regions of the
upper mantle exhibit complex behaviour showing differences in the amplitudes of first
arrivals, relative timing to later phases and variable waveform character for the recorded
energy. The complex behaviour of the seismic phases provides evidence for the existence of
horizontal P-velocity gradients in the upper mantle beneath the Australian continent.
In the course of interpreting the data, a systematic study has been made of the influence
of velocity gradients and the size of discontinuities on WKBJ synthetic seismograms
produced for different upper mantle models. The characteristic features of the sections such

as location of cusps in travel-time branches and cross-over points have been tabulated and
used to guide the construction of velocity models for the Australian data. An independent Pvelocity model has been derived for each upper mantle region to match the character of the
composite record section. The four models have in common a fixed structure identical to
Herrin model in the top 190 km, a thin high velocity layer around 200 km and a thick low
velocity zone between 200 and 400 km and three second-order velocity discontinuities.
Between 400 and 650 km the models are represented by a nearly uniform gradient. The
differences among these models regarding the size and depth of the discontinuities, locations
of cusp and cross-over points provide strong evidence for lateral variations in the upper
mantle structure down to 400 km beneath the northern Australian continent. In particular the
size of the 200 km discontinuity diminishes from west to east.
The seismograms from sources in West Irian, Papua New Guinea and New Britain
recorded at the portable arrays show similar character at comparable distance ranges. A
single composite record section was therefore constructed for the entire New Guinea region
covering the distance range from 1500 to 3000 km. This gives two broad regions with an
extensive distance coverage:
i) sources in the Flores Sea region with propagation paths in the upper mantle beneath
northwestern Australia, and
ii) sources in the New Guinea region with upper mantle sampling to the north and northeast
of Australia,
for which both P and SV wave sections have been produced. These regions are separated by
a very complicated narrow strip (Banda Sea Region) in which heterogeneity in structure in
the source region is likely to be very important. For each of the broad regions it has been
possible to include absolute time constraints to construct two regional P-velocity models
FLS-Pc (for northwestern Australia) and NGR-Pc (for northeastern Australia) which can be
directly compared to other velocity models.
These two regional models have been constructed with the assumption of a common
velocity-depth structure down to 190 km but show significant differences at greater depth.

Above 400 km FLS-Pc is about 1.5 - 2.0 per cent faster, whilst below 400 km model NGRPc is about 2.0 - 4.0 per cent faster.
For ranges out to 2000 km the propagation paths will be almost entirely in
Australian/New Guinea continental material and so we can be confident of the presence of
lateral heterogeneity above 400 km depth. At greater ranges an increasing oceanic
component is introduced into the paths from the events along the Flores Arc and the
differences in the shallow structure near the source may be mapped into structure beneath
400 km because of the assumption of a constant model to 190 km (which is needed because
of limited knowledge of near source structure).
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Chapter 1

INTRODUCTION

1.1 Motivation for Seismic Study of the Mantle
The mantle comprises about 84% of the Earth’s volume extending from the
Mohorovicic discontinuity at the base of the crust to 2900 km depth. The shallower part is
referred to as the upper mantle; its lower limit is not well defined but may be considered to
be around 1000 km, below which lateral variations in velocity appear to be much less
significant. There are many reasons to believe that the history of the development of the
Earth’s crust is fundamentally dependent upon the processes occurring within the upper
mantle. It is also believed that all tectonic evolutions take place due to lateral variations in the
upper mantle velocity structures and these factors have stimulated interest in the problem of
lateral variations in mantle structure.

It is, therefore, important to explore a better

understanding of the composition, state, and geodynamical processes occurring in this
region. However, our knowledge of the detailed structure of the upper mantle is still rather
limited. Global studies have begun to resolve the largest scale heterogeneity (scales of 3000
km or larger), but there has been limited definition of smaller scale features.
In recent years, there has been much interest in the study of upper mantle velocity
structure and its lateral variations in order to resolve the differences between various
conflicting hypotheses regarding mantle dynamics. One of the much-debated current issues
is the depth and style of mantle convection which can be well constrained by the composition
and topography of upper mantle discontinuities (Hager, 1984). Also important in this
connection is information on mantle mineralogy which can be obtained from the detailed Pand S-velocity structure (Anderson & Bass, 1984). The apparent difference in seismic
velocities beneath continents and oceans (Lemer-Lam & Jordan, 1987) and structural
variations across shield and tectonic boundaries (Grand & Helmberger, 1984a; Rial, Grand
& Helmberger, 1984) provide important constraints on many questions of plate tectonics.
Thus inhomogeneities in seismic properties may be the evidence for the driving
mechanism for the large-scale motions in the upper parts of the Earth; the motions in turn,
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may provide the process whereby the inhomogeneities are produced. A renewed activity in
research on the fine-scale structure of the upper mantle is thus worth considering since it
may eventually put valuable constraints on the other Earth processes like upper mantle
dynamics, earthquake activities, mountain building, volcanism, differentiation of various
rock types, and concentrations of economic minerals. Although there are several other
techniques to help with this objective, only seismic methods can provide information
concerning local conditions deep in the Earth's interior by more or less direct observations.
In this thesis, the aim is to infer the detailed velocity structure of the upper mantle
beneath the northern Australian continent down to a depth of 800 km based on the study of
short-period seismic body wave data. Primarily, the approach will be first to establish that
significant differences in the velocity structure exist between different regions of the study
area which indicate lateral heterogeneity and then to derive one dimensional velocity models
through the analysis of travel-time curves and waveforms of the recorded seismograms to
ascertain the scale-lengths and locations of the probable heterogeneities.

1.2

Different Approaches to Seismic Studies of the Upper Mantle
Both surface waves and body waves, can be employed in the study of the velocity

distribution in the Earth’s interior. Surface waves are generally sensitive to the gross
structural properties, whereas travel times and amplitudes of body waves are more sensitive
to minor scale variations in the velocity structure. This means that any lateral variation in
velocity will cause significant difference in travel times and amplitudes for body waves
traversing different regions whilst surface waves will be relatively unaffected. The earlier
part of recorded seismograms is due to the arrival of the body waves that have traveled by
various routes from earthquake's focus through the Earth's interior; the later part of the
record is formed predominantly by surface waves which travel more slowly than body
waves.

Higher mode surface waves have greater sensitivity to structure than the

fundamental mode and use of broad-band data can provide a complement to body wave
results.
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Unfortunately, analysis of fundamental and higher mode surface waves at long
periods suffers from lack of resolution on a scale less than 1000 km horizontally and 50 km
vertically, although it may be used to determine a gross S-wave velocity structure to few
hundred kilometers depth (e.g., Woodhouse & Dziewonski, 1984; Nolet, 1977). On the
other hand, tomographic studies with P-wave arrival times provide higher resolution of
lateral heterogeneity with scale length of about 100-200 km, but velocity gradients and the
depths of discontinuities are not precisely determined (Spakman, 1986). In tomographic
work the horizontal resolution is limited by the distribution of seismic stations.
Although the effect of crustal structure near the receiver in the form of reverberations
and converted phases may be small enough to be ignored on long-period seismograms
(Burdick & Langston, 1977), it is probably the most important factor contributing to the
inconsistency observed in the short-period body waves. At high frequencies the principal
coupling between P and SV waves occurs at the Earth's surface and on a vertical component
record P and SV phases appear as distinct arrivals.
Body wave studies in the distance range 10° < A < 30° can give quite good resolution
of the upper mantle structure as the seismic energy in these ranges bottoms between 150 and
800 km depth and wavelengths are short relative to surface waves sampling these depths.
Direct P waves are usually recorded by a seismograph in a relatively undisturbed state. So,
in most cases it is possible to identify and estimate the onset time of first P-wave phases
more precisely than any later phases. The amplitude spectra of short-period P-wave signals
cover roughly the frequency band 0.5 to 5.0 Hz. This means that their wavelengths are of
the order of 10 km and this makes the short-period P-wave signals quite sensitive to finescale inhomogeneities in the Earth.

Thus, the analysis of P-wave data is of prime

importance for the determination of upper mantle structure.
Large number of models have been generated by the analyses of regional body wave
data to represent the average upper mantle velocity structure of specific regions (Wiggins &
Helmberger, 1973; Simpson et al., 1974; King & Calcagnile, 1976; Dey-Sarkar & Wiggins,
1976; Fukao, 1977; Burdick & Helmberger, 1978; Given & Helmberger, 1980; Hales et al.,
1980; Walck, 1984, 1985; Leven, 1985; LeFevre & Helmberger, 1989; Bowman &
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Kennen, 1989). The variations between these models suggest a large degree of lateral
heterogeneity but the horizontal scale over which it occurs is still not precisely determined,
and the extent to which horizontal variations in structure may have been mapped into vertical
structure is unclear.
For radially stratified models there are two major sources of information on the
character of the distribution of seismic velocities with depth. First, the use of travel times
and apparent velocity measurements which constrain the general shape of the distribution.
Second, the amplitude characteristics with distance across a number of records from the
same event or with time along a single trace can be used to try to refine the nature of the
wave speed variation with depth.
The features of the model which depend on the observation of apparent velocities,
especially of first arrival phases are more secure than those which depend on observation of
travel times, not because of errors in arrival times, but because of uncertainties in the depth
of focus and the source origin. Inferences made with regard to the observed amplitude
patterns are also relatively secure.
The standard method of travel-time analysis consists of measuring the travel times of
seismic waves from earthquakes as a function of epicentral distance, smoothing the data and
fitting a curve with them, estimating dT/dA, which is the derivative of the travel-time curve,
and then inverting dT/dA to obtain velocity as a function of depth, for example by the
Herglotz-Wiechert method (Aki & Richards, 1980). In principle, the travel-time function, if
continuous, can be inverted to obtain velocity as a function of depth. But in practice, several
factors, like errors in the hypocentre location and origin time, and the unknown variations in
the crust and upper mantle near the source and receiver cause significant scatter in the
travel-time data. Regional variations in travel time and the discontinuities in the travel-time
functions greatly complicate the inversion process.
Gutenberg and Richter (1935) and Jeffreys (1939) computed body-wave velocities on
the basis of the observed travel times of earthquake generated waves. The two distributions
of velocities in the upper mantle differ most significantly in that Gutenberg distribution
shows a low velocity zone in the upper mantle while that of Jeffreys does not. But Jeffreys'
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travel times show a sharp bend between 19° and 20°, the so called " 20° discontinuity
The two models were, however, nearly identical at depths greater than 500 km. Modem
geophysical studies have done remarkably little to change the gross features of the deeper
parts of the Earth's model suggested by Gutenberg & Richter and Jeffreys nearly fifty years
ago.
The tau-p inversion method is a useful technique to invert travel times of body waves
to investigate the velocity distribution in the Earth's crust and upper mantle (Bessonova et
al., 1974, 1976; Kennett, 1976). It is based on the use of the function x(p) = T(p) - pX(p),
where p is the ray parameter, T is the travel time, and X is the epicentral distance. The
advantage of the technique is that it does not involve estimation of p by numerical
differentiation of the travel times and it does not involve any interpolation of the travel-time
curve between actual observations. But it is necessary to assume spherical symmetry of the
structure.
Early attempts to use the waveforms of seismic body waves to define the velocity
distribution in the upper mantle were based on matching short-period observations with
synthetic seismograms (Helmberger & Wiggins, 1971; Wiggins & Helmberger, 1973).
Subsequent studies have used long-period observations with the aim of avoiding the
contamination due to small scale heterogeneity (Grand & Helmberger, 1984a,b). But in that
case, the level of potential detail of the velocity distribution will be lost because of the lower
resolving power of the long-period waves (Ingate et al, 1986). Therefore, only the main
features of the velocity structure can be resolved from long-period-period data.

1.3 Structure of the Transition Zone
In the course of modelling the upper mantle structure, seismologists have made
considerable efforts in the study of the fine structure of the transition zone (approximately
between 300 and 700 km) through surface wave analysis (Anderson & Toksoz, 1963; Cara,
1979), array measurement of apparent velocities in refraction studies (Niazi & Anderson,
1965; Johnson, 1967, Walck, 1984, 1985), waveform analysis (Helmberger & Wiggins,
1971; Grand & Helmberger, 1984a), study of P to S (PS) and S to P (SP) converted phases
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(Vinnik, 1977; Vinnik et aL, 1983; Paulssen, 1985; Bock & Ha, 1984), studies of P to P
reflected waves (Engdahl & Flinn, 1969), and study of precursors to P'P' phase i.e.
underside reflections from the mantle discontinuities (Whitcomb & Anderson, 1970;
Nakanishi, 1988). These studies have shown that there exist at least two velocity jumps or
large velocity gradients near 420 km and 670 km depths in the upper mantle transition zone.
However, regarding this characteristic feature of the transition zone the most fundamental
contribution was made by Anderson (1967) who suggested that the smooth transition over
the 413 to 1000 km depth interval as claimed by the Jeffreys model was not correct and that,
instead, the velocity increased rapidly over two regions near depths of 400 km and 600 km.
The increase in P-wave velocity across the 420 and 670 km discontinuity is generally
estimated to be in the range 0.3 to 0.5 km/s respectively while that for the S-wave velocity
increase is in the range 0.25 to 0.4 km/s respectively (Paulssen, 1988). The thermal and
geodynamical aspects of the Earth's mantle and as well as the aspects of Earth's early
evolution are well connected to the nature of the transition zone which is mainly constrained
by the depth and width of the discontinuities. But in this respect the depth resolution cannot
be better than 10 or 20 km (Walck, 1984; Ingate et al., 1986). Among regional models
(Nolet & Wortel, 1988) there is a substantial degree of uncertainty and variability in the
estimation of depth of these discontinuities.
Observed precursors to P'P' phase are usually interpreted as reflections of PKP
waves from the undersides of postulated horizons at various depths below the Earth's
surface. They are generally denoted as P'420P' or P'670P' being underside reflections
from 420 or 670 km discontinuities These precursors have amplitudes of 10 to 20% of the
P'P' phase on short-period seismograms. Richards (1972) has shown that the frequencydependent reflection coefficient, R, decreases rapidly as the transition thickness increases
from zero to one wavelength and that a transition width of less than 4 km is required to
generate an observable P'67OP' signal.
The precursors of P'67OP' phases can be explained by scattered P3KP phases by
establishing that scattering at a caustic on the inside of the core mantle boundary will also
produce precursors PKK(KP) (where the parentheses indicate the scattered part of the
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signal) which have travel times (and slowness values) that are consistent with the F670P'
phases (Cleary, 1981; Muirhead, 1985). Also the scattered phase PK(KKP) has travel times
which are consistent with observation previously interpreted as underside reflections from
the 420 km discontinuity.
S to P converted phases can also be used to deduce mantle structure. Strong
earthquake-generated shear phases that survive attenuation after propagation from the source
region through the mantle, will be converted to P phases at discontinuities at depth These
converted phases, because of their faster velocities, will arrive at a surface receiver ahead of
the S-wave phases. If they can be detected, their travel time and amplitude characteristics
can reveal information about the structural properties of the mantle discontinuities .
The study of converted body waves (P to S, or S to P waves) is very important to
determine the nature of the 670 km discontinuity. The polarity of the PS phase is that of
SV wave and the converted waves are primarily registered on the radial component of the
seismogram. They are usually of low amplitudes.

Intermediate- and long-period

conversions of the type P to SV (Vinnik, 1977; Vinnik et al., 1983) and SV to P (Faber &
Müller, 1980) have too large a wavelength to determine the sharpness of the 670 km
discontinuity. There are two short-period observation obtained from the Warramunga
Seismic Array (Barley et al., 1982; Bock & Ha, 1984) in which observed arrivals have been
interpreted as originating from SV to P conversions at depths between 650 and 700 km. As
the wavelengths are small (<10 km), the velocity transition, where the conversion takes
place, must occur over a depth interval of less than a few kilometers.
Most seismic studies of the upper mantle are aimed at the construction of the
distribution of the velocities and density as well as the attenuation of P and S waves with
depth. Once the velocities and densities have been determined, an attempt must be made to
interface with other geophysical information to determine the physical properties and the
composition of the material in the mantle. Those properties which are valuable in
constraining petrological models of the upper mantle are the seismic velocities and density
contrasts across the transitions as well as the depth and width of discontinuities.
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Three factors have a strong influence on the quality of the velocity distribution
inferred for the upper mantle: (i) lateral variations in velocity, (ii) availability of complete and
accurate data sets, and (iii) the nature of inversion technique employed.

1.4

Seismic Array Studies of the Upper Mantle Structure
By virtue of the signal-to-noise ratio improvements and the azimuth and slowness

determinations afforded by the spatial arrangements of instruments, seismic arrays have
contributed substantially to the upper mantle studies. In this connection, the observation and
identification of secondary phases is particularly important because they are associated with a
velocity gradient anomalies at depth and hence their interpretation is necessary to determine
heterogeneous structure in the upper mantle.
Array investigations of upper mantle structure were pioneered by Niazi and .Anderson
(1965) who observed P-wave travel-time gradients to investigate the upper mantle structure
below western North America. They used P arrivals from 70 shallow earthquake events at
distances between 10° and 30° recorded at the Tonto Forest Array (TFSO) in Arizona which
consisted of two lines of seismometers in the form of a cross, each line being approximately
10 km long. They observed two second-order discontinuities at depths of around 320 km
and 640 km. Johnson (1967), in a similar investigation, used TFSO data to derive a Pvelocity model for the upper 750 km of the mantle which includes a low velocity zone with
a high velocity gradient near its lower boundary and two major discontinuities at depths of
around 400 km and 650 km.
Extensive use of the Warramunga Seismic Array (WRA) has been made to study the
upper mantle seismic velocity structure beneath northern Australia using earthquakes from
Indonesian regions (e.g. Cleary, Wright & Muirhead, 1968; Wright, Cleary & Muirhead,
1974; Simpson et al., 1974;

Datt, 1981).

King and Calcagnile (1976) produced a P-wave velocity model for the upper mantle
beneath Fennoscandia and Western Russia by constructing detailed and extensive record
sections of presumed explosions in continental Russia recorded at NORSAR, the large
aperture (200 km) seismic array in southern Norway. The resulting model has velocity
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discontinuities at depths of 420 km and 690 km and fairly uniform velocity gradients
elsewhere. European and Mediterranean earthquakes recorded at Eskdalemuir Array (EKA)
and NORSAR Arrays showed major differences between the travel-time curves for rays
bottoming beneath the Russian Platform and beneath Southern and central Europe, which
have been interpreted in terms of laterally varying velocity structure to a depth of about 500
km beneath the two regions (England, Worthington & King, 1977). The EKA installed in
Scotland has a similar configuration to that of WRA but smaller aperture. The analysis of P
waves recorded at NORSAR showed significant variations in the outer 200-300 km between
western Russia and southeast and central Europe, and between 300 km and 500 km beneath
southern and central Europe (England, Kennett, & Worthington, 1978). Lateral variations
in P-wave velocity distribution in the upper mantle were also observed around India ( Ram
and Mereu, 1977).
The large aperture and dense station coverage of the California Institute of Technology
(CALTECH)-United States Geological Survey (USGS) Southern California Seismic
Network (SCARLET) have been exploited to study the upper mantle lateral velocity
variations in the southwestern and northwestern U.S.A. The current configuration of
SCARLET has more than 200 short-period vertical component 1 Hz seismometers,
distributed over 400 x 600 km area with irregular spacing (25 to 50 km). The seismometers
telemeter signals to Pasadena.
Walck carried out detailed analysis of short-period dT/dA and waveform data of
earthquakes in Mexico (1984) and the northeast Pacific rim (1985) recorded at SCARLET to
produce tightly constrained, detailed P-wave models for depths to about 900 km beneath the
active spreading centre of the Gulf of California (GCA) and beneath the transitional area of
both very young ocean floor and a continental margin of Cascade Range-Juan de Fuca
region (CJF). The two models are similar to other existing upper mantle models for shield,
tectonic-continental and arc-trench regions below 400 km. The disparities in travel times and
waveforms from 16’ to 22° were interpreted in terms of lateral structural variations between
the two regions from 200 to 410 km depth.

10

Array measurements of apparent slowness (or apparent velocity) provide weak
constraints on the sharpness of the 670 km discontinuity. There are many Earth models
which have been derived from the analysis of refracted waves, some of which have large
first-order velocity increases at depths near 670 km, and some of which have velocity
increases replaced by transition regions. But the problem is that these refraction studies
using surface or near-surface events suffer from lack of necessary resolution to determine
the fine structure of the 670 km discontinuity (e.g. whether it contains a sharp transition). In
support of this fact, two examples may be presented here where dense spatial sampling has
been used to derive the upper mantle velocity models. King and Calcagnile (1976) used
NORSAR array data to derive the model KCA in which first-order discontinuities were
included in preference to depth distributed discontinuities solely in the interest of
parameterization of the structure. Walck (1984) used SCARLET array data in Southern
California to derive the model GCA in which first-order discontinuities were included
because equivalent gradients over 10-20 km were not resolvable.
Simpson (1973) reviewed number of regional studies of the distribution of P-wave
velocity in the upper mantle. The inferred models though^differ in detail, mostly include
relatively large velocity gradients or velocity discontinuities near depths of 400 km and 650
km. But it is difficult to assess the extent to which these differences between models reflect
genuine regional variations, particularly with respect to the secondary arrival branches.

1.5

Upper Mantle Lateral Heterogeneity
A good deal of effort has been made by seismologists around the world to observe

lateral variations in the upper mantle velocity structures on regional scales. These regional
studies which have used both surface waves and body waves (long and short-period)
provide evidence that there exist, in addition to vertical variation, different scales of lateral
variations in upper mantle velocity structures.
Before the present decade, the efforts of looking at the upper mantle shear velocity
structure was mainly studied by using body waves and the dispersion of surface waves.
The dispersion of higher mode surface waves can well constrain the shear wave velocity
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structure. But on short travel paths of seismic waves at regional distances it is not possible
to isolate these higher modes. For example, Cara (1979) from Rayleigh wave overtones and
Nakanishi (1981) from great circle phase velocities derived upper mande shear velocity
models indicating large differences in velocity in the upper 200 km from region to region.
But because of the long wavelengths used, surface wave studies provide little information on
the fine structure of the upper mantle, such as the position and size of discontinuities and the
gradient in between. However, the recent development of waveform inversion techniques
using arrays of broad-band seismographs has greatly improved the horizontal resolution
which can be attained (Nolet, 1989).
From the availability of large nuclear explosions as seismic sources it became apparent
to seismologists that the Jeffreys-Bullen (1940) P travel-time tables are generally 2 to 4 secs
slow for both oceanic and continental sources at regional distances. It, also, became
apparent that for epicentral distances A < 30°, P and S-waves travel times vary from one
region to another. In this distance range, the seismic waves travel through the upper eight
hundred kilometres of the mantle and the relative seismic delays reveal regional differences.
Although in some cases these regional differences may be attributed to a lack of resolving
power of the seismic experiments, they may be expected mostly to arise from the effects of
laterally inhomogeneous and anisotropic upper mantle velocity structure. The effects of this
lateral heterogeneity are reflected in the relative complexity of the short-period seismograms
of earthquakes at regional to teleseismic distances (Kennett, 1987). They are most
pronounced at distances less than 20°. As far as the seismic body wave studies are
concerned, the first convincing evidence of large scale lateral heterogeneity in the upper
mantle came from the data provided by the GNOME explosion (Romney et al., 1962).
Jordan (1975, 1976) suggested on the basis of the observations of ScS phases that the
structural roots of continents extend down to 400 km or more which stimulated much
interest in the problem of lateral variations in mantle structure. This suggestion was
primarily supported by the studies of ScS travel times (Sipkin & Jordan, 1975, 1976;
Jordan, 1979), and opposed by the evidence presented by Okal & Anderson (1975) and
Okal (1978). The investigations of higher-mode Rayleigh waves by Cara (1979) and of P-
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wave travel times and apparent velocities by England et al. (1978) also indicated that the
major structural differences between continents and oceans are confined to depths above 250
km. The differences within the continents are as important as the structural difference
between continents and oceans. Both Sipkin & Jordan (1976) and England et al. (1977)
have found evidence that structural differences within continents extend well below 250 km
which implies that the lateral variations are deeper between continents than between
continents and oceans. The depth of lateral variations between and within individual
continents is still an important issue to be resolved (Jordan, 1979).
There have been many geophysical studies in recent years to investigate the lateral
heterogeneity in the Earth's upper mantle and there is much evidence to support the idea that
the lateral heterogeneity in the body wave velocities extends up to a few percent to a depth of
about 400 km (Woodhouse & Dziewonski, 1984; Grand & Helmberger, 1985). But it is
still difficult to discriminate between the different models for the composition of the upper
mantle such as suggested by Ringwood (1975), Anderson (1979,1984), or Jordan (1978).
What small scale heterogeneity may be present is still an important question to be answered.
An improved picture of the extent and magnitude of lateral variations in seismic velocity
throughout the upper mantle will certainly help in mapping the course of its geochemical and
tectonic evolution.
Recent work using long-period body wave data has demonstrated that the travel times
and waveforms of SH waves recorded at distances up to 30° and of SS waves recorded
between 30° and 60° can provide tight constraints on the large scale velocity velocity
structure of the upper 670 km of the mantle particularly of the upper 400 km. Results of
some investigations provide evidence that the lateral variations in the upper mantle structure
between shield areas and tectonic provinces (Grand & Helmberger, 1984a) and and between
platform areas (Rial et al., 1984) are no deeper than 400 km. But Lyon-Caen (1986)
observed no such difference below 250 km beneath the Indian shield and Tibetan plateau.
However, it has been apparent from regional studies of the upper mantle shear velocity
structure that the upper mantle beneath shield areas is generally faster than those beneath
tectonic provinces and platforms above 250 km depth.
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Detailed analysis of the travel-time residuals of seismic body wave propagation can
be used to derive valuable information on the scale of the heterogeneous structures in the
upper mantle. The pattern of residuals associated with the shallower structure will be
governed by the nature of the relative curvatures of the true arrival curves and that of a
reference curve e.g the Herrin (1968) times. Different curvature of the true pattern of
residuals compared to that predicted by the Herrin (1968) velocity model, will mean large
scale variation in the upper mantle on which the effects of smaller scale structures will
merge.

1.6

Previous Seismic Studies on the Australian Upper Mantle
There have been several seismic studies made on the Australian upper mantle using data

from portable arrays, WRA and other permanent seismological stations installed on the
Australian continent. These data come largely from the records of natural earthquakes and
from very few controlled source experiments. The Ord River experiment was the first
controlled source experiment in the Australian continent to provide facilities to obtain reliable
seismic data at distances beyond 1000 km (Denham et al., 1972). It was designed to
determine travel times at distances beyond the range of crustal studies. The experiment
consisted of two large (> 450t) chemical explosions detonated during quarrying operations
in 1970 and 1971 near the Ord River dam site in northern Australia. A special type of
tunnel-blasting, referred to as 'coyote' blasting was used to cause the detonations which
along with the size of the explosions made them exceptionally efficient seismic sources.
These explosions were recorded at distances up to 25° by 36 seismic stations set up in
the southern, eastern and western Australia along different azimuths from the shot point in
order to investigate the regional variations in the upper mantle velocities. The proposed
velocity model extends up to 350 km depth and contains, in addition to two discontinuities in
the crustal region, two sharp velocity increases at 85 km and 175 km depths in the upper
mantle regions and a fairly uniform velocity gradient in between them.
Cleary et al. (1972) studied the variations of P station anomalies across the eastern
boundary of the Australian shield using the nuclear explosion Cannikin in 1971 on Amchitka
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Island (Aleutians) as the source and deploying portable seismic stations along a 1700 km
profile approximately 90.5° from the explosion site. They concluded that the scatter of the
data may be due to local variations in the upper mantle structure beneath the stations and
minor irregularities in the velocity structure along the entire path. The effects of the lateral
variations in the upper mantle structure produce anomalies in the P-wave travel-time
gradient (dT/dA) and azimuth (Wright et al., 1974)
Simpson (1973) derived a P-wave velocity model for the upper 800 km of the mantle
using travel times to 20° from large explosions in northern Australia recorded at portable
stations along a line crossing the Precambrian in eastern Australia, and WRA apparent
velocity observations of New Guinea earthquakes. He suggested a low-velocity layer for P,
absent beneath the Precambrian shield, exists in the younger area in the east. His model
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. Goncz (1974) constructed
shear-velocity models down to 450 km depth. His eastern Australia upper mantle model has
a clear low-velocity zone from 120-190 km, but his western shield model does not. A
significant feature of the western shield model is the appearance of a low velocity zone
between 280 km and 400 km depth which is similar to the features of the P-wave velocity
model derived by Datt (1977) for the upper mantle and transition zone using earthquakes
occurring along a narrow azimuthal window in the direction of the Banda Sea, Mindanao
and the Philippine Islands and recorded at WRA. He concluded that the '20 -discontinuity'
is more complicated than would be obtained from a single velocity increase near 400 km
depth and there are regions of rapid discontinuous velocity increase at depth below 650 km
and inferred that a negative velocity gradient exists between 210 and 310 km depth.
Datt's P-wave model is largely supported by an analysis of the central Australian
Project data ( Hales et al., 1980). The central Australian Project was a long range seismic
project conducted by Hales and co-workers in central Australia during the period from 1974
to 1977. In this project they used a long line of portable seismometers crossing the
Australian continent in an almost north-south direction. A number of earthquakes from the
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Banda Sea region were recorded in this experiment and both the travel time and slowness
values were analysed. This study resulted in the construction of an upper mantle P-wave
velocity model for the northern Australian region (CAP8). The model was derived largely
by travel-time modelling, using a geometrical ray tracing technique. It is suggested that
discontinuities are present at depths of 75, 200, 325, 411, 512, 610, 630, 645, and 722 km
with estimated uncertainties of 5 to 10 km and a low-velocity zone between 200 and 325 km
has been inferred. Additional constraints were put on the CAP8 model by Leven (1985)
using synthetic seismogram calculations. He suggested a more abrupt onset for the lowvelocity zone below the 200 km discontinuity and,except for the discontinuity near 400 km,
all other discontinuities were modelled as second order transitions. So, it is generally agreed
that the transition between upper and lower mantle beneath Australian continent is
characterized by two major discontinuities at depths near 400 km and 670 km.
The third seismic discontinuity called 'the Lehmann’ discontinuity located at about
220 km depth is not generally accepted, nor is it explainable on the basis of the current
petrological models of the upper mantle. Leven et al., (1981) explained this discontinuity in
terms of anisotropy resulting from the alignment of the olivine crystals in the direction of
lithospheric plate movement in Australia. But Drummond et al. (1982) challenged this
conclusion by agreeing with Anderson (1979) that the Lehmann discontinuity occurs
worldwide.

1.7

Scope of this Study
The northern part of continental Australia consists largely of Precambrian shield

which is bounded to the north by an extensive active zone of plate subduction. The Benioff
zones in this region generally dip away from the continent so that seismic rays travelling to
the stations on the continent spend little time in the anomalous source region. This region
from Indonesia to New Guinea forms an important seismic belt with an adequate supply of
earthquakes. The sites of the LTC, NWB and WRA arrays in central Australia (see Figure
1.7.1) thus provide a unique location to observe seismic waves from earthquake sources
propagating through the transition zone of the upper mantle. The seismic wave-paths from
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the earthquakes of the Indonesian belt to WRA, LTC and NWB stations (Figure 1.7.1) are
roughly perpendicular to the direction of the movement of the Australian plate. This feature
mostly minimizes the effects of the azimuthal variations resulting from a dipping plate
(Sorrels, Crowley and Veith, 1971).
Under these circumstances, any significant alteration in the character of the basic
waveform of the seismic signal will be due to the interaction with the structure encountered
by the signal along its travel path. The information on the characteristics of such ray paths
are therefore contained in the altered waveform. Although part of the complexity in the
recorded signals may be due to the nature of the source function (such as prolonged
emission by source), by far the greatest cause of signal complexity is due to multipathing
effects caused by changes in velocity gradients in the mantle, differential attenuation effects,
and random scattering effects along the ray path due to small scale inhomogeneities in the
crust and upper mantle. Analysis of these recorded signals by suitable techniques provides
information about the causes of such distortion.
The review made in the previous section on the seismic studies of the Australian upper
mantle shows that a limited number of seismic studies on a regional scale have been carried
out to construct the upper mantle velocity structure by looking at the record section of
individual earthquakes in a reasonably narrow azimuthal window. It, therefore, appears
appropriate to study the upper mantle structure by dividing the short-period seismograms
from earthquakes in a wide azimuthal window into a number of narrow windows so that
each narrow window corresponds to the earthquakes from one geographical region.
Wiggins and Helmberger (1973) observed definite evidence of lateral variation from
west to east in the western United States. Later Dey-Sarkar and Wiggins (1976) took a
similar approach to study if any such trend exists in the upper mantle structure of western
Canada in order to set up a unified picture indicating the nature of lateral inhomogeneities as
one goes from western part of the continent to the east. In this project, one of our objectives
is to see if any systematic trend from west to east exists in the upper mantle structure beneath
northern Australia.
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This study is confined to the seismic body waves propagating through the upper
mantle of northern Australian region. Primarily, earthquakes occurring at shallow depths
(< 50 km) at regional distances (10° < A < 28°) along the Indonesia-New Guinea (Flores
Sea-Banda Sea-West Irian-Papua New Guinea-New Britain) seismic belt and recorded at the
LTC and NWB analogue arrays (Figure 1.7.1) were selected to provide a data set for the
present investigation.

Chapter 2

PORTABLE SEISMIC ARRAYS

2.1

Introduction
Seismic arrays (spatial arrangements of seismometers) were introduced in the late

1950's to provide a technical basis for detection and identification of nuclear explosions and
to aid negotiation on the Nuclear Test Ban Treaty. The monitoring of underground nuclear
explosions by seismic arrays was first recommended by the committee of experts at the
Geneva Disarmament Conference of 1958. By virtue of their ability to improve signal-tonoise ratio and to determine azimuth and slowness, seismic arrays have found effective
applications in solving a variety of problems for example, the detection, location, and
identification of a seismic event, i.e. discrimination between nuclear explosions and
earthquakes (Ringdal & Husebye, 1982), the determination of Earth's internal structure
(Capon, 1974; Filson, 1975; Aki et al., 1976), the determination of strike and dip of the
Moho (Haskov & Kanasewich, 1978), and in the measurements of near source ground
accelerations (McLaughin et al., 1983).
arm y

Another advantage of using seismic arrays is that «^enables detection of weak signals,
which are below the detection capability of single seismograph, by combining the signals
from many seismometers with suitable delays.

Seismic arrays also enable direct

measurement of travel time gradients which do not depend on absolute times, thus
eliminating many sources of error. These aspects have had considerable importance from
the point of view of delineating the fine structure of seismic velocity distribution in the
interior of the Earth. In view of these facts, beginning in the early 1960's, several
permanent seismic arrays have been built around the world mainly to conduct regional and
local seismic studies through extraction of useful information from array seismograms.

2.2

Portable Seismic Arrays
Permanent seismic arrays characterized by fixed station configurations, are not always

suitable for specific regional or local studies of earthquakes because of unfavourable tectonic
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settings. In such a situation, the objectives of experimentation can be best accomodated by
designing a suitable and effective array configuration with portable seismic instruments. An
array designed with portable seismometers is commonly referred to as a Portable Seismic
Array.
In designing an array with portable seismographs, the important aspects that need to be
considered are (i) how compatible is the regional and local tectonic environment with the
experimental objectives, and (ii) the geographical locations of the regions of active seismicity
which will be sources of adequate supply of earthquakes for the regional or global studies.
For example, the locations of LRSM (Long Range Seismic Measurements) Network, the
WWSSN (World Wide Standardized Seismograph Network) stations in the U.S.A.,
SCARLET (Caltech-US Geological Survey southern California seismic network), and the
Canadian Seismic Networks (CSN) together with Nevada Test Site (NTS) and nearby active
fault zones in the western North America form a unique set-up which have contributed
significantly to several seismic investigations on the determination of upper mantle structure
beneath western North America.
Relatively close networks of seismic body wave observations are needed to put strong
constraints on upper mantle structure. Such observations in the short-period band are
favoured because the vertical resolving power of long-period observations is limited by the
relatively long wavelengths involved. Any vertical feature is potentially better resolved by
short-period measurements than by long-period measurements. Any model derived from
long-period body wave observations will be essentially a smooth and averaged
representation of the velocity structure in the upper mantle. On the other hand, any model
derived from short-period records may show considerable complexities because short-period
waves are sensitive to small scale structure. These complexities are unresolvable in the
long-period band. It is, therefore, expected that a good representation of the mean velocity
structure can be obtained as well as information on the character on the deviations from that
structure if closely spaced short-period body wave observations are available. To this end,
seismic investigations have been conducted by the Research School of Earth Sciences
(RSES) at Australian National University (ANU) with portable array seismographs in
central Australia.
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Starting with the deployment of the long Darwin-Adel aide array during the Central
Australian Project (CAP) in the mid-1970's (Hales et al., 1975), several portable arrays
have been designed in central Australia over the years by RSES to carry out a wide range of
seismic investigations for greater understanding of the Earth's internal structure and many
other related parameters. They will be referred to as 'ANU Portable Seismic Arrays'. With
respect to the Indonesia-New Guinea seismic belt which is a source of abundant supply of
earthquakes, central Australia is an excellent location to carry out array investigations of
Earth's internal structure.
An important example of such an array designed elsewhere in the world is the NARS
(Network of Autonomously Recording

Seismographs) array which was deployed and

maintained across western Europe during the period 1983-1987 with broad-band seismic
recorders to carry out different types of regional seismic studies (Nolet & Vlaar, 1982; Dost
et al., 1984; Dost, 1987; Paulssen, 1987) on the European continent. This thesis is
concerned with the data recorded by the LTC and NWB arrays which were operated in the
Northern Territory of Australia in 1985 and 1986 with low-power, low-cost, slow-speed,
direct recording instruments capable of providing continuous un attended seismic recording
over reasonably extended periods of time.

2.3

The ANU Portable Seismic Arrays
The history of ANU portable seismic arrays goes back to the Ord River experiment in

1970 (Denham et al., 1972). The analysis of the recorded data suggested that similar
explosions would be suitable for the upper mantle studies beneath Australia. A second
experiment performed in the following year utilised 16 temporary stations along different
azimuths from the shot point to investigate regional variations in upper mantle velocities.
Although the immediate need was for instruments to record the Ord River explosion,
many other applications, including the monitoring of localised earthquake or aftershock
activity, were foreseen. Naturally occurring events or explosions for which the origin time
is not known require instruments capable of continuous unattended recording, which can be
achieved by using direct recording onto magnetic tape. Muirhead & Simpson (1972)
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described the design and construction of a recording system. Most of the current portable
analogue instruments are of similar design. The main features of the system are:
a) continuous analogue recording for periods in excess of one month,
b) a frequency range from 0 .1-10 Hz,
c) three separate recording channels with high, medium, and low gain to give maximum
dynamic range in recording,
d) a crystal-controlled internal clock recorded on two tape channels and an external
radio time code (VNG) recorded on a third channel to enable high precision clock
corrections to be made.
RSES has also developed a set of portable digital recorders. The principal advantage of
using digital instruments is that they give digital data and hence there is no necessity of
going through the extremely time consuming process of digitizing analogue records. The
ANU portable arrays have been designed with both analogue and digital instruments to
maximise the recording capability in a limited period of time. The advantage of using
analogue instruments is that they can record data unattended continuously for about a month
with a set of 12 volt batteries. But with the same set of batteries, the digital instrument can
record data continuously only for 12 days. The two types of instruments have usually been
installed in different array-shapes.
Following the Central Australian Project of mid-1970's, a number of portable arrays
with a combination of both analogue and digital recording instruments have been installed on
the Australian continent by RSES with a variety of spacings to give a total aperture ranging
from about 400 km (e.g. NWB) to about 1000 km (e.g. TCT).

However, by

superimposing the records from multiple events one can have the opportunity to synthesize
larger apertures. It may be noted here that the sizesof these arrays are generally of the order
of the depth of the upper mantle which is favourable to the studies of the upper mantle
heterogeneity. Detailed description of the individual array is beyond our scope here. A list
of those arrays designed for upper mantle work with name, approximate period of
operation, and place of installations is given in Table 2.3.1. The sites and configurations of
the temporary arrays of this Table are shown in Figure 2.3.1.
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Table 2.3.1
ANU Portable Seismic Arrays deigned for Upper Mantie Studies.

Arrav Name

Year

Period of Operation

Place of Installation

TCT

1979

July- November

Tennant Creek-Townsville

TNM

19 80

June - October

Alice Springs - Wyndham

LTC

1985

September - December Tennant Creek, NT

NWB

1986

August - October

Newcastle Waters Barkly, NT

XQL

1987

July - September

Trans Queensland

Currently, the Seismology Division of RSES at ANU has 28 working six-track
analogue instruments and 16 digital instruments for designing portable arrays. In an array,
the availability of both analogue and digital records of the same event offers good
opportunity to set up a link between them. Since this study is based mainly on the analysis
of analogue data, the ANU analogue recording system has been briefly discussed in
Appendix B (Bl). Information regarding the analogue recording system becomes necessary
later in digitizing analogue records at 20 samples/s.

2.4

The Array Observations for The Present Study
The seismic arrays (LTC, NWB, WRA) in central Australia are in a

favourable

location

with respect to the active seismic zone to the north of Australia for the regional studies of the
upper mantle structures. This position is able to offer opportunity to record events at
different azimuth but at similar epicentral distance range, and the events at same azimuth but
different distance range for the comparative studies of the upper mantle structures.

(i)

The LTC Array
The LTC field experiment was conducted very close to the permanent Warramunga

(WRA) seismic array near Tennant Creek in the Northern Territory of Australia from late
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September to early December, 1985. Earthquake data were recorded over the period by
installing an array with portable seismic instruments (both analogue and digital). The
distribution of seismometers in the LTC array is shown in the Figure 2.4.1 and its location
in Australia is shown on the inset at the upper right comer of this Figure. To carry out long
term analogue recording, eighteen portable seismographs were deployed on a north-south
line along the Stuart Highway the locations of which are represented by the 'triangles' with
solid outlines on the Figure. The highway provided convenient access for the installation
and maintenance of the stations. The instruments were stationed at approximately 40 km
intervals in the north-south direction. However, it was not always possible to position sites
exactly because of difficult terrain and other unfavourable conditions. Two analogue tape
changes were involved in this experiment.
The location of the experiment close to WRA array allows a comparison between
different types of seismic data. In the LTC array, 18 portable digital instruments were also
deployed in an L-shaped array (the 'triangles' with stippled outlines shown on Figure 2.4.1)
with some of the digital instruments occupying the same locations as the analogue
instruments, but because of severe instrumental problems due to very high temperatures
only limited digital data is available for any event.

(ii) The NWB Array
In 1986, another portable seismic array, called the NWB array (Figure 2.4.2), was
installed in the same area with an average station spacing equivalent to that of LTC array. It
consisted of 28 analogue stations (represented by the 'squares' with solid outlines on the
Figure 2.4.2), some of which were installed along the extended line of LTC array, and the
others along a line almost orthogonal to it. Eighteen digital instruments (the 'squares' with
stippled outlines on the Figure 2.4.2) were deployed in a complex pattem. The site of this
array in central Australia is shown on the inlier at the upper right comer of the Figure. This
experiment continued from July, 1986 to October, 1986 and in this period three analogue
tape changes were involved. Consequently, the NWB experiment provides a much bigger
volume of data. In particular, it supplements the data in those locations where the LTC
experiment failed to record any data.
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Figure 2.4.1 The LTC array configuration. Triangles' with solid outlines represent
the analogue stations while 'triangles' with stippled outlines represent the digital stations.
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Stations coordinates were determined with a precision of about 150 m using a Doppler
Satellite Navigation Receiver (Stansell, 1978). The station elevations were estimated with a
precision of about 25 m.

(Hi) The WRA Seismic Array
The WRA Seismic Array (Figure 2.4.3) is a permanent L-shaped medium aperture array
consisting of 20 short period (~1 s) vertical component Willmore MKII seismometers at 2.2
km spacing along the arms of an asymetrical cross providing an aperture of 25 km (Cleary,
Wright & Muirhead, 1968; Bowman & Kennen, 1989). This array was installed in
October, 1965 by the United Kingdom Atomic Energy Authority (UKAEA) near Tennant
Creek in central Australia. It is now operated by the Australian National University. The
signals from each seismometer are telemetered to a central recording station and were
originally recorded on analogue tapes. In 1978, the primary recording system was changed
to a digital recording system. WRA lies close to the LTC array and near the junction of the
north-south and east-west arms of the NWB array.

2.5

Selection of Earthquakes for this Study
Earthquakes are generated by the sudden release of accumulated strain energy inside the

Earth due to shear dislocation and occur frequently along tectonically active plate margins.

(i) Regional Tectonics to the North of Australia
From western Indonesia through to New Britain is an area of active present-day
seismicity to the north of Australian continent. The western part of this area is the eastern
Indonesian arc system and includes the interaction of at least four major lithospheric plates:
the Philippine, Indian-Australian, Pacific, and Eurasian plates (Figure 2.5.1; After
Newcomb & McCann, 1987). Subduction dominates the present tectonic regime, and major
convergence occurs along the Philippine and Java trenches (Cardwell & Isacks, 1978).
The Banda Arc is the eastward continuation of the long Sumatra-Java subduction system
(Sunda Arc) which results from convergence between the Indo-Australian plate and
Southeast Asia (see Figure 2.5.1). From the seismicity pattern and focal mechanisms,
Cardwell & Isacks (1978) showed that the eastern end of the arc is contorted. It therefore
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shows all the characteristics of convergent plate margins. One of the most striking aspects
of the Banda arc is the apparent counter-clockwise bend by about 180° at the eastern end
which might have resulted from the northward movement of Australia and the westward
movement of the Pacific (Katili, 1975). The Banda Sea is located on the concave side of this
arc. The two most outstanding features of this region are the intensity of seismicity and the
complexity of the active tectonic systems. The focal mechanisms described by Cardwell &
Isacks (1978) for earthquakes in this region vary between thrust, normal and strike-slip
events.
The continental shelf of Australia is fairly broad to the north. To the north-west, it
extends up to the front of the Indonesian arc structures while to the northeast, the shallow
Arafura Sea (see Figure 1.7.1) which separates New Guinea from Australia is underlain by
continental material. The tectonic activities of the New Guinea region are characterized by
large scale seismicity, faulting, uplifting and volcanism. The seismicity of this region
results from the subduction of the Indo-Australian plate beneath an island arc system to the
north or northeast of New Guinea and Australia (Ripper & McCue, 1983).
The New Britain trench provides evidence for both large scale contortion and
segmentation of the subducted slab and the seismicity associated with the plate subduction at
this trench is the most intense in the world. The Solomon Sea, Bismarck and Pacific plates
meet at a trench-trench transform triple junction at the major bend in the trench axis.
Consequently there are two types of dominant focal mechanisms: shallow strike-slip events
which are consistent with the transform faulting, and thrust events which are associated with
the subduction (Cooper & Taylor, 1989).
Thus, the Indonesia-New Guinea seismic belt is a region of regular supply of
earthquakes which can be well recorded by arrays designed in central Australia. The extent
of active seismicity of the Indonesia-New Britain seismic belt can be seen from the
distribution of a number of selected earthquakes which occurred along this belt during the
period of 1985-1986 (Figure 2.5.2). The propagation paths of seismic waves to Australian
seismic arrays from the earthquakes occurring along this seismic belt remain totally confined
within Indian-Australian plate (see Figure 2.5.1). It will be seen later that no earthquake has
been selected for this study from the area beyond the New Britain region in order to ensure

S (*ßep) epn;i}B“i

which occurred during the period 1985-1986 along this belt. Here the 'squares' represent the earthquake epicentres.

Figure 2.5.2 The intensity of seismicity of the Indonesia-New Guinea belt is apparent from the distribution of earthquakes

Longitude (deg.) E

26
that the propagation paths of the seismic waves from the selected earthquakes remain totally
confined within Australian continental material.

(ii) Shallow Earthquakes
Sixty-four shallow earthquakes of medium size (3.5 < m^ < 6.0), sufficiently large to
be effectively located but not so big as to have very complex source radiation (Table 2.5.1),
occurring along the subduction zone of the Indonesian belt, during the recording period for
the LTC array from last week of September to first week of December, 1985 were selected
from the monthly P.D.E. (Preliminary Determination of Epicentres) listings of United States
Geological Survey (U.S.G.S.) for the LTC experiment. The focal depth of the events
ranged from 10 km to 40 km, primarily between 10 km and 33 km. Only two events had
focal depths between 40 km and 50 km. The range of latitudes was 0° to 12° (South) and
that of longitudes is 110° to 155° (East).
magnitudes 4.3 <

Another sixteen shallow earthquakes of

<5.1 which occurred during the recording period of NWB array from

July to September, 1986 were also selected from the P.D.E. monthly listings (Table 2.5.2).
All these events had nominal focal depth 33 km. So, altogether eighty shallow earthquakes
were selected for this study.
Most of the events were close to the northern margin of Australian plate and therefore
provide information on travel times for paths which are almost entirely continental. The
LTC array profile was such that the paths are roughly perpendicular to the strike of the
postulated subducted plate, and roughly parallel to the direction of the motion of the
Australian plate. The situation is the same for the north-south line of the NWB array.

(iii) Deep Earthquakes
Deep earthquakes occur in Benioff zones (i.e steeply dipping zones) which, with
the advent of plate tectonics, have been recognised as the trajectories of oceanic lithosphere
subducted deep into the Earth's mantle. In addition to the normal earthquakes, another 22
deep earthquakes (4.5 < m^ < 6.0) occurring during the same period in the Fiji-TongaKermadec Islands region, and in the Japan-Bonin-Mariana Islands region, were selected
(Table 2.4.3) to determine station corrections in order to assess the effects of structure near
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Table

2.5.1

Epicenter information of shallow earthquakes selected from P.D.E. monthly listings of
U.S.G.S. for LTC experiment.

No.

Date

Origin dme

h

min sec

Epicentre

la tO

long.(°)

Depth

m^

Region

km

859

17.10.85

07 12 07.89

6.160 S

150.250 E

33

4.2

New Britain

860

19.10.85

05 28 44.59

5.515 S

130.762 E

33

4.9

Banda Sea

861

20.10.85

11 19 30.50

7.713 S

120.972 E

33

5.0

Flores Sea

862

20.10.85

16 24 46.39

4.101 S

136.127 E

33

4.4

West Irian

864

23.10.85

00 49 13.89 11.150 S

125.116 E

33

6.0

Timor Sea

865

23.10.85

06 19 35.29

5.739 S

152.972 E

47

4.9

New Britain

875

17.11.85

00 56 29.19

2.800 S

141.592 E

33

4.6

P.N. Guinea

876

17.11.85

05 50 20.00

4.195 S

136.045 E

10

5.3

West Irian

877

17.11.85

09 40 21.69

1.591 S

135.012 E

13

5.9

West Irian

878

17.11.85

11 51 05.69

1.620 S

135.102 E

33

4.1

West Irian

879

17.11.85

13 35 08.79

1.765 S

134.209 E

10

5.3

West Irian

880

17.11.85

14 20 53.59

1.669 S

134.388 E

10

5.5

West Irian

882

17.11.85

15 25 27.09

1.683 S

134.475 E

33

3.9

West Irian

883

17.11.85

16 55 06.50

1.655 S

134.604 E

10

4.4

West Irian

884

17.11.85

21 33 40.69

1.895 S

134.347 E

10

3.7

West Irian

885

18.11.85

06 17 41.69

1.805 S

134.363 E

10

4.9

West Irian

887

19.11.85

13 48 48.69

6.231 S

151.788 E

33

4.3

New Britain

888

20.11.85

02 49 45.09

10.441 S

111.862 E

33

5.0

S-th of Java

889

21.11.85

00 17 55.69

1.652 S

134.995 E

33

5.1

West Irian

890

21.11.85

15 21 10.00

1.999 S

134.303 E

33

3.5

West Irian

891

21.11.85

22 38 02.69

4.397 S

152.835 E

49

5.2

New Britain

892

22.11.85

03 41 51.00

4.314 S

136.300 E

33

4.7

West Irian
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Table 2.5.1 (Contd.)

No.

Date

Origin time

h

min sec

Epicentre_____

Depth 1115

lat.(°)

long.O

km

Region

956

04.10.85

02 08 47.79

4.274 S

134.863 E

33

3.9

West Irian

957

05.10.85

09 59 04.00

6.453 S

130.299 E

33

5.0

Banda Sea

958

05.10.85

14 53 31.09

4.206 S

135.995 E

33

3.7

West Irian

959

06.10.85

01 34 13.19

4.161 S

136.221 E

33

4.9

west Irian

960

06.10.85

19 58 22.50

8.587 S

148.782 E

33

4.8

East P.N.G.

961

07.10.85

12 50 03.89

2.590 S

136.130 E

33

3.9

West Irian

962

07.10.85

19 27 04.50 11.550 S

118.134 E

33

4.7

S-th Sumbawa

963

08.10.85

17 29 63.89

6.939 S

143.477 E

33

4.0

P.N.G.

964

08.10.85

22 56 37.29

5.210 S

130.710 E

33

3.5

Banda Sea

965

11.10.85

01 06 35.00

4.292 S

135.768 E

10

4.9

West Irian

966

12.10.85

16 49 12.19

5.855 S

150.807 E

18

4.9

New Britain

967

13.10.85

06 24 44.79

4.285 S

135.945 E

10

4.4

West Irian

968

15.10.85

19 02 56.19 11.471 S

119.081 E

33

4.5

S-th Sumbawa

969

18.10.85

09 11 47.89

4.901 S

133.795 E

10

4.6

West Irian

970

20.10.85

19 49 53.00

6.580 S

144.840 E

33

4.6

P.N.G.

971

22.10.85

21 47 14.09

9.681 S

117.751 E

33

4.9

Sumbawa

972

24.10.85

10 29 42.09

3.348 S

148.748 E

10

4.6

973

25.10.85

00 41 57.29

4.360 S

131.160 E

33

4.2

Banda Sea

974

26.10.85

13 58 01.59

2.740 S

135.570 E

33

3.9

West Irian

975

27.10.85

10 45 33.19

3.476 S

139.644 E

33

4.9

West Irian

976

28.10.85

02 53 46.59

3.907 S

134.470 E

33

4.4

West Irian

977

02.11.85

13 57 12.79

3.864 S

126.498 E

33

4.6

Burn

978

04.11.85

15 43 55.39

3.390 S

141.400 E

33

3.6

P.N.G.

B ism a rck
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Table 2.5.1 (Contd.)

No.

Date

Origin time

h

min sec

Epicentre_____

Depth

la tf )

long.f)

km

Region

979

09.11.85

06 23 35.00

6.170 S

132.501 E

33

4.3

Tanimbar

980

09.11.85

12 56 12.09

9.818 S

123.739 E

26

5.5

Timor

981

10.11.85

23 27 34.29

3.427 S

130.811 E

33

4.4

Ceram

982

11.11.85

20 19 17.59

2.220 S

128.200 E

33

3.8

Ceram

983

15.11.85

05 00 15.29

8.740 S

127.820 E

33

4.6

Timor

984

17.11.85

00 56 27.00

2.821 S

141.620 E

16

5.0

P.N.G.

985

17.11.85

05 50 19.79

4.063 S

136.202 E

10

5.3

West Irian

986

17.11.85

09 40 21.19

1.639 S

134.911 E

10

6.0

West Irian

988

22.11.85

03 41 50.00

4.359 S

136.308 E

33

4.9

West Irian

989

26.11.85

05 11 44.50

4.696 S

133.821 E

33

4.0

West Irian

990

26.11.85

06 27 24.09

1.668 S

134.710 E

33

4.0

West Irian

991

26.11.85

22 17 41.00

6.649 S

149.689 E

33

4.3

New Britain

992

27.11.85

08 28 21.89

4.979 S

133.654 E

33

4.5

West Irian

993

28.11.85

14 54 42.29

4.257 S

152.887 E

40

5.4

New Britain

994

30.11.85

03 16 16.69

3.289 S

136.483 E

33

4.8

West Irian

995

30.11.85

17 32 16.19

3.512 S

145.352 E

33

4.1

P.N.G.

996

01.12.85

16 14 00.00

6.160 S

129.984 E

33

4.7

Banda Sea

997

02.12.85

14 12 32.09

4.727 S

133.666 E

33

4.2

West Irian

998

03.12.85

12 42 34.39 11.330 S

118.263 E

33

5.0

S-th Sumb

L3

20.10.85

11 19 30.40

120.964 E

33

5.1

Flores Sea

7.683 S
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Table 2.5.2
Hypocentres of shallow earthquakes selected from the monthly PDE listings for the NWB
experiment

No.

Date

Origin Time

Epicentre

Depth

h min sec

lat. O

Long.(°)

(km)

mb

3

13.07. 86

18 11 17.90

08.933

127.763

33

4.3

5

17.07. 86

09 58 14.50

10.027

119.552

33

4.4

18

17.07. 86

21 15 15.10

10.304

123.609

33

5.0

19

18.07. 86

22 09 05.40

10.410

123.968

33

4.6

20

20.07. 86

02 48 55.10

10.465

123.899

33

4.7

21

31.07. 86

14 05 23.50

10.191

114.116

33

4.4

22

04.08. 86

09 54 01.30

11.881

117.183

33

5.1

7

08.08. 86

00 18 39.00

11.791

117.275

33

4.6

8

09.08.86

20 03 00.50

9.568

123.338

33

4.6

9

30.08. 86

11 37 03.00

1.223

118.477

33

5.0

10

31.08. 86

14 34 31.60

11.340

118.777

33

4.8

11

05.09. 86

19 03 41.00

8.327

130.996

33

4.7

12

16.09. 86

01 23 10.10

9.344

122.061

33

4.8

14

24.09. 86

16 13 33.60

11.682

117.054

33

4.7

15

27.09. 86

06 10 39.60

8.966

123.225

33

4.8

16

27.09.86

10 37 23.20

9.921

120.525

33

4.8

R e g io n
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Table

2.5.3

Epicenter information of deep events taken from the P.D.E. monthly listings of the USGS
for the LTC experiment.
No.

Date

Origin time
h min sec

Epicenter
lat.(°)

long.O

Depth

mb

Region

(km)

910

10.10.85

14 05 11.00

18.667 S

177.939 W 492

5.2

Fiji

911

13.10.85

14 13 35.39

25.150 S

179.899 W 487

5.2

Fiji

912

15.10.85

14 31 32.59

19.145 S

175.563 W 256

5.0

Tonga

913

22.10.85

02 54 15.89

18.151 S

178.240 W 595

5.0

Fiji

914

22.10.85

19 13 09.39

20.168 S

179.248 W 686

5.0

Fiji

915

24.10.85

20 02 28.69

20.602 S

177.882 W 550

4.9

Fiji

916

04.10.85

07 07 47.79

30.360 N

138.370 E

430

4.8

S-th Hons.

918

07.10.85

03 05 22.09

38.392 N

140.331 E

120

5.0

Honshu

920

04.10.85

08 41 37.89

27.558 N

139.964 E

478

5.6

Bonin Is.

922

05.10.85

13 59 33.89

21.897 N

143.955 E

132

5.1

Mariana Is

923

06.10.85

12 00 49.19

18.961 S

169.432 E

273

5.7

Vanuatu Is

924

20.10.85

21 36 40.09

29.012 S

178.773 W 256

5.4

Kermadec

925

25.10.85

18 12 19.50

7.077 S

124.284 E

596

5.9

Banda Sea

927

13.11.85

05 54 35.69

19.013 N

145.599 E

202

5.0

Mariana Isl

928

16.11.85

11 30 45.00

36.979 N

136.413 E

313

4.9

N-W Hons

929

21.11.85

18 44 25.00

20.803 S

178.018 W 526

5.3

Fiji

930

27.11.85

04 18 04.00

21.088 S

178.988 W 608

5.3

Fiji

931

30.11.85

03 04 18.79

16.366 S

174.197 W 165

5.7

Tonga

932

30.11.85

04 22 30.79

21.073 S

179.009 W 627

5.1

Fiji

933

30.11.85

20 49 54.39

32.413 N

137.400 E

392

4.7

S-th Hons

934

03.12.85

00 12 13.89

26.939 N

140.494 E

428

5.9

Bonin Isl

935

03.12.85

02 41 30.39

22.374 S

179.672 W 601

5.3

S-th of Fiji
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the receivers. Again, the epicentre information of these deep events was taken from the
monthly P.D.E. listings of the U.S.G.S. These events were so selected that they formed
two groups, one being orthogonal to (i.e. Fiji-Tonga-Kermadec events) and the other being
along (i.e. Japan-Bonin-Mariana events) the direction of the station profile.

2.6

Station Correction Estimation
Because of regional variations, certain corrections must be applied to the arrival times

of body waves at regional distances to account for the effect of the local conditions beneath
the source and receiver locations.
The term station correction does not imply that errors exist in station arrival times, but
that an adjustment is required if average travel-time tables are to be used to predict the arrival
time at a particular station. Thus a set of station corrections are associated with a given
travel time table which are to be added algebraically to the tabled values. That is if we ignore
the source correction, the predicted arrival time at the i-th station of the j-th event,
T (predicted)ij

can be given by
Atjj = station travel time anomalies or station corrections.
T(predicted)ij ~ ^ oj "**
~ T (observed)ij

where

T(observed)ij — ^ o j

_
^'(predicted)!]

(2.5.1)

T (^ ij)

T0j = origin time of the j-th event,
T(Ajj) = travel time of the j-th event to the i-th station given in the table.
The difference between the observed arrival time and the predicted time is also
called the travel-time residual. The station corrections, Atjj vary significantly with the
azimuth from station to source. The dependence on azimuth (Zjj) can be written in the form

Atjj = Aj + Bj sin (Zjj + fijj)

(2.5.2)

where Aj, Bj and jijj define the i-th station correction and Atjj is the correction (or residuals)
to be added to the tabulated travel time for the distance from j-th event to the i-th station.
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In order to calculate the station residuals, the record sections of individual events were
produced on a Calcomp Plotter and the onset of the leading P phases on the resulting
seismograms was determined to an accuracy of 0.1 s. The theoretical P-wave travel times
were predicted using the Herrin P wave velocity model using epicentre information for the
events from P.D.E. monthly listing.
The various possible sources which contribute to Aty have been discussed in detail by
Lambeck and Penney (1984) and we can write
7

Atij= ^ A tij(k )

(2.5.3)

k=l

Here k=l refers to the error incorporated in the travel time due to the error in the event
origin time. This error is uniform over all the stations recording the event. The contribution
due to the error in the event location is given by k=2. This error is approximately linear with
epicentral distance Ay for the event which is maximum for an orthogonal event and
practically zero for events lying along the great circle through the line of the array stations
(Lambeck & Penney, 1984). The error contributed by the near source structure is given by
k=3, which may be severe unless the ray-paths travel through similar velocity structures in
the vicinity of the source region. This should be the case for the Fiji-Tonga events recorded
at central Australia (Bock ,1981). The error in the travel time curve arising from possible
lateral variations in the deeper mantle (for wide station spacings) and the error involved due
to excessive smoothing of the travel time data are contributed by k=4. In the distance range
from 40 to 50 degrees, the slowness variation is about ±0.1 s/deg relative to the Herrin et
al. (1968) curve (Muirhead & Hales, 1980; Wright, 1983). k=5 refers to the contribution
due to the errors in the station locations (which is -0.150 km) and k=6 represents error in
the time measurements on the seismograms (±0.1s). The final and the most important
contribution is k=7 which represents the error contributed by the anomalous crustal and
upper mantle heterogeneity. It is called the station anomaly term and may be represented by
Ti-

On the basis of the remarks made above, we can write (Lambeck & Penney, 1984)

^ ij —

+ a l^ij “*■

+ M-ij

(2.5.4)

where a^y represents any systematic error for event j. The term ajAy represents error to the
travel time curve where Ay is the distance from i-th epicentre to the j-th station. The term jiy
represents small random errors or corrections to the time measurements. However, the last
two terms are not very significant. Aty (7) = Tj is the station anomaly due to crustal and
upper mantle structure which includes the effect of variation in the velocity along the wave
path when compared to the 'normal' path and the change in path caused by a slope on
surfaces such as the Moho (Lambeck & Penney, 1984). For rays orthogonal to structures,
the later effect is minimal. Equation 2.5.4 then can be written in terms of the relative
residuals, Rty as

Rty = aoj + Tj

(2.5.5 )

which forms a system of linear equations whose coefficients are functions of the medium
through which the rays propagate. For J events recorded on I stations ( i.e. i = 1,2,3....
I, and j = 1,2, 3 , ..... J ), there are I + J + 1 unknowns. Equation 2.5.5 can be solved by
the method of least squares, subject to the condition that ^ T j= 0.

2.7

Teleseismic Relative P-wave Residuals
The teleseismic P-wave residuals have been determined for each station recording an

event using P.D.E. location and subtracting theoretical travel times (Herrin, 1968) from
observed travel times. The resulting station residuals are normalised by subtracting the
mean residual in order to eliminate all other effects (e.g. the effect of source structure, event
mislocation, etc.) leaving only the effect of near receiver structure (Raikes, 1976; Simila,
1987). However, for teleseismic events, the effect of inaccuracy in location of epicenters is
less severe; because in such cases the rays travel through laterally homogeneous material for
the greater part of their path.
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For events in the distance range 32° < A < 100°, Cleary & Hales (1966) were able to
separate regional differences in travel times into residuals associated with source and
receiver areas showing a definite correlation with tectonic regions. Negative residuals
(early arrivals) are associated with stable shield areas and positive residuals (late arrivals)
are found to be associated with younger tectonic regions. Hales et al. (1968) later explained
these variations in terms of the changes in the thickness of the low velocity zone in the upper
mantle. 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 & Hales, 1966; Cleary et al., 1972).
The observations used here are the short-period vertical responses to deep earthquakes
from Fiji-Tonga-Kermadec and Japan-Bonin-Mariana regions as recorded by the LTC array.
The times and locations of the events are given in Table 2.5.3. The relative P travel time
residuals for 13 teleseismic events from Fiji-Tonga-Kermadec group in the azimuth range
90°< AZ <115°, and for 7 teleseismic events of Japan-Bonin-Mariana group in the azimuth
range 2°< AZ <20° are plotted separately on Figures 2.7.1 and 2.7.2 respectively. The
negative residuals are plotted above the positive residuals on convention that the negative
residuals represent early arrivals.
The data coverage is poor along the northern part of the array particularly for stations 1,
4, 7 and 8. Along the southern part of the array (stations 9-18) the data coverage is
somewhat better. For both the groups of events, station 18 shows large positive travel time
anomalies and the behaviour of station 16 is different from that of the neighbouring stations
15 and 17. This features may indicate shallow structure. For the Fiji-Tonga group, the
average station residuals show a sinusoidal trend being positive to the north up to station 5,
then negative up to station 12 and then positive afterwards. If station 18 is excluded the
average station residuals lie within -0.5 s - +0.5 s along the whole line leading to a peak-topeak variation of about 1.0 s.
Stations 1 - 14 lie within the Tennant Creek inlier (metasediment fold belt), 15 - 18 are
in the northern Arunta Block which has a different orientation of fold structure because of
the evolution of Arunta Block in late Proterozoic time through arching of the basement
upward in response to predominantly horizontal compressive forces (Lambeck & Penney,
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1984). As a result the structure beneath the basin and block exhibit major lateral variation
due to a zone of high-velocity material dipping steeply northwards. Further south in the
Arunta Block Lambeck et al. (1988) have mapped very large localised travel time residuals
on a much smaller horizontal scale than for the LTC stations. The effects at stations
15/16/17 are much smaller but possibly related to features of comparable age. However, as
we shall see later, this structure has not given significant problems in constructing composite
sections for regional events. This result is very close to that of Nakanishi & Motoya (1987).
They studied the velocity heterogeneity in the crust and uppermost mantle beneath the
Hokkaido array by analyzing the travel-time residuals of teleseismic P waves. The peak-topeak amplitude of azimuth independent residuals is about 1.3 s within the array. There is a
general similarity in the character of the relative residuals which suggests that the velocity
variation occurs in the upper mantle. The preliminary qualitative interpretation of these
th e

observations is that the near-receiver structure beneathjiorthem part of the array line consists
of lower velocity materials than that in the southern. The residual pattem further implies that
the situation is relatively simple to the north and its behaviour becomes more complex as
Alice Springs is approached to the south, possibly due to structural changes in the northern
edge of the Arunta Block.

Chapter 3
STUDIES OF UPPER MANTLE STRUCTURE

3.1 Introduction
Seismic body waves are of relatively short period and can be isolated in time from
other waves on seismograms. These characteristics have caused them to play an important
role in the study of the Earth and much of our information about the Earth's structure has
been derived ffom the interpretation of body-wave seismograms. The reliability of the result
depends on the nature of the interpretation techniques. Until the 1960's, seismic studies
were based mainly on the observation of travel times and several classic Earth models
resulted from these travel-time studies ( e.g. Jeffreys, 1939). During this period relatively
little attention was attached to observations of the amplitudes of seismic waves, due in part to
(i) instrumental deficiencies for making amplitude measurements and (ii) lack of manageable
approaches to the interpretation of wave amplitudes.
During the 1960's, with the availability of improved instrumentation and modem
computer technology, the strength of seismic interpretation techniques was improved
enormously. Improved instrument installations helped to suppress random noise thereby
enhancing the source signals. The deployment of seismic arrays made it possible to record
more precise measurements of travel times and the ray parameter p which eventually resulted
in refined velocity models (e.g. Johnson, 1967). During this period, more complicated
media were considered and improved treatment of amplitudes were involved in theoretical
seismic studies.

It was the end of the 1960's, when calculations of full theoretical

seismograms were begun for realistic Earth models. The calculated time dependence of the
displacement at a given receiver (e.g. at the free surface) from a specified source is called a
synthetic (or theoretical) seismogram.
In seismology, we are mostly concerned with linear systems. The main reason for
this is that many systems in the physical world have linear behaviour and solutions to
problems involving linear systems can usually be found by standard techniques. As such the
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seismograms can be expressed to a very good approximation as a convolution of several
linear operators (Helmberger, 1968; Burdick & Helmberger, 1978)

Y(t) = S(t) * M(t) * O(t) * A(t) * I(t)

(3.1.1)

where Y(t) is the complete seismogram, S(t) is the source function, M(t) is the mantle
response, O(t) is the receiver response, I(t) is the instrument response, and A(t) is the
Futterman (1962) attenuation operator.
The computation of the mantle response M(t) may be carried out using any convenient
method for a prescribed double couple or moment tensor source. Thus, a generalised ray
method may be employed using the Cagniard-de Hoop technique (Helmberger, 1968;
Wiggins & Helmberger, 1974; Burdick & Helmberger, 1978) or using the WKBJ method
(Dey-Sarkar & Chapman, 1978). For generalised rays the usual approximation of the effect
of anelasticity is made by a Futterman attenuation operator with T/Q = 1, the ratio of the
travel time of a given ray to the average quality factor along the ray path. Errors are
introduced by this approximation if low-Q zones are present in the upper mantle (Kennett,
1975).

In modelling shield structure, Burdick & Helmberger (1978) have observed that the

relative amplitudes are not significantly affected by this approximation. Although attenuation
can easily be modelled, it is very difficult to determine from observations. Alternatively,
M(t) may be constructed using a wavenumber integral of the reflectivity type (Fuchs &
Müller, 1971). For such methods attenuation can be included directly (Kennett, 1975) and
the effects of free surface multiples are also readily incorporated. Generally O(t) is an
unknown function. In practice, in studies of both long- and short-period waveforms, it is
usually approximated as a delta function (Burdick & Helmberger, 1978). The aim of such
work is to compare theoretically calculated seismograms with observed data and to deduce
information about the Earth's structure. These methods have been very successful, and in
the last two decades calculation of synthetic seismograms has become an increasingly useful
tool for the interpretation and inversion of seismic data.
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The mathematical structure of the computation of synthetic seismograms for stratified
media involves (i) the conversion of the partial differential equations of motion and
constitution into ordinary differential equations by taking integral transforms over the
horizontal coordinate, (ii) the solution of the ordinary differential equation with appropriate
radiation and boundary conditions, and finally (iii) the evaluation of the inverse transform
integral. The system of ordinary differential equations can be solved by many techniques,
e.g. analytic, numerical, asymptotic, iterative. Having obtained the transformed response,
the inverse transforms are evaluated to obtain the response in the space time domain and
produce the desired synthetic seismogram. The inverse transforms are essentially two
integrals, one with respect to the frequency, and the other with respect to the horizontal wave
number or equivalently waveslowness.

3.2

Techniques of Synthetic Seismogram Computations
For the detailed interpretation of the major features of seismic wave propagation

through the Earth, a convenient framework is to consider radially stratified models. In many
cases, it is appropriate to describe the true structure in terms of departures from a radially
stratified reference model.
There are number of techniques which can be employed to compute the synthetic
seismograms in horizontally stratified Earth models. These techniques can be distinguished
from one another by the method and order of inverse transform, and the type of solution
used in the transformed domain. The transformed response, as stated in the previous
section, may be obtained in several ways. For example, for a plane layered model, it may be
found by using the Haskell matrix method (Haskell, 1953) or by the ray expansion method
including attenuation (Kennett, 1975). For practical reasons, all methods of computing
theoretical seismogram involve approximations in one form or other.
In 1978, an international conference on Synthetic Seismology was held in Oregon to
compare various methods of computing synthetic seismograms. A, number of techniques
were found to produce essentially identical results when compared for different models.
These were (i) the reflectivity method (Fuchs & Müller, 1971), (ii) the generalised ray
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method ( Wiggins & Helmberger, 1974 ), and (iii) the full wave theory method (Cormier &
Richards, 1977). These methods have different computational requirements.
The reflectivity method is essentially the method of mode summation which gives the
wavefield solution for simple models of horizontal or concentric layers. It was originally
developed by Fuchs (1968). The name 'reflectivity' method was introduced by Fuchs &
Müller (1971) to describe a technique in which all multiple reflections and conversions
between wave types are retained in part of the structure. This method is generally used for
computing seismograms in a stratified medium consisting of many homogeneous layers.
The response of this stratified medium to excitation by a source is characterised in terms of
the reflection and transmission properties of the stratification and hence it is used for the
generation of complete synthetic seismograms. In this method, the waveslowness integral is
a.

evaluated first with a real contour. The numerical integration is carried out overjimited range
of real ray parameters followed by an inverse Fourier transform over frequency to obtain the
synthetic seismograms. This approach has been extended by Kind (1978) and Kennen
(1980) to include the full response of a multilayered elastic half-space including attenuation.
The generalised ray method (which is also known as Cagniard-de-Hoop method) was
initially developed for problems with a single interface (Cagniard, 1962) to obtain the exact
impulse response for each ray. It was later extended to any ray in a model of horizontally
stratified homogeneous layers (Müller, 1970).

In this method the time delay, t, ray

parameter, p, velocity , v, and the horizontal distance, A, are related by the classical formula

t = pA +

J

( v '2 -p 2 )1/2 dz

(3.2.1)

where the ray parameter is constant along the ray having the value p = Pj = sin(i )/v, for the
angle of incidence, i. The expression (3.2.1) for t is stationary for p = p^ In the generalised
ray theory the r.h.s. of (3.2.1) is the exponent of a complex integral with respect to p. Then
pi is a saddlepoint and t(pj) is the arrival time of the pulse represented by the complex
integral. Along the path of steepest descent from the saddle point the r.h.s. of (3.2.1) is
real, because it is real at pi? and increasing. Thus, t parameterizes the path of steepest
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descent p(t) which allows the Cagniard inversion to be performed.

The synthetic

seismogram corresponding to a particular geometrical ray is represented by a function f(p)
evaluated on p(t).
The application of the generalised ray method to stratified media further requires that
the homogeneous layers be plane parallel. When these assumptions are valid, the next step
is to use plane-wave reflection and transmission coefficients and time delays to build up
solution to the problem (Spencer, 1960). Hron (1972) has obtained a useful formula for
enumerating the rays in a ray expansion and Vered & Ben-Menaham (1974) have used this
formula with the generalised ray method. A numerical approach is adopted for obtaining the
Cagniard path in the complex ray parameter plane (rather than the evaluation of a simple
hyperbola) with the frequency transform being evaluated first with a complex wavenumber.
The generalised ray method can be used to simulate the response of inhomogeneous
media provided that the model is approximated by a large number of plane homogeneous
layers (Wiggins & Helmberger, 1974) or as an approximation to spherical homogeneous
layers (Gilbert & Helmberger, 1972). The approximation of inhomogeneous models by
homogeneous layers results in seismograms consisting of a series of pulses. This must be
smoothed and is only meaningful for periods above a cut-off related to the transit time for the
layers. This is because of the fact that although the Cagniard-de-Hoop method (Cagniard
1962, de Hoop, 1960) gives an exact impulse solution for any ray, its application to
inhomogeneous media is necessarily band limited. Cistemas, Betancourt & Leiva (1973)
have shown how the complete ray expansion can be generated. In practice when many thin
layers are used to approximate an inhomogeneous medium, the ray expansion is often
restricted to first order. The method has been used with considerable success in the
interpretation of body-wave seismograms. But several theoretical difficulties still remain.
In the full wave theory method the inverse wave number transform is evaluated first
with a complex contour.

This method uses a zeroth-order asymptotic solution in

homogeneous layer. The generalised ray method is only directly applicable to perfectly
elastic media and the effects of attenuation have to be introduced by convolution with a
damping operator.
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These above mentioned methods of computing synthetic seismograms are neither
simple nor computationally cheap enough to be applied routinely to realistic Earth models.
As a result several approximate methods have been developed from the above techniques to
reduce computation time. This has been briefly outlined by Dey-Sarkar & Chapman (1978).
The use of second-order saddle-point method with the wavenumber integral techniques
resulted in a geometrical ray theory. But this method breaks down in situation for which
complication arises in the travel-time curve (i.e. breaks down at caustics). Wiggins (1976)
by an intuitive argument obtained an approximation called disk ray theory which is rapid and
remains valid for caustics.

Chapman (1976) obtained the same approximation from

generalised ray theory and WKBJ approximation. Later, he derived a general technique (i.e.
inverse transform method) for computing synthetic seismograms which is called the WKBJ
seismogram method.

This method is a technique where high frequency signal is

approximated for a medium consisting of vertically inhomogeneous layers. Here the
frequency transform is evaluated first with a real wave number contour (Chapman, 1978).
The advantages of this method are that the intermediate results are easily interpreted and that
the methods used to obtain the transformed solution have been generalised.

3.3

WKBJ Seismograms
The theory of seismic wave propagation can be greatly simplified by recourse to

asymptotic expansions of the solution on the assumption that the seismic waves are of
extremely short wavelength i.e. A.—» 0. The problem of finding asymptotic expansions of a
solution involves finding the signal path (rays) and the intensities of the signals along the
rays. The geometry of the rays and wavefronts can be expressed in terms of geometrical
optics. The relationships between the travel times of some easily recognizable signals and
epicentral distance and source depth are provided by geometrical optics. This may be
considered as a stepping stone to posing and solving the basic inverse problem in
seismology : that of determining the wave speeds at various depths of the Earth from
observations of body waves.
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The WKB theory is named after G. Wentzel, H. A. Kramers, & L. Brillouin who
more or less independently rediscovered the theory for quantum mechanics and made it
accessible for general use. It provides an approximate solution to a linear differential
equation whose highest derivative is multiplied by a small parameter. In seismology, it is
called WKBJ theory, because H. Jeffreys contributed to its early development, especially
for the solution of the wave equation for high frequencies. For theoretical seismograms this
approach gives an approximate treatment for a high frequency seismic signal in a medium
consisting of vertically inhomogeneous layers. In some cases, the intensities of signals
determined by asymptotic expansions are sufficiently accurate and the amplitudes of nonrefracted body waves are well represented by the first terms of the formal expansion which is
called the WKBJ approximation. A brief derivation of elastodynamic wave equation and
WKBJ approximation is presented in Appendix C.
For seismograms computed for models having first-order discontinuities, it is
necessary to propagate the solution across the interfaces using appropriate reflection and
transmission coefficients whereas for the models having velocity gradients the seismograms
can be calculated using the WKBJ approximation alone.
The WKBJ seismograms are computed using a program written by Professor C. H.
Chapman of the University of Toronto and based on the algorithms described in Chapman
(1978) and Dey-Sarkar & Chapman (1978). The seismogram is formed from a linear
interpolation of the real (p - 1) curve and a trapezoidal integration of the complex amplitude
function where the response is smoothed by a boxcar window of length twice the digitization
interval (i.e expressions c-25 and c-28 in Appendix C). Smoothing eliminates the effects of
singularities associated with apparent details in the model.
The program requires that the model be ordered from the free-surface downwards and
the velocity discontinuities be specified by two distinct velocities at the same depth. The
source and receiver may be located at any of the interfaces and for this purpose artificial
interfaces can be easily introduced wherever necessary. A layer may contain many model
points. The free surface is treated as the interface 1 and the storage is limited to a maximum
of 20 layers. The program has the provision to convert a spherical model to a flat model
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using the Earth flattening transformation (see Appendix A). Since the method uses the
WKBJ approximation, this conversion introduces no extra approximation.

3.4

Application of WKBJ Seismograms
It is a matter of general agreement that the seismic body-wave velocities increase with

depth. For a surface source in an upper mantle model, several rays with different bottoming
depths might arrive at a given receiver position and the travel-time function is multivalued for
a certain range of distances. As a result, the (T-A) curve becomes triplicated. This situation
arises due to each major velocity-increase with depth in the Earth model. In most theoretical
studies, the conventional approach is to consider a model with two major velocity transitions
(a first-order discontinuity or a strong gradient zone) around 400 and 650 km depths because
there are conflicting suggestions about the existence of the 200 km discontinuity (e.g.
Anderson, 1979; Leven et al., 1981; Drummond et al., 1982).

There will be two

triplications in the (T,A) curve corresponding to these two transitions for a source located
any where above 400 km depth. But we will see in the following chapters that our data
provide evidence for a discontinuity to be present around 200 km depth in the upper mantle
below northern Australia. So, we consider it worthwhile to choose a three-layered P
velocity model with the major velocity transitions around 200, 400 and 650 km depths as a
reference model in order to maintain consistency in referring to different parameters in the
text.
As we shall see in the next chapter the records from the various events of a particular
source region will be composited to produce a single record section and in order to do so it is
necessary to locate the all the events effectively on a fixed datum level applying a correction
for depth. For simplicity, we consider this level to be the free surface of the Earth and
henceforth our discussion will be based on the assumption that the source is at the surface.
Figure 3.4.1 shows the time-distance section for the reference model where the three
triplications of the (T, A) curve correspond to the three major velocity transitions around
200, 400 and 650 km depths. Each triplication (or transition) is characterised by two travel
time cusps and a cross-over point. But the number of travel time branches is given by
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Di s t a nc e

(Degrees)

Legend:

(i) Travel-time branches
Ab = First forward branch which corresponds to refraction above 200 km transition,
cB = Second forward branch which corresponds to refraction below 200 km but above 400
km transition,
CD = Third forward branch which corresponds to refraction below 400 km but above 650
km transition,
EF = Fourth forward branch which corresponds to refraction below 650 km transition,
be = First reverse branch which corresponds to reflections from 200 km transition,
BC = Second reverse branch which corresponds to reflections from 400 km transition,
DE = Third reverse branch which corresponds to reflections from 650 km transition.

(ii) Cusp points
c = First cusp point and

b = Second cusp point corresponding to 200 km transition,

C = Third cusp point and B = Fourth cusp point corresponding to 400 km transition,
E = Fifth cusp point and D = Sixth cusp point corresponding to

650 km transition.

(iii) Cross-over points
a = First cross-over point corresponding to 200 km transition,
ß = Second cross-over point corresponding to 400 km transition, and

y = Third cross-over point corresponding to 650 km transition.
Figure 3.4.1 The reduced travel-time branches of a three-layered reference model where
the three triplications of the (T,A) curve correspond to the three major velocity transitions
(discontinuities or gradient zones) around 200, 400 and 650 km depths. The travel-time
branches, the cusps and cross-over positions have been duly labelled for reference
afterwards.
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(2n+l) where n is the number of layers or transition. On the Figure 3.4.1, the different
traveltime branches, cusps and cross-over points corresponding to the three velocity
transitions have been duly labelled and descriptions of the different parameters have been
given in the legend following the diagram. We have adopted a notation to conform to
previous usage for the 400 and 650 km discontinuities and so have used lower case letters to
designate the cusps associated with the 200 km discontinuity.
In Figure 3.4.1, the reduced traveltime branches Ab, cB and CD and EF correspond
to direct rays. They are termed the first, second, third and fourth forward (or prograde)
branch respectively. The traveltime branches be, BC and DE which represent reflection-like
rays are called first, second and third reverse (or retrograde) branches respectively. The
points c, C, and E are the near-end cusp points corresponding to 200 km, 400 km and 650
km discontinuities respectively. In this thesis we will be mostly interested in these near-end
cusp points rather than those at the far ends of the reflection branches of the (T,A) curve.
They are also termed the first, third and fifth cusp points. The three cross-over points a, ß,

y (as shown on Fig. 3.4.1) correspond to the three transitions around 200, 400 and 650 km
depths respectively. They may also be termed as the first, second and third cross-over
points respectively. Henceforth, various parameters will be referred so as to be consistent
with the terminology of a three-layered velocity model of Figure 3.4.1.

Model KCA
King & Calcagnile (1976) developed a simple horizontally stratified upper mantle P
velocity model (KCA). This model was derived mainly by matching the major features of
the travel-time curves from presumed underground explosions in the USSR. It is designed
to represent the structure beneath the Proterozoic Shield of Fennoscandia and Western
Russia to 1000 km depth and contains two major velocity discontinuities at depths 420 km
(size 0.61 km/s, 7.04% velocity jump) and 690 km (size 0.42 km/s, 4.04% velocity jump)
and fairly uniform velocity gradients elsewhere. These two discontinuities are located in the
depth range which is very important in the upper mantle studies. The P-wave velocity in this
model ranges from 6.4 km/s at the free surface to 11.4 km/s at the bottom. The rays
bottoming between these two depths span the distance range 16° < A < 28° and are first
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arrivals in the range 21°< A < 24°. One important feature of the model KCA is that it does
not have any discontinuity around 200 km depth. But in contrast, the reference model we
have considered here does have this 200 km discontinuity and in Figure 3.4.1 the triplication
of the (T,A) curve with the cross-over point, a corresponds to this discontinuity.
We intend to use model KCA as a simple base model to investigate the effects of
varying features of the upper mantle velocity structure in the seismic wavefield. We shall
consider this model to be similar to our reference model on the basis that only the second and
third major transitions are present as first-order discontinuities at 420 and 690 km depths
while the 200 km transition is absent. As a result, the first forward and the reverse branches
of the (T,A) curve along with the first cusp point, c and first cross-over point, a will be
absent. The model KCA is characterised by non-uniform depth intervals ranging from 40
km to 210 km. These intervals are very large and are not suitable for the purpose of our
study because our aim is to see how the characteristic features of the seismic section behave
corresponding to relatively smaller scale changes of many features of the velocity structure in
the upper mantle transition zone. We have considered that a depth interval of about 50 km
throughout the transition zone in the base model would be reasonably good for the purpose
of our study and as such the velocities in the model KCA have been linearly interpolated at
intervals of 50 km depth from 100 to 690 km keeping the major discontinuities at 420 and
690 km unaffected. Afterwards, the velocities have been interpolated at about 100 km
intervals up to 1000 km. By doing so, a new base model has been generated which has been
named KCA' (Figure 3.4.2).
The base model KCA', has been systematically modified and the corresponding
synthetic seismograms have been plotted with uniform amplitude scaling. These theoretical
seismogram sections have then been compared and the characteristic features of the seismic
phases extracted. The object is to develop systematic relations for the relative patterns of
travel-time branches and phase amplitudes corresponding to variations in the characteristics
of the three major upper mantle velocity transitions around 200, 420 and 690 km depth.
These relations will be helpful later in the process of interpreting the record sections of
observed seismograms by matching theoretical seismograms for the proposed models
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Figure 3.4.2 The base model KCA' generated from the P-velocity model KCA (King &
Calcagnile, 1976) by linear interpolation of the velocities at depth intervals of about 50 km
from 100 to 690 km and about 100 km thereafter to 1000 km. The value at 1000 km is
constant to 1200 km depth. However, the major discontinuities at 420 and 690 km have
been kept unaffected. Thus the model KCA' is the same as the model KCA except that the
model KCA' has velocities interpolated at a greater number of depth intervals.
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A set of parameters measured from the seismogram section has been chosen to
characterise the change in size, shape and depth of the discontinuity along with the change in
gradient above and below it. The parameters chosen to characterise the wavefield include
measurements of (i) the time separation between the first arrival and the secondary arrival at
A= 15° (=1667 km), (ii) the distances of the first arrival cross-over points, ß & y, and (iii)
the locations of the third and fifth travel-time cusps, C & E (corresponding to '400' km and
'650' km discontinuities respectively) as shown in Table 3.1. The parameters have been so
chosen as to give the major emphasis on the '400 km’ transition for reasons to be mentioned
in the next section.

(A)

The 420 km Discontinuity
A review of the literature on the studies of the upper mantle velocity structure

indicates that the main resolvable heterogeneities are no deeper than 500 km (e.g Grand &
Helmberger, 1984a; Rial, Grand & Helmberger, 1984; Walck, 1984, 1985; Paulssen,
1987). It implies that the differences in the upper mantle velocity structures are mostly
concentrated about the ’400 km’ discontinuity. To that end, an approach has been adopted
here to study the behaviour of seismograms on the synthetic sections produced by perturbing
the model KCA' mainly around 420 km discontinuity.

Case 1 : Size fixed but velocity gradient above and below discontinuity vary
The depth of the 420 km discontinuity in the base model KCA' has been varied from
405 to 445 km with an interval of 10 km such that the velocity gradients above and below
the discontinuity change but the size of the discontinuity (0.61 km/s) remains fixed. These
models have been named KCA'Gxxx-P (hereafter called G-series models) where xxx
stands for the assigned depth of 420 km discontinuity in that model and P stands for P wave
(Figure 3.4.3). Thus, for 405 km depth, the model has been named KCA'G405-P.
Above the discontinuity the gradient varies between 400 km and the assigned depth of the
discontinuity while below the discontinuity the gradient varies from the assigned depth of the
discontinuity to 450 km. Notice that as the depth of the discontinuities increases, the
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gradient above the discontinuity decreases but that below the discontinuity increases. For
decreasing depth, the effect is just reversed.

Velocity (km/s)
8.

2.

G-Senies

IQ.

Ma d e l s

Size f i x e d
Gradient v a r i e s

Figure 3.4.3

The velocity models (G-series) produced by changing the depth of the

'420 km' discontinuity in the base model KCA’ from 405 km to 445 km with an interval
of 10 km such that the size of the discontinuity remains fixed but the gradients above and
below discontinuity vary. Above the discontinuity, gradient varies between 400 km and
the depth of discontinuity while below the discontinuity, gradient varies between the
depth of discontinuity and 450 km.

Synthetic seismograms have been calculated for each model and their characteristic
features have been compared. Figure 3.4.4 shows the synthetic sections for three models of
Figure 3.4.3 having the depth of 420 km discontinuity at 405, 425 and 445 km. Between
different sections, the relative pattern of the travel-time branches is very similar. The second
forward branch (cB) for which the bottoming points are above 420 km discontinuity remains
totally unaffected. W ith increasing depth, the time separation a A=15° increases. The
second cross-over point (ß) and the third cusp point (C) move to greater epicentral distances.
Sim ultaneously the third cusp point (C) moves to the right to show larger time separation
between first and secondary arrivals. The trend in the variation of the measured parameters
is shown in Figure 3.4.7 (circles). For the increase in depth from 405 km to 445 km, the
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Figure 3.4.4 Synthetic seismogram sections for a surface source corresponding to the
three G-series models of Fig. 3.4.3 having the depth of the '420 km' discontinuity at
405, 425 and 445 km with fixed size, but varying gradients above and below the
discontinuity.
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time difference increases by 6.4 s and the cross-over point moves through 105 km. Thus,
relative to a 1 km increase in depth, the increase in the time separation between first and
secondary arrivals at 15° is about 0.16 s and the displacement of the second cross-over point
(ß) is 2.6 km (Table 5.1). The third cross-over point (y) and the fifth cusp point (E) move
backward. The movement of the third cross-over point (y) is -0.875 km and that of the
corresponding cusp movement is -0.57 km for each km increase in depth of the discontinuity
(Table 3.1). The angle between the travel-time branches BC and CD to cusp point C
expands while the effect is just opposite for the decrease in depth.
The amplitude pattern also changes with the change in depth of the discontinuity.
With increasing depth, the amplitude of the phases on the second forward branch (cB)
remains unaffected. However, changes are observed on the third forward branch (CD) and
on the reversed branches BC & DE (Figure 3.4.4). Even though the change is not very
great, some sort of systematic identification can be made. Up to 2000 km, the separation of
the forward and reverse branches from the 400 km transition is small enough that there is
interference to produce an elongated pulse rather than two separate pulses. At greater
distances the time separation is such that the distinct pulses are seen. This distinctness of the
pulses starts to appear at greater distance as the depth of the discontinuity increases. Thus
the characteristic features of a seismic section appear to be strongly influenced by the
gradient of the velocity structure.

Case 2 : Size varies but the velocity gradients above and below discontinuity
remain fixed.
The above experiment has been repeated by generating models from KCA' (T-series
Models: KCA'Txxx-P) such that the size of the discontinuity varies but gradients above
and below discontinuity remain fixed. These models have been plotted in Figure 3.4.5. The
seismogram sections for the three models of this series have been shown in Figure 3.4.6.
From the seismograms the set of wavefield parameters have been extracted as before and are
displayed in Table 3.1. They show behaviour similar to those of G-series models with the
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exception that there is practically no forward movement of the third cusp point, C (Figure
3.4.7 with triangles) which corresponds to the '420 km' discontinuity.

Velocity (kra/s)
a,

9*

T -S eries

10-

M od el s

S iz e v a r i e s
Gradient f i x e d

Figure 3.4.5 The models (T-series) similar to those of Fig. 3.4.3 have been generated
from the base model KCA' by changing the depth of the ’400 km’ discontinuity such that
the gradients below and above the discontinuity remain fixed but the size of the ’420 km’
discontinuity varies.

Thus the calculated parameters for these two series (G & T series) of models are the
same except for the third travel-time cusp point, C. The changes in the time separation and
the cross-over position, ß are quite significant. The variations in the third cross-over
position, Y and the fifth cusp position, E (which correspond to 690 km discontinuity) are
insignificant. The m ost im portant result is that the third cusp point, C, is sensitive to
gradient change but remains invariant if the size (velocity increase) o f discontinuity varies
(Figure 3.4.7). In this case, the amplitude behaviour does not change very much. Only a
m inor decrease in amplitude can be observed for the first arrival phases after the second
cross-over point (ß).
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Figure 3.4.6 Synthetic seismogram sections for a surface source corresponding to the
three T-series models of Fig. 3.4.5 having the depth of the '420 km' discontinuity at 405,
425 and 445 km with the gradients above and below the discontinuity fixed and size
varying.
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Figure 3.4.7

Trend of the variation of the measured parameters corresponding to the

variation in the depth of the '420 km' discontinuity. Here the 'circles' represent the Gseries models of Fig. 3.4.3 and the 'triangles' represent the T-series models of Fig.
3.4.5.
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Case 3 : Discontinuity reduced by raising lower velocity limit.
The velocity increase (0.61 km/s) o f the discontinuity at 420 km depth has been
divided into five equal intervals, each interval being 0.122 km/s. Keeping the depth fixed,
the size of the discontinuity has been reduced by raising the lower velocity limit in steps of
0.122 km/s such that the size, AV = 0.61 - n x 0.122 where n= 0,l,2,3,4 (F-series Models:
K C A 'F n -P ). Obviously, n=0 corresponds to the model KCA' itself. These models have
been plotted in Figure 3.4.8.

This operation gradually dim inishes the size o f the

discontinuity and increases the gradient above the discontinuity between 400 km and 420 km

a.

Velocity (km/s)
9.

to.

F-Series Models
Si ze reduced
from l e f t

Figure 3.4.8

The models (F-series) generated from the base model KCA' with the

first-order discontinuity at 420 km depth reduced by raising the lower velocity limit in the
interval of 0.122 km/s. This operation changes the gradient above the discontinuity
between 400 and 420 km in these models while the gradient below the discontinuity
remains unchanged.

depth. But the gradient below the discontinuity remains unaffected. Figure 3.4.9 shows
the synthetic sections for the three models of this series.
Because of the increase in the gradient above the discontinuity, the forward branch
corresponding to the 420 km discontinuity becomes a little faster but the reverse branch
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Figure 3.4.9 Synthetic seismogram sections for a surface source corresponding to the
three F-series models F l, F2 and F4 of Fig. 3.4.8 where the size of the first-order
discontinuity at 420 km depth is reduced by raising the lower velocity limit through
0.122, 0.244 and 0.488 km/s respectively.
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becomes faster still. The impact on the travel-time branches corresponding to the 690 km
discontinuity is insignificant. Figure 3.4.12 shows the nature of variation of the measured
parameters where the 'circles' represents the F-series models. The time separation decreases
with the size of the discontinuity: relative to a decrease in size by 1 km/s the time separation
decreases by 1.63 s and the second cross-over point (ß) moves backward to lower A's by
about 35.86 km. The third cross-over point (y), the third cusp point (C), and the fifth cusp
point (E) move forward to greater epicentral distances by about 10.35, 35.86 and 10.35 km
respectively. In this case the amplitude pattem does change appreciably.

Case 4 : Discontinuity reduced by lowering upper velocity limit.
This section describes the behaviour of synthetic seismograms (Figure 3.4.11) when
the size of the discontinuity at 420 km depth in the base model KCA' has been reduced by
lowering the upper velocity limit in the same interval as stated in the previous section
(R-series Models: KCA 'Rn-P, n=0,l,2,3,4). Again n=0 means no reduction i.e. model
KCA' itself. In this case also the size of the discontinuity reduces at the same time as the
gradient below discontinuity between 420 km and 450 km increases. But the gradient above
discontinuity does not change (Figure 3.4.10).
The decrease in the size of the discontinuity causes an increase in the time separation
and the second cross-over distance, ß (Figure 3.4.12 with ’triangles'). For a decrease in
size by 1 km/s, the corresponding change of those parameters are calculated to be 4.90 s and
56.35 km respectively (Table 3.1). The distance to third cusp position, C increases, but its
behaviour appears not to be linear, but rather strange (Figure 3.4.12) due to the interaction of
the size of the discontinuity and the gradient below. The distance gradually increases and
then decreases with the decrease in size of the discontinuity. The displacement of this cusp
is almost twice that of the F-series models. The second cross-over point, ß and the third
cusp position, C move backward. Their calculated values are 15.35 km and 10.35 km
respectively (Table 3.1). In this case also the relative amplitudes remain unchanged.
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S i z s reduced
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Figure 3.4.10

The models (R-series) generated from the base model KCA' with the

first-order discontinuity at 420 km depth reduced by lowering the upper velocity limit in
the interval of 0.122 km/s. This operation changes the gradient below the discontinuity in
these models between 420 and 450 km depths while the gradient above the discontinuity
remains unchanged.

Case 5 : Discontinuity reduced equally from both sides by raising the lower
velocity limit and lowering the upper velocity limit.
A significant change in the amplitude pattem takes place (Figure 3.4.14) if the size of
the discontinuity at 420 km depth in the base model KCA' is reduced equally from both sides
by raising the lower velocity limit and lowering the upper velocity lim it (Q-series Model:
K C A 'Q n -P , n= 0,1,2,3).

Again n=0 means no reduction in size (i.e. model KCA' itself).

In m odels K C A 'Q l and KCA'Q2, the size has been reduced by 0.244 and 0.488 km/s
respectively, while in model KCA'Q3-P, the discontinuity-size has been reduced to zero at
the mid point (Figure 3.4.13).
In this case, with the decrease in size o f the discontinuity, only the third cusp
position, C moves to greater distances (Figure 3.4.15). The rate of increase in distance is
about 459.0 km for a 1 km /s decrease in size.
unchanged (Table 3.1).
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Figure 3.4.11 Behaviour of synthetic seismogram sections corresponding to the three
R-series models RI, R2 and R4 of Fig. 3.4.10 where the the size of the first-order
discontinuity at 420 km is reduced by raising the lower velocity limit through 0.122,
0.244 and 0.488 km/s respectively.
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Figure 3.4.12

Nature of variation of the measured parameters corresponding to

reduction in size of the first-order discontinuity at 420 km depth. Here the 'circles'
represent the F-series models of Fig. 3.4.8 and the 'triangles' represent the R-series
models of Fig. 3.4.10.
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Si ze reduced equal l y
from both s i d e s

Figure 3.4.13

The models (Q-series) generated from the base model KCA' with the

420 km discontinuity reduced equally from both sides by raising the lower velocity limit
and lowering the upper velocity limit through the interval of 0.122 km/s. In these models
the gradients above and below the 420 km discontinuity change.

Case 6 : F-series models with varying gradient above the discontinuity.
The F -s e rie s m odels have been m odified with varying gradients above the
discontinuity over an extended depth range by removing the 400 km value from the models
(P -series Models: K C A 'P n -P , n=0,l,2,3,4). Due to this operation, the linear gradient
over the depth range from 350 to 420 km increases (Figure 3.4.16). The behaviour of the
parameters on the synthetic sections (Figure 3.4.17) o f the new series of models have similar
trends to those of the F-series (Figure 3.4.18), but the rate of variation is much greater. For
a decrease in discontinuity size by 1 km/s, the increase in time separation and the second and
third cross-over distances are 6.5 s, 133.0 km, and 26.6 km respectively. The increases for
the third and fifth cusp positions are 287.0 km and 20.5 km respectively. The relative
amplitude pattem remains the same.
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Synthetic seismogram sections for a surface source corresponding to

the three Q-series models Q l, Q2 and Q3 of Fig. 3.4.13 where the size of the 420 km
discontinuity has been reduced equally by raising the lower velocity limit and lowering the
higher velocity limit through 0.122, 0.244 and 0.305 km/s respectively.
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Variations in the set of observed parameters corresponding to the Q-

series models of Fig. 3.4.13.
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V elocity

(km/s)

P-Series Models
S i z e reduced from l e f t
with 400-km p o i n t out

Figure 3.4.16 The models similar to those of Fig. 3.4.8 generated from the base
model KCA' with the 400 km values out (P-series) thereby extending the gradient above
the 420 km discontinuity over a greater depth range from 350 to 420 km.

Case 7: Changing the first-order discontinuity at 420 km depth to a secondorder discontinuity.
The first-order discontinuity at 420 km depth has been changed to a second-order
discontinuity gradually over an extended depth range by simultaneously decreasing the depth
of lower velocity limit and increasing that of the upper velocity limit in equal steps of 5 km
(Figure 3.4.19). Since both the lower and upper velocity limits have been changed
simultaneouly so that the gradients above and below the second-order discontinuity remain
unaffected. Three such models have been considered (X-series Models: K C A 'X n-P,
n=l,2,3* )• The first model has the gradient extending over 415 to 425 km, the second one
from 410 to 430 km and the third one from 405 to 435 km. The synthetic sections for these
models have been shown in Figure 3.4.20 and the set of observed parameters have been
shown in Figure 3.4.21. In this case, only the fifth cusp position, C changes. Other
measurable parameters remain unchanged.

Model

1400.

2000.

Model

1400.

1600.

1800.

2000.

2200.

2400.

2600.

Model

2000.

2400.

Distance km

Figure 3.4.17

Synthetic seismogram sections for a surface source corresponding to

the three P-series models PI, P2 and P4 of Fig. 3.4.16 which are similar to F l, F2 and
F4 respectively except that the gradient is extended over a greater depth range above the
discontinuity.
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Velocity (km/s)

X - S e n i e s Models
1st order d i s c o n t i n u i t y
changed to gradient zone.

F ig u re 3.4.19

The models (X-series) generated by changing the first-order

discontinuity at 420 km in the base model KCA' into a second-order discontinuity by
decreasing the depth of the lower velocity limit and increasing the depth of the upper
velocity limit in equal steps of 5 km. Both upper and lower velocity limits have been
changed in order to keep the gradients above and below discontinuity unchanged.

These operations do not change the overall response of the medium to propagating
seism ic waves.

W hat actually happens is that the velocity jum p o f 420 km depth is

uniformly distributed over the assigned depth range to form a gradient zone. Therefore, the
travel-time branches remain practically unaffected.

(B) The 690 km Discontinuity
The first-order discontinuity of size 0.42 km/s at 690 km depth in model KCA' is the
third major discontinuity according to our three-layered reference model. Keeping the size of
this discontinuity fixed, the depth has been varied from 670km to 700 km at intervals of 10
km. As a result, the gradients above and below discontinuity vary from model to model.
The models have been named K C A 'S x x x -P (S-series), where xxx again stands for the
depth of discontinuity (Figure 3.4.22). The synthetic seismic sections have been produced
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Synthetic seismogram sections for a surface source corresponding to

the three models X-series models of Fig. 3.4.19.
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for these models and Figure 3.4.23 shows the synthetic sections for the three models of this
series having depth at 670, 680 and 700 km.
The travel-time branches corresponding to the 420 km discontinuity do not change
with these depth changes. W hen the measured parameters for these models have been
plotted (Figure 3.4.24) the parameters corresponding to the 420 km discontinuity (i.e time
separation at 15°), the second cross-over point (ß) and the third cusp point, C remain
invariant. As the depth increases, the third cross-over point, y and the fifth cusp point, E
move forward to greater distances by about 5.3 km and 5.4 km respectively for an increase
o f depth by 1 km (Table 2.2).

Velocity Ckm/sl

S-Series Models
Size fi x e d
> Gradient v ar ie s

Figure 3.4.22 : Models (S-series) generated by varying the depth of the first-order
discontinuity at 690 km in the base model KCA’ from 670 to 700 km at intervals of 10
km such that the size of the discontinuity remains fixed but the gradients above and below
the discontinuity vary from model to model.

The size of the discontinuity 0.42 km/s has been divided into three equal parts and
then reduced to 0.14 km/s by raising the lower velocity limit and lowering the upper velocity
limit

equally from both sides ( model: K C A 'Q 6 ). This displaces the fifth cusp point (E)
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Figure 3.4.23

Synthetic sections for a surface source corresponding to the three S-

series models of Fig. 3.4.22 which have been produced by changing the depth of the
’690 km’ discontinuity in base model KCA’ to 670, 680 and 700 km.

Time separa.

Cross-over
p o s i t i o n , 7 (km)

Cusp p o s itio n ,
C (km)

H • d ii a a d T i m a

I«)

Cusp po s itio n .
-E (km)

depth of 6SQ-km d i s c o n t.

(km)

0 Is t a n c a (0 a <3 ra a s )

Figure 3,4.24

Nature of the variation of measured parameters corresponding to

change in the depth of the 690 km discontinuity in base model KCA' of Fig. 3.4.22.
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considerably. Also the distance between the travel-dme branches terminating at this point
tends to practically vanish.

(C) The 200 km Discontinuity
According to our three-layered reference model, the first major discontinuity is
supposed to occur around 200 km depth. This discontinuity has now been introduced into
the base model KCA' by changing the strong velocity gradient existing between 200 and 250
km depth into a first-order discontinuity of size 0.07 km/s at 200 km depth (Model:
K C A 'H l-P ). This size has been exactly doubled ( i.e. 0.14 km/s, Model: K CA 'H 2-P)
and then tripled ( i.e. 0.21 km/s, model: KCA'H3-P) by decreasing the lower velocity limit
at 200 km depth (Figure 3.4.25). This makes the gradient above this discontinuity
comparatively steeper gradually. The computed synthetic seismograms for these models
(i.e. H-series) have been shown in Figure 3.4.26.

Velocity (km/s)

H-Series Models:
iat-ordar diacontinuity
Introduced at 200-ka

Figure 3.4.25 The strong velocity gradient of 0.07 km/s in the base model KCA' existing between 200 and 250 km depths has been converted into a first-order
discontinuity at 200 km depth. Three models (H-series) are generated with size 0.07,
0.14 and 0.21 km/s.
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With the introduction of this first-order discontinuity, the base model KCA' has
become similar to our three-layered reference model as there are altogether three such
discontinuities in the range of interest. A triplication of the travel-time curve occurs for every
discontinuity. Therefore, the seismograms for these models contain three triplications and
seven rays: the turning rays above and below each first-order discontinuity plus the
reflections from each discontinuity. The triplication corresponding to this discontinuity
o

occurs with cross-over point around A=15.

With the increase in the size of this discontinuity, the time separation at A=15° and
the third cross-over position (y) remain unchanged. The second cross-over distance (ß) and
both third and fifth cusp positions (C & E) decrease with the increase in size of this 200 km
discontinuity (Figure 3.4.27). They decrease by 107.1 km, 35.72 km and 35.72 km
respectively for an increase in size of the discontinuity of 1 km/s (Table 3.2). It is noted that
the appearance of the back branch (which corresponds to this discontinuity) becomes
gradually more distinct and the location of the cross-over point moves forward to higher A's.
This displacement has been estimated to be about 45 km for a twofold increase in its original
size (i.e. 0.07 km/s). This means that for an increase in size of 1 km/s, the displacement will
be 628.8 km. The amplitude of the phases on the forward branch earlier to the new cross
over point becomes enhanced which is compensated by a corresponding decrease in
amplitude of the phases appearing after it.

Discussion
This exercise of calculating theoretical seismograms using the model KCA'
incorporating systematic variations in the model parameters puts important constraints on the
nature of the travel time and amplitude behaviour of the seismic phases associated with the
major upper mantle discontinuities and gradient zones, and as such, on the upper mantle
structure as a whole. Some characteristic features have been highlighted by the detailed
analysis made in the previous section. The general pattem of the travel-time branches remain
unaffected due to changes in size and depth of discontinuity as well as the change in velocity
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Figure 3.4.26

Synthetic seismogram sections for a surface source corresponding to

the three H-series models of Fig. 3.4.25 which have been produced by changing the
velocity gradient between 200 and 250 km in base model KCA' to a first-order
discontinuity.
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Nature of the variation of the measured parameters corresponding to

the H-series models of Fig. 3.4.25.
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the

gradient above and below^ discontinuity. But changes in the positions of cusps and cross
over points can be appreciable.
From Figure 3.4.7 it is apparent that both the change in size and the change in
velocity gradient above and below the 420 km discontinuity have a similar influence on the
measured parameters with the exception of the third travel-time cusp position (C). While it is
changed considerably by simultaneous change in depth and velocity gradient, it remains
unaffected by the simultaneous change in the size and depth of the discontinuity (Table 3.1).
Therefore, the change in the position of the third travel-time cusp may be taken as an
important indicator of the variation of depth along with simultaneous variation of velocity
gradient above and below the 420 km discontinuity.
On the other hand at fixed depth, a reduction in the size of the discontinuity pushes
the third cusp point, C forward (i.e greater distances). The rate of increase in distance is
more if the size is reduced by lowering the upper velocity limit than if the size is reduced by
raising the lower velocity limit of the discontinuity (Table 3.1). But on other parameters, the
impact of these two series of models (i.e. F-series and R-series) is quite different. However
the parameters change more for the R-series models (i.e in Case 4) than F-series models.
This implies that the parameters are more sensitive to increases in velocity gradient below the
discontinuity than above the discontinuity. It is particularly important to note that only the
third cusp point, C is greatly affected if the size is reduced equally from both sides while the
other parameters remain unchanged (Table 3.1). When the 400 km point is taken out from
F-series models (Case 6), the change of parameters maintains the similar trends but with a
somewhat higher rate. This may be due to the fact that this series of models (i.e. P-series)
have a uniform velocity gradient above discontinuity extended over a greater depth range.
Notice that the time separation at 15° and the third travel-time cusp (C) are more sensitive to
changes in the size than other parameters. The angle between the travel-time branches at C is
relatively more sensitive to variation of depth than anything else. It expands as the depth of
discontinuity increases and vice-versa (Figure 3.4.4).
Changes in the parameters of the 690 km discontinuity have no impact on the 420 km
discontinuity ( Table 3.2) while the changes in parameters of the 420 km discontinuity have

Table 3.1
Variation of measured parameters (as shown in Fig. 3.4.1) relative to change in the character
of 420-km discontinuity.
Time sepa.
at 15°
(s)

Second
Cross-over
posi., ß
( k m)

Third
Cross-over
posi., y
( k m)

Third
Cusp posi.
C
( km)

Fifth
Cusp posi.
E
( km)

Change of parameters calculated relative to 1 km increase in depth.
Fixed Size
Varying gradient
(G-series models)

Increase

Increase

0.16

2.63

Varying Size
Fixed gradient
(T-series models)

Increase

Increase

0.16

2.63

Decrease
0.87
Decrease
0.87

Increase
3.75
N.C.
0.0

Decrease
0.57
Decrease
0.57

Change of parameters calculated relative to 1 km/s decrease in size.
Size reduced
from left side
(F-series models)

Decrease

Decrease

Increase

Increase

Increase

1.63

35.86

10.25

35.86

10.25

Size reduced
from right side
(R-series models)

Increase

Increase

Decrease

Increase

Decrease

4.90

56.35

15.35

=303.0

10.35

Size decreased
equally from
both sides
(Q-series models)

N.C.

N.C.

N.C.

0.0

0.0

0.0

Size reduced from
left with 400-km
point out
(P-series models)

Decrease
6.5

Decrease
133.0

Increase

N.C

459.0

0.0

Increase

Increase

Increase

26.6

287.0

20.5

Change of parameters calculated relative to 1 km increase in gradient zone.
Increase
420 km discont.
changed to gradient
0.02
zone (X-series models)

N.C.
0.0

N.C.
0.0

Increase
4.37

N.C.
0.0
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Table 3.2
Variation of measured parameters (as shown in Fig. 3.4.1) relative to change in the nature
of 690- and 200-km discontinuities.
Time sepa.
at 15°
(s)

Second
Cross-over
posi., ß
( k m)

Third
Cross-over
posi., Y
( km)

Third
Cusp posi.
C
( km)

Fifth
Cusp posi.
H
( k m)

(A) 690-km Discontinuity

Change of parameters calculated relative to 1 km increase in depth
Fixed size
Varying Gradient
(S-series models)

(B)

N.C.

N.C.

Increase

N.C.

Increase

0.0

0.0

5.33

0.0

5.42

200-km Discontinuity
Change of parameters calculated relative to 1 km/s decrease in size.

Varying size and
Gradient
(H-series models)

N.C.

Decrease

N.C.

Decrease

Decrease

0.0

107.14

0.0

35.72

35.72

comparatively very little impact on the 690 km discontinuity. In both case the second
forward branch remains practically unaffected. On this branch the energy of the first arrival
phases gradually decreases. After the second cross-over point (ß), the energy of the arrivals
on the third forward branch again starts to increase. The signatures of the seismic phases
appear to be relatively complex in the distance range 2100 km < A < 2600 km (Figure
3.4.5). When a first-order discontinuity is introduced at 200 km depth, a triplication of
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travel-time curve becomes associated with a cross-over point (a) at around A = 15°. The
amplitude decreases considerably after the first cross-over point (a) which extends up to the
second cross-over point, ß (Figure 3.4.26). This trend of decrease in amplitudes becomes
more pronounced as the size increases which may be treated as an important characteristic
feature to be observed on the real seismograms in connection with the presence of 200 km
discontinuity.

3.5

Upper Mantle Converted Phases at Regional Ranges
The reflected and refracted seismic waves from earthquakes and explosions are

widely used in the investigation of the nature of the major seismic discontinuities in the upper
mantle transition zone. The important parameters to be ascertained are the depth and width
of the discontinuities. In the refraction studies, P waves from teleseismic events propagate
almost horizontally in the deepest layer of their penetration and the depth determination on
the basis of the observation of travel times, under the most favourable conditions may be
accurate up to a few tens of kilometres at the most.
In order to achieve significant improvement in the accuracy of the estimation of
depths as well the velocity gradients, a suitable alternative is to look at the secondary phases
such as the converted waves which are produced by both P to SV and SV to P conversions
at the mantle transitions (Vinnik, 1977). These converted waves are identified by the
variation of the travel times with focal depth (relative to P) of distinct arrivals in the coda of P
waves which can not be predicted using smooth velocity-depth models. In other words, the
secondary waves produced at the interfaces within the mantle are recorded among the late
arrivals on the seismograms, their amplitude is small and identification is difficult. The
converted phases are not important up to A=30\ They have significant importance in the
distance range 30°< A <70°.
The P to SV conversion may be termed the P(S) phase which usually takes place
below the focus while the SV to P conversion, termed here the S(P) phase, usually takes
place below the receiver. The S(P) phases appear as precursors to S, ScS, and SKS and are
registered on the vertical component of the seismograms. The P(S) phase has the polarity of
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the SV phase and these phases appear in the coda of the direct P waves and are, therefore,
registered on the radial component of the seismograms.
Provided that the structural contrasts are favourable to the generation of the convened
energy, usually both types of conversion take place. But which type of conversion will be
dominant, depends mainly on the focal mechanism. Usually source radiation is favourable
for both S(P) and P(S) generation. As a result, structure both below the focus and below the
station is involved thereby making the interpretation of the observed precursors in terms of
the velocity structure in the upper mantle transition zone very complicated. Generally, S(P)
and P(S) interfere constructively on the radial component and destructively on the vertical
component. As such, the converted phases have larger amplitudes in the radial component
than in the vertical component and therefore are easier to identify them on the radial
component. But special situations may arise where the S(P) radiation is strong while the
P(S) is negligibly weak. In this case, the precursor information is related to the structure
below the station. The character of the velocity contrasts in the transition zone below the
station is obtained from the amplitude ratio of conversions to the main S phases which are
measured on the vertical component. On the other hand, strong P(S) radiation means that the
station is close to the P or T axis of the fault plane solution, and the precursors information is
related to the structure below the focus. The amplitude ratio of the conversions and the P
phase, taken on the radial component is diagnostic of the velocity contrast below the focus.
Therefore, information on lateral variations in the velocity contrasts in the transition zone
between upper and lower mantle can be obtained from the study of the S precursors at one
station for earthquakes with strong P(S) radiation towards that station. An S to P conversion
at a depth of 650-700 km is seen only when the receiver is close to a node of the P radiation
pattem and an antinode for S so that its amplitude compared with that of P is at a maximum.
Most of the studies of converted phases have been carried out using long-period
seismograms. Such studies of P-to-S converted phases (Vinnik, 1977; Kosarev et al., 1977;
Souriau, 1986; Kind & Vinnik, 1988) and S-to-P converted phases (Faber & Müller, 1980,
1984; Baumgardt & Alexander, 1984) demonstrated the presence of convened phases from
the 400 and 650 km discontinuity with large amplitude variations. Unfortunately, high
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frequency information is lost in the long-period data which is needed to obtain high spatial
resolution of the discontinuities. Only a few studies of short-period near source S-to-P
converted phases have been made using the Warramunga array data to investigate the nature
of the 650 km discontinuity below Izu-Bonin Island (Barley et al., 1982) and Tonga
subduction zone (Bock & Ha, 1984; Richards & Wicks, 1990). They suggested a locally
sharp 650 km discontinuity below Izu-Bonin and the Tonga subduction zone. They also
recognised regional variations by the systematic differences in the signal duration of the
converted phases.

Seismograms
Using the model KCA', synthetic sections have been produced for both S-to-P and
P-to-S converted waves with reduction velocity 7 km/s and 9 km/s and with 20 times
amplification of amplitudes. For a surface source the conversions P-to-S and S-to-P arrive
at the same time (Figure 3.5.1). The amplitudes are much larger for S-to-P converted waves
than P-to-S converted waves. The seismograms are plotted with an amplification factor of
20 over the earlier P wave results, so that the real amplitudes of the converted phases are
extremely low and are unlikely to be observed in the presence of coda noise.
The P-to-S conversions have previously been studied for large epicentral distances.
However the available observations cover a distance A < 30°. In this range it is important to
know whether P-to-S conversions might be observable since their presence in short period
records would place strong constraints in the sharpness of the discontinuities. Unfortunately
they are too small to be useful.

3.6 Limitations of WKBJ Seismograms
The available program calculates seismograms for laterally homogeneous Earth
models. Therefore, it may appear to be inappropriate to use the technique in this study. But
since the horizontal velocity variations are likely to be several times smaller than the vertical
variations, the lateral heterogeneity may be assumed to be of limited importance in a firstorder approximation. On this basis once velocity models are predicted, the degree of
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Using the base model KCA', synthetic sections have been produced for

both S-to-P and P-to-S convened waves with reduction velocities of 7.0 km/s and 9.0
km/s. The seismograms have been plotted with 20 times amplification of amplitudes. The
conversions takes place at the same time on these sections.
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heterogeneity can be ascertained by estimating the differences between two or more models
of different ray paths.
The WKBJ seismogram is valid at caustics and at shadow boundaries where
geometrical ray theory fails.

It does not predict infinite amplitudes at caustics like

geometrical ray theory which gives singularities in the amplitudes at the cusp point C and E
(Figure 3.4.1). The WKBJ approximation gives good results for turning rays unless the
receiver is at that level which does not occur for a surface source.
The main problem with the WKBJ approach concerns low-frequency effects. If the
velocity model is smooth but contains a region of high velocity gradient, we would expect a
low-frequency reflection from the gradient. The WKBJ seismogram does not provide
completely adequate solution for velocity gradients because it does not model low-frequency
reflections from gradient zones. This is inherent in the WKBJ approximation because the
frequency and space dependence are separated in the solution. The relative amplitude of the
solution at a depth, Z, depends only on the model parameters at that depth. Low-frequency
reflections from gradient zones are therefore not modelled even if the higher-order terms are
included in the solutions. Also the interaction of grazing waves with interfaces at finite
frequencies is not accounted for. Although the WKBJ solution does not have the full
accuracy which can be attained with more sophisticated techniques, it is inexpensive to
compute. It has the advantage of being faster to run and scope for modification of the
velocity structure is provided.
The WKBJ method does not account for diffracted energy which leads to an
inaccurate calculation of amplitudes beyond the ends of triplication branches. A detailed
study of velocity structure near discontinuities would require the use of a more exact
technique. But if the study is concentrated on the large scale features, the WKBJ method is
adequate.
The WKBJ method can not handle strong low velocity zones. It can not model
tunneled energy. Arrivals which have interacted strongly with the lid and shadow zone will
be inaccurately predicted (Grand & Helmberger, 1984). Although the amplitudes of various
arrivals may not be accurate, in general, the timings will be correct.

Chapter 4

DATA PREPARATION AND PRODUCTION OF RECORD SECTIONS

4.1

Introduction
The experimental array design and the recording of earthquake data for the present

study have been discussed in detail in Chapter 2 and a brief account of how the data are
extracted in digital form from the analogue records is given in Appendix B. The bulk of the
data set used in this study come from the LTC analogue records while a lesser amount come
from the NWB analogue and digital records, and from the digital recordings of WRA. We
discuss here how these data were organised to produce record sections (both individual and
composite) in order to derive meaningful information about the upper mantle P- and Svelocity structures and lateral heterogeneity beneath northern Australia.

(i) The Source-Receiver Configuration
The locations of the earthquakes at regional distances selected for this study and the
portable seismic stations of the LTC, NWB and WRA arrays near Tennant Creek in central
Australia, are shown in Mercator projection in Figure 4.1.1. On this map, 'circles' represent
event locations, 'triangles' represent the locations of LTC array stations and squares
represent the locations of the NWB array stations. All events were chosen such that their
locations lie on either side of the axis of the LTC array with a longitudinal range almost
approximately symmetric about the array observation line. The range of longitudes were
chosen to be 110°E - 155°E which is compatible with this criterion. This source region
makes an azimuthal window of about 120° extending from -60° to 60° about the LTC array
observation line.
As the seismic waves are most sensitive to the velocity structure at the bottoming
points which lie beneath the mid-points of the source-receiver pairs, the area of the upper
mantle sampled in this experiment is indicated at the surface through the mid-points of the
source-receiver pairs (light-shaded squares on Figure 4.1.1). These mid-points mostly lie
on the continent and continental slope. The continental shelf of Australia dips very gently to

Map showing the locations of earthquake epicentres (circles), seismic stations of the L IC (triangles), NWB

The area of upper mantle sampled by regional events of this study is approximately outlined.

squares). The seismic belt is divided into five source regions I-V and their corresponding upper mantle regions are lavelled I-V.

(black outlined squares) and WRA arrays near Tennant Creek in central Australia and the source-receiver mid points (grey outlines

Figure 4.1.1
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the north. To the northwest it extends 200-300 km while to the northeast it is almost
continuous between Australia and Papua New Guinea. So, the area of the upper mantle
sampled by the seismograms from the selected earthquakes may be considered to be below
continental shield.

4.2 Division of Seismic Belt into Source Regions
In this study our principal aim is to ascertain the lateral variations in the local upper
mantle velocity structure beneath northern Australia. To that end, our approach is to divide
the entire upper mantle region sampled by seismic waves propagating from the selected
sources to the array stations into a number of zones so that the differences between them will
signal the extent of lateral heterogeneity. The entire Indonesia to New Guinea seismic belt is
divided into five geographical source regions with fixed latitude range (0° to 12°S) and
varying longitude range. The azimuthal window of these source regions relative to the LTC
array stations varies from about 20° to 60°. The details of the various geographical source
regions are given in Table 4.2.1 and are shown in Figure 4.1.1.

Table 4.2.1 Division of the Indonesia-New Guinea seismic belt into five geographical
source regions. The latitude range (0° -12°S) is fixed but longitude range varies.

Region

Geographical Location

Longitude Range

Azimuthal window

I

Flores-Sumbawa-Timor-Buru

110°E - 128°E

60°

II

Banda-T animb ar- Ceram

128°E - 133°E

20°

m

West Irian

133°E - 140°E

35°

IV

Papua New Guinea-Bismarck

140°E - 149°E

45°

V

New Britain

149°E - 155°E

20°
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An area of approximately 1000 km x 2000 km of the upper mantle beneath northern
Australia has been sampled by the regional events recorded at the LTC analogue array and
NWB array.

This area has been labelled as 'UPPER MANTLE REGION UNDER

INVESTIGATION' on the reference map (Figure 4.1.1).
There are a number of reasons for this classification of geographical source regions.
Since one of the primary objectives of this study is to see whether significant lateral
heterogeneity exists in the upper mantle beneath the Australian continent, there should be
seismograms available whose propagation paths bottoming through different zones of the
upper mantle beneath northern Australia. The other main objective is to observe how the
lateral variations in the upper mantle structure can be resolved by array investigations of
earthquakes at regional distances. With this idea in mind, the source region is divided into
small azimuthal windows relative to the station locations so that seismic waves from events
in different geographic source regions sample different zones of the upper mantle. It is
hoped that a composite record section produced with the seismograms from events of a
particular source region will reveal the average structural properties of the sampled region.
The division of the seismic belt is roughly compatible with the tectonic features of the
area to the north of Australia. The Flores Sea and Banda Sea source regions are located in
the Indonesian-Philippine Plate boundaries and the ray paths from these regions to array
stations in central Australia escape traversing a tectonically active complicated arc structure
(i.e. Sunda Arc). The Banda Arc continues east and gradually bends north onward from
Timor. It then goes through Tanimbar up to the Aru Basin where it bends again towards the
west finally ending at Ceram Sea. Therefore, the West Irian region remains outside this bent
arc system. Paths from this region to array stations will remain largely confined to the
structure beneath the tectonically more stable Australian continent. The velocity structures
along these paths should be largely free from the descending plate structures. This also true
for the Papua New Guinea and New Britain regions.
We, therefore, anticipate that the detailed analysis of the composite record sections
will provide information about the structural differences between different regions in the
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sampled upper mantle. This classification will also allow us to see whether there is any
systematic variation in the structure from east to west
Classification of this sort is not uncommon. Wiggins & Helmberger (1973) divided
the western United States (U.S.) into the regions northeast of the Nevada test site and
northwest or southeast of the Nevada test site and derived P-wave models HWA (for the
northwest-southeast region) and HWB (for the northeast region). Likewise Dey-Sarkar &
Wiggins (1976) divided western Canada into three regions and derived models WCA,
WCB, and WCC. Walck (1984, 1985) compared the Gulf of California and the northeast
Pacific rim by constructing models GCA and CJF respectively. England & Worthington
(1977) observed the differences in upper mantle structure by looking at the seismograms
crossing three distinct regions - the North and West European region, the AlpineMediterranean region and the western edge of Russian Platform. Similarly England,
Worthington & King (1978) observed differences in the upper mantle between Western
Russia and southern and central Europe, and England, Kennett & Worthington (1978)
compared upper mantle structures beneath Eurasia, North-Atlantic and Arctic Oceans, by
separately considering the seismograms bottoming in different regions.
Moreover, this classification will make it possible to study the variability of the
wavefield character of different events of (i) similar epicentral distance but different
azimuths, and (ii) different epicentral distances but similar azimuth. Another important
advantage is that the number of observations in a relatively small zone will enable us to
compare the coherent and incoherent portions of the wavefields recorded at the array. Thus,
there will be a number of ways available to observe the variability of the seismic waveforms
on the records of different events in a particular composite record section, and to observe
such variations between the records of a particular event.

4.3

Corrections Applied to the Data Set
The two most important factors in generating a composite record section are the event

locations and origin times.

We started with P.D.E. information from the National

Earthquake Information Centre (NEIC) for the event locations and origin times to digitize the
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analogue records (Appendix B). Later when the ISC bulletin for the study period became
available, there were significant differences observed between the PDE and the ISC
locations. We consider the ISC locations to be more accurate and use them in subsequent
analysis.
The probable errors due to inaccurate origin time were removed by tying the travel
times to the Herrin (1968) travel time table. The P first arrival time on each trace of an event
was measured with respect to a Herrin travel time curve that was plotted on the individual
event record sections. We refer to these time measurements as Herrin residuals. For each
event, the average of the residuals was the Herrin correction which was applied to all the
traces of that event. This procedure of origin time correction still allows breaks in the travel
time curves to be seen. This is because of the fact that the correction is applied to the whole
event, rather than to individual records. On the other hand, all stations are affected by any
structure beneath the array because of the fixed configuration of the array stations.
Unfortunately, the ISC bulletin does not always provide reliable estimates of focal
depth because of the limited coverage of seismograph stations at close ranges. But accurate
depth estimates of the events are vital for two main reasons: (i) the problem of travel time
inversion to reconstruct the velocity-depth function in the Earth's interior requires reliable
information about the depth of the source and (ii) to produce composite record sections
including seismograms of several events it is necessary that all the sources be corrected to
the same depth level. This is also required so that composites from several regions can be
compared. Unfortunately, any error in the ISC depth is beyond our control. We could only
take care of case (ii) by applying the corrections to the epicentral distances and arrival times
necessary to move all the sources so that they appear to lie at the Earth's surface according to
the computational method provided by Engdahl et al. (1968). The origin time correction
minimises the effect of errors in focal depth on the composite sections.

4.4

Data Presentation
The shallow earthquakes selected for this study from the eastern Indonesian arc to

New Britain source region provide data coverage over source-receiver distance ranges of
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about 1000 km to 3150 km. The angular aperture of this area about the LTC array
observation line extends from about -60° to about +60° within a 120° azimuthal range. In
order to avoid the complicated tectonic structure of the south-east Asian plate, the source
region was restricted to the plate margin. The nearest event is in the Flores Sea while the
farthest event is in the New Britain region. Only for the Flores Sea region do the data cover
a wide range of distance from about 1200 to 2750 km, while for the Banda Sea and the West
Irian regions the maximum epicentral distance is about 2400 km. For PNG the data extend
from 1600 to 2700 km and the New Britain events cover a distance range of 2100 to 3000
km. The events of all the regions together form a good data set to study the structure mainly
above 400 km.

(i) Trace Normalization
For plotting the traces on the individual and composite record sections, the amplitude
of each record was normalized with respect to the largest arrival present in the record. The
maximum width of the seismogram was set to a common level for all Figures. The
normalisation is adopted to overcome differences between individual site and instrument
responses and also helps to overcome some of the problems of intercomparison of events of
different magnitudes. However, this means that the arrivals in the record can be compared
only in terms of their relative amplitudes.
While plotting the record sections for individual events, the amplitudes on a
seismogram were normalized to maximum width of double the size used for the composites.
However, the normalization schemes adopted here in generating the composite record
sections and for the record sections belonging to individual events, do not permit strict
comparison between amplitudes of first arrivals: if there is any strong secondary arrival on
the seismogram, it will tend to suppress the amplitude of the first arrival. So, among the
traces, the scaling factor is not uniform for the amplitudes of first arrivals. However this
should not prevent a general comparison. One way to overcome this difficulty is to consider
the amplitudes of the observable secondary arrivals within the time window to estimate the
relative amplitudes of the first arrivals. A reasonable comparison between the amplitudes of
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first arrivals then becomes possible. Where the observable secondary arrivals are either
absent, or are not strong enough, the comparison is straightforward.

4.5

Production of Composite Record Sections from Raw Data
For the analysis of travel times and amplitude characteristics, a suitable technique is

necessary to display data so that the classical seismic phases become better identified, and a
successful method for this purpose is the compositing of records from a group of events of
each source region to produce a single section (King & Calcagnile, 1976); Bowman &
Kennett, 1989).

The basic principle of producing such sections with body wave

seismograms recorded at array stations from the group of events of each source region is
essentially a technique of obtaining an array of large synthetic aperture by interleaving
seismograms from many events in single record section.
In this section we discuss the criteria of producing composite sections from the
records of each group of events so that the principal features of the seismic wavefield
refracted through and reflected from the upper mantle can be seen. In the first instance,
composite sections have been produced from raw data. By raw data we mean unfiltered
records where the records of each event are corrected to Herrin times by subtracting a fixed
time residual (section 4.3) where each record is normalized to its maximum amplitude.
Separate composites have been produced for P and S waves.

(i) P Waves
The epicentral distance range of the available records varies from region to region.
Only for the Flores Sea region, are there any seismograms recorded at epicentral distances
less than 1250 km (~11.3°). We have therefore set the lower limit of the epicentral distance
at 1250 km for comparison. Except for the New Britain region, no seismograms are
recorded at epicentral distances greater than 2750 km (-24.7°). In the New Britain region
we have records at distances up to 3150 km (-28.4°) but none at distances less than 1650
km.
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Since one of the objectives of producing the P-wave composite record sections is to
find the compressional velocity distribution in the upper 800 km of the mantle which is
determined from the observations of refracted P-wave arrivals at epicentral distances of less
than 30°, the epicentral distance range (1250-3150 km) of the observed seismograms is
fairly compatible with that objective. Uniform scaling with respect to both the distance axis
and vertical time axis have been maintained in all the composites in order to permit easy
comparisons. The length of the horizontal distance axis has been chosen to be 1500 km:
from 1250 km to 2750 km for Region I-IV and from 1650 km to 3150 km for region V
(New Britain). The reduced time interval has been set at 20 s.
With the scalings above, P-wave composite record sections have been produced by
combining seismograms from the events of a given source region with a reduction velocity
of 9.0 km/s and a reduced time interval from 20-40 s. In order to exhibit the main features
of the travel time-distance (T, A) curves for different upper mantle regions, the seismograms
from all the stations for each of the events (Table 2.4.1) have been plotted with uniform
amplitude scaling. The composite section eliminates error due to minor errors in location
and time of origin (Hales et al., 1975). These composite sections will be used for a
qualitative assessment of the mantle velocity profile in Chapter 5.

(ii) S Waves
The S-wave composite record sections have also been produced from the same
unfiltered data sets of different regions to examine the consistency of the characteristic
features exhibited by both P- and S-wave propagation. Because of lower velocity of shear
propagation, the minimum and maximum time limits were chosen to be about double those
chosen for P waves to ensure as far as possible clear identification of the S-wave onsets. A
reduction velocity of 5.0 km/s has been chosen as the standard for the S sections. Because
of the usual problems of recording good quality S-wave data, many records were found to
be unsuitable for inclusion in the composite and hence were not considered. Detailed
analysis of these S-wave composite record section will be presented in Chapter 7.
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4.6 The Complex Envelope Plots
In seismic data analysis, one useful method to extract significant information is the
rearrangement of data by transformation between data species. One of the most common
examples of data rearrangement is the transformation of seismic data from the time domain to
the frequency domain which is accomplished by the Fourier transform. By doing so, one
can look at the average properties of the length of a trace, but not the local variations. To
retain a measure of local significance, one needs to employ a transform technique, called
complex trace analysis in which the seismic data is treated as an analytic signal. Gabor
(1946) defined this complex analytic signal in the study of the transmission of the radio and
television signals and Fambach (1975) defined the amplitude of the complex analytic signal
as the complex envelope.
The advantages of the complex envelope lie in the natural separation of amplitude
information from angle (including phase and frequency) information. It offers an efficient
alternative to the analysis of non-stationary signals by computationally expensive timevarying Fourier analysis. It is important to note that the complex envelope is not in itself a
signal processing technique. It is rather a technique of representation for the original signal
designed to be more suitable for visual analysis than the original signal. A brief account of
the mathematical formulation of the complex envelope plot has been given in Appendix D.
Recently, Bowman & Kennett (1989) have used the complex envelope to enhance the
coherent features of the upper mantle record section. This simple stacking technique has
been used in this study to generate composite record sections for both P- and S-waves for
the group of events from each source region. To emphasize the coherent part of the recorded
signal, each seismogram has been bandpass filtered (0.5 Hz - 3.0 Hz), resampled to 20 Hz
and then the complex envelope for each trace has been calculated. The complex envelopes
are then normalised to the maximum amplitude and the seismograms falling within bins of
10 km wide are summed. Each bin sum is then renormalised for plotting. As before, all the
seismograms for each event have been corrected to Herrin times by subtracting the average
residuals with respect to Herrin (1968) P times and uniform scaling is maintained in all the
composite sections. The P-wave composites so produced will be used to develop an upper
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mantle model for each region in Chapter 6 and the S-wave composite will be used in
Chapter 7.
This stacking after the calculation of the complex envelope has a number of
advantages (Bowman & Kennett, 1989). It gives the opportunity to use most of the data for
one group of events in a single display. Otherwise, the variations in radiation pattern and
source time functions among the events would make it very difficult to stack the data. On
the other hand, the small size of the earthquakes considered is not favourable for accurate
estimation of the focal mechanism or source time function with the available seismic
networks for this study. The stacking procedure decreases the frequency content of the data
because of smoothing properties of the envelope function itself as well as the averaging of
neighbouring traces that are not in phase. An obvious consequence of the decrease in
frequency is the improved stability of the seismic traces with respect to lateral heterogeneity
and variations amongst earthquakes. It is to be expected that lateral heterogeneity perturbs
the amplitudes and arrival times of short period mantle phases, but the effects of smaller
scale perturbations in velocity will be suppressed in the stacking procedure. Further, an
objective representation of the relative strengths of the travel time branches is achieved
through complex envelope stacking. Thus the principal advantage of a stack of complex
envelopes of the seismograms is that it enhances the characteristic features of a horizontally
stratified mantle for a particular region.

Chapter 5

P-WAVE RECORD SECTIONS AND THEIR IMPLICATIONS ON LATERAL
HETEROGENEITY IN THE UPPER MANTLE P-WAVE STRUCTURE

5.1

Introduction
In Chapter 4 we have discussed in detail how the individual and composite record

sections of short-period P waves for the different upper mantle regions have been generated.
In this chapter we make a qualitative assessment of the upper mantle P-velocity structure
existing beneath these regions of northern Australia. Quantitative modelling of the major
features, particularly the relative travel times and waveform characters, will be made in the
following chapter using WKBJ synthetic seismograms (Chapman, 1978).
Our approach will be to assess both individual and composite record sections
qualitatively at first to see if there is evidence of differences in the velocity structure of
different upper mantle sampled regions. Anticipating that any difference in the upper mantle
velocity structure between the sampled regions will mostly lie above 400 km transition, we
will concentrate primarily on records out to 2500 km.
In general, the analysis will be based on the relative travel times and the character of
the waveforms because relative travel time is more precise compared to the absolute travel
time because of large uncertainty from mislocation errors. We will concentrate on the
characteristic features in the observed seismograms to see how the amplitude of first arrivals
vary over different epicentral distance ranges along with the clarity of the later arrivals
corresponding to the 400 km transition. We will also evaluate the consistency of the seismic
waveform in the records of two events (i) at similar epicentral distance range in different
azimuth, and (ii) also at different distances at approximately the same azimuth, with respect
to the array configuration.

5.2

General Assessment of Individual P-wave Record Sections
If we look at the records for a single event (Figure 5.2.1), we observe that the

recorded P seismograms are not simple seismic traces but complex wavetrains. Instead of a
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Figure 5.2.1 Record section for event no. 964 from Region II (Banda Sea) which is
the example of a section with relatively good quality records. Note that the variation in the
amplitude of first arrivals among the traces, especially the extremely low amplitude of first
arrivals on the seismograms around 1550 km, 1800-1850 km and 1950-2000 km
compared to the rest of the section.
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maximum of three simple pulses (P, pP and sP) the records are very complicated showing
numerous arrivals with similar or dissimilar amplitudes compared to those of direct P phases
arriving after the onset of the signal. However, the general pattern of the record section is
reasonably consistent, but there is a remarkably high degree of variability in the amplitudes
of first arrivals and waveform characteristics across each record section. While looking at
the amplitude behaviour, we must recall that each seismic trace is normalised to a maximum
peak amplitude and that normalization has the effect of suppressing the very low amplitude
first arrivals and so all the prominent features in the section arise from the later phases.
Therefore, the observed seismograms exhibit relative amplitudes rather than absolute
amplitudes. The relative amplitudes of the mantle phases can be used to put additional
constraints on the upper mantle velocity structure (e.g. Helmberger & Wiggins, 1971;
Wiggins & Helmberger, 1973; Burdick & Helmberger, 1978; Given & Helmberger, 1980;
Walck, 1984; Bowman & Kennett, 1989; ) on top of those arising from the travel time and
slowness data.
The initial P onset is followed by later arrivals which cannot be associated with
distinct phases produced by reflections, conversions, etc in a layered Earth. These late
arrivals are called coda phases and carry considerable amount of seismic energy. These
phases

complex and variable body wave codaAmay oe generated in different circumstances with
different characters. Because of the possibility that the shape of the seismic phases is
strongly influenced by lateral inhomogeneity, the complexity of the seismic waveforms may
be treated as a diagnostic feature for the existence of laterally heterogeneous structure in the
upper mantle. The largest effects probably arise from small scale shallow structures rather
than large scale deeper structures (Kennett, 1987). Among the various aspects of the
complex behaviour most prominent aspects are the variation in the amplitude of first arrivals
and lack of coherency of the secondary arrivals. One can quickly notice this variability
among the records of two different events and also among the traces of a single event.
The variations in the nature of the individual record sections are diverse. Generally,
each record section exhibits some characteristic feature which, in most cases, does not
exactly correspond to that of an other section. Judgement of the quality of records is a
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subjective matter.

Here the quality of the records has been assessed based on the

distinctness of phases corresponding to layered structure and on consistency of neighbouring
records. Figure 5.2.1 represents an example of a reasonably good quality record section
(event no. 964) while Figure 5.2.2 represents an example of a bad quality record section
(event no. 860). These two events are from the same source region (Region II: Banda Sea)
and they cover a similar distance range (1400 - 2050 km). Even so, there is a wide range of
difference in their characters. These two record sections are typical examples of how
striking the difference in character of the records that is possible even when the propagation
paths are similar.
Figure 5.2.3 represents the record section for event no. 969 from the West Irian
region which covers a similar distance range to that of Figure 5.2.1. These two Figures
therefore give an example of the record sections for two events from different source regions
but with a similar source-receiver distance. Although they exhibit generally consistent
pattern, there are remarkable differences regarding the first arrival amplitudes and the clarity
of the later phases. From subsequent interpretation, this phase corresponds to the 400 km
discontinuity. These two Figures further illustrate how markedly the relative amplitude of
the different parts of the seismograms differ across the record section with a very significant
effect on the visibility of the later phases.
Figure 5.2.4 (event no. 963 from Papua New Guinea Region) and Figure 5.2.5
(event no. 967 from West Irian region) are another pair of record sections from different
source regions covering similar distance range (1500-2100 km). In Figure 5.2.4, the
phases corresponding to the 400 km branch are distinct with low amplitude first arrivals,
while in Figure 5.2.5 the amplitudes of first arrivals are low and the 400 km branch is less
clear.
In some cases, crustal multiples can be an important contributor to the P coda and
the main surface reflected phases pP and sP can be seen as a parallel set of onsets to the main
P trace. For example in Figure 5.2.6 (no. 970 from Papua New Guinea region) distinct
phases appearing almost parallel to the 400 km branch about 4.0 s later are most likely to be
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Figure 5.2.2 Record section for event no. 860 from Region II (Banda Sea)
represents an example of a section with bad quality records.
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Figure 5.2.3 Record secdon for event no. 969 from Region in (West Irian) which
covers a similar distance range as that of Figure 5.2.1 (event no. 964). Between these two
sections, remarkable differences exist regarding the amplitudes of first arrivals and the
clarity of the later phases.
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Figure 5.2.4 Record section for event no. 963 from Region IV (Papua New Guinea)
which shows relatively low amplitudes of the first arrivals compared to distinct secondary
arrivals. The low amplitudes of first arrivals beyond 1700 km may indicate the existence
of a low velocity zone above the 400 km transition.
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Figure 5.2.5 Record section for event no. 967 from Region HI (West Irian) which
covers similar distance range as that of Figure 5.2.4. Here amplitudes of first arrivals are
low and the 400 km branch is also unclear.
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Figure 5.2.6 Record section for event no. 970 from Region IV (Papua New Guinea)
in which the amplitudes of first arrivals corresponding to 200 km branch are extremely
indistinct. The secondary arrivals corresponding to 400 km branch seem to be the first
arrivals at a first glance. The appearance of the distinct phases almost parallel to the 400
km branch about 2-4 s later are most likely to be pP phases which are surface reflected
multiples. The P ^ and pP400 are labelled on the section.
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pP400 phases. But another event (no. 977) from the Flores Sea region (Figure 5.2.7) over
the similar distance range (1700 - 2250 km) exhibits a section of completely different style.
Among the traces for a single event, the amplitudes of first arrival may vary
significantly (e.g. Figure 5.2.2). For some events, the first arrivals are relatively low
compared to the late arrivals (e.g. Figure 5.2.4).

This situation may imply several

possibilities such as (i) a very weak gradient zone between 200 and 400 km, (ii) a low
velocity zone above 400 km, or (iii) a very strong 400 km discontinuity. In Figure 5.2.6,
the amplitudes of first arrivals are so low that they are almost invisible and the secondary
arrivals corresponding to 400-km discontinuity might be thought to be the first arrivals.
Figure 5.2.7 (event no. 977 from Flores Sea region) is another typical example which
clearly shows how the records of same event at successive stations differ in character.
Because the traces on this section are within the range 1750 < A < 2250 km, the character
revealed in this Figure clearly corresponds to the structure above the 400 km discontinuity.
The events we have discussed so far, all cover a distance range which is controlled
mainly by the structure above the 400 km discontinuity. At a larger distance range, with first
arrivals which correspond to refracted energy from below the 400 km transition, are
comparatively impulsive and of large amplitudes and the seismic traces are fairly simple (cf.
Figure 5.2.8, for event no. 995 from the Papua New Guinea region).
The significant secondary arrivals (corresponding to the 400 km branch) in Figures
5.2.2 and 5.2.4, are in contrast with those (nearly invisible secondary arrivals) in Figures
5.2.3 and 5.2.5. Where the secondary arrivals are weak or indistinct, the time-distance
curve is more subjective.

5.3

General Assessment of Composite P-wave Record Sections
We now assess the composite P-wave record sections produced with the

seismograms from many events of a source region. The data sets available for various
source regions are unequal in size and non-uniform in trace density across the entire regional
distance range (10° < A < 28°) on which this study has concentrated. The data sets for the
Flores Sea and West Irian regions are fairly large and the trace density is high. But the
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Figure 5.2.7 Record section for event no. 977 from Region I (Flores Sea) which
clearly shows how the records of same event at successive stations differ in character.
Notice in addition to the low amplitude of the first arrivals, the lack of clarity of the
secondary arrivals corresponding to 400 km branch.
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Figure 5.2.8 Record section for event no. 995 from Region IV (Papua New Guinea).
This section shows that at higher distance range, phases corresponding to 400 km branch
are more impulsive and of relatively large amplitudes.
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Flores data covers a wide distance range (1180-2750 km) while the West Irian data are
confined within a compact range (1400-2350 km). For the other three regions, the available
data sets are somewhat smaller.

(a)

General Behaviour
With the available density of data coverage over the entire epicentral distance range

on a composite record section, it is possible to tie the secondary phases across many
seismograms, but all the secondary phases are not equally represented. On some traces, they
are prominent while on some others, they are weakly represented. The interpretation of the
section is strongly influenced by the dominant traces and the correlation of phases between
prominent ones is mostly subjective. Considering the propagation paths to be identical for
the seismic waves from earthquakes within a source region to array stations, we would
anticipate observing reasonable waveforms across the records of the composite sections.
Unfortunately, we do not observe consistent seismic behaviour as a function of distance for
most of the sources and receiver locations. It turns out that the seismogram shape is not only
influenced by the vertical velocity gradient near the turning point, but from other factors also.
At shorter distances (less than 15° ~ 1666 km) the influence of the crust and upper
most mantle structure on the seismograms is maximum; P waves with multiple reflections
within the crust and mode conversions at the free surface and Moho may arrive at the
receiver to produce a more complex seismogram. Only the sections for the Flores Sea and
Banda Sea regions (Figures 5.3.1 and 5.3.2) have reasonable data in this distance range and
the seismograms exhibit complicated character. For the Papua New Guinea and New Britain
regions, we do not have any data in the distance range A<1600 km (Figures 5.3.4 and
5.3.5).
The behaviour of the seismograms tends to become more complex for distances
beyond 1550 km where the phases corresponding to 400 km transition gradually become
identified. This characteristic feature is well revealed on the composite sections for Flores
Sea (Figure 5.3.1) and West Irian (Figure 5.3.3). Such a variation in the clarity of the
phases is quite common. At this point, the main problem is to ascertain whether these effects
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Figure 5.3.4 Composite record section for events from the Region IV (Papua New Guinea). The
calculated apparent velocities are 8.92 km/s. 10.85km/s and 11.53 km/s respectively. The cross-over
distances are A m = 2200 km and A 650= 2645 km respectively.
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can be ascribed to local geological structure near source or receiver, much deeper structure or
some other unknown causes.

Nevertheless, part of the amplitude variation may be

associated with interference between the reflected and refracted branches from the 400 km
transition. Because reflection is not purely local the sharpness of the discontinuity tends to
be reflected in the character of the records for a whole event particularly in the distance range
1400-2100 km. The variability among the seismograms of the record sections suggests
variability in the velocity structure of the region sampled in this study.

(b)

Variation between Sections
The seismograms recorded at distances of about 1700 - 2200 km are particularly

interesting. Here the energy returned from the 400 km discontinuity is observable and the
relative timing of these arrivals contain information about the velocity structure around 400
km. Therefore, the difference in the relative timing between first and secondary arrivals
around this distance range on different composite record sections can be used to demonstrate
lateral structural differences between the regions in the upper mantle. The estimates of the
relative timing to later arrivals corresponding to the 400 km discontinuity at the distances of
1500, 1700 , 1900 and 2100 km on different composite sections are presented in Table
5.3.1.
As discussed in the previous section, the amplitudes of the first arrivals on the
composite record sections are generally variable. Up to a distance of about 2200 km, they
are generally very small (see composite record sections for different groups of events).
Beyond this distance, they are somewhat larger. Distinct secondary phases are generally
scattered over the record sections. However, these secondary arrivals can be reasonably
correlated with traces at epicentral distances beyond the cross-over point where the 400 km
branch is a first arrival.
A remarkable feature in the composite sections is the very slow decline of the coda
amplitudes with time. This is one of the major cause of the difficulty in identifying the clear
later phases. Kennen (1987) suggested that this sort of complex behaviour may be partly
due to trapping of scattered energy in the lithosphere.
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On the composite record sections, the interpreted positions of the 200 km, 400 km,
and 650 km branches of the P-wave phases have been marked, and the corresponding
apparent velocities (V2oo, V400 and V650) and the cross-over distances (A 400 and A 650)
have been estimated. The cross-over distances A 400 and A 650 were defined as ß and 7
respectively in Figure 3.4.1. The estimated values of V2oo, V400, V650, A 400 and A 650 are
presented in Table 5.3.2. The variability of these measured values indicates upper mantle
lateral heterogeneity. In order to establish the further evidence of the presence of lateral
heterogeneity the composite record sections will be systematically assessed by region in the
next section.

5.4

Assessment of Regional Record Sections
In this section we characterise the composite sections with regard to (i) waveform

character, (ii) relative amplitude behaviour, (iii) relative timing of later phases, and (iv)
position of travel time branches (subjective and objective) with reference to probable cusp
and cross-over points.

(i)

Region I: Flores-Sumbawa-Timor-Buru
Region I (Flores Sea) is located to the northwest of the LTC, NWB and WRA

arrays. The seismic waves propagating to the array stations from these earthquakes sample
Region I of the upper mantle in northern Australia which is approximately half-way between
Tennant Creek and Flores Sea region. The Flores Sea region forms an azimuthal window of
about 60° (Table 4.2.1).
For this region, in addition to LTC analogue recordings of nine events, we include
data recorded at NWB (analogue and digital stations) and WRA digital stations from
seventeen other events (Bowman & Kennett, 1989). As a result the composite record
section from this region (Figure 5.3.1) provides good data coverage in the distance range
1100-2750 km (=10° to 20°) particularly up to 2150 km. However, beyond 2225 km the
distribution of traces is more sparse and is from a few events. The depths of most of the
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events were fixed at 33 km in the ISC bulletin. The azimuth to the sources ranges from
about 285° to 345°.
The records exhibit extremely complex waveform character but clearly reveal some
form of structure in the upper mantle. Up to about 1700 km the first arrivals have reasonable
amplitudes. But between 1700 and 2100 km, the first arrival amplitudes are very low and
suggests a low-velocity gradient below 200 km and above the 400 km transition. The
secondary arrivals appear to be visible from about 1450 km, and we take this as the probable
cusp position.
A few phases appearing within about 2-4 s from the onset time at distances of 14001450 km and 1500-1600 km are an important feature of this section. They are not sharp
pulses, rather elongated wave trains. The phases from 1400-1450 km can be associated with
minor triplication of travel time branch having cross-over point around 1350 km. But it is
not possible to visualise a simple explanation for the phases of 1500-1600 km. Late arrivals
around 1300-1350 km about 7 s and 12 s after onset may be associated with shallow
structure.
The distinct secondary arrivals over 1550 to 1750 km and 1800 km to 2150 km can
be associated with the velocity transition around 400 km depth. The distinct phases in
between 1550 and 1750 km seem to be associated with the forward branch (i.e. refraction
below 400 km transition) while the distinct later phases in between 1800 and 2150 km seem
to be associated with reverse branch (i.e. reflection from 400 km transition). Around 17501800 km, there is an abrupt change of timing to distinct later phases. This character indicates
that most of the energy is concentrated in the reflection from the transition and suggests a
fairly distinct discontinuity. Between 1500 km and 1700 km, the secondary arrivals are
scattered which may suggest a gradient zone (or may be due to the influence of lateral
heterogeneity). The cross-over point corresponding to 400 km transition appears to be
around 2165 km beyond which the late arrivals are the 650 km phases. These observations
suggest that the velocity contrast at the 400 km discontinuity in the upper mantle below
Region I is not uniform but varies locally, associated with small scale heterogeneous
structures.
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The set of later phases which are fairly visible over the distance range of about
2200-2650 km have more energy than the first arrivals. These phases can be easily
associated with the reflections from the 650 km discontinuity. Their amplitudes indicate that
the discontinuity is locally sharp. The cross-over distance corresponding to the 650-km
discontinuity is about 2635 km. The estimated apparent velocities of the P-wave phases of
200 km, 400 km and 650 km branches are respectively 8.68 km/s, 10.47 km/s and 11.66
km/s.

(ii)

Region II: Banda-Tanimbar-Ceram
The composite section (Figure 5.3.2) of the records of earthquakes from the Banda

Sea region (Figure 4.1.1) extends over the distance range of 1300 km to 2400 km (11° to
21°). There were 7 events in this group, all having a fixed depth of 33 km. The trace
density is lower on this composite record section compared to that for region I (Flores Sea).
The azimuth to source locations ranges from about 340° to 360° (Figure 4.2.1).
This region is associated with the most complicated subduction zone structure. The
composite section shows messy waveform character which varies noticeably from
seismogram to seismogram. The seismograms have high energy first arrivals up to about
1700 km followed by low amplitude first arrivals. There are only a few traces before 1500
km, yet one can see some form of correlation among the phases of the first few records
within a few seconds of the onsets. This is also seen on the Flores Sea section at equivalent
distance range (Figure 5.3.1). One trace around 1975 km is an exception within the low
amplitude first arrivals particularly in between 1850 to 2150 km.
The secondary P phases are roughly identified onward from 1600 km up to about
2050 km distance which can be correlated to form the 400 km branch with a cross-over point
around 2165 km and the cusp point at 1600 km. The identifiable later phases between 1800
and 2000 km can be correlated to the reverse branch (i.e. reflection) from 400 km transition.
The apparent velocities of 200 km and 400 km branches are estimated to be 8.78 km s_1 and
10.44 km s '1 respectively. This section has inadequate data coverage to observe the 650 km
discontinuity. There are a few noticeable delayed secondary arrivals between 1500 km and
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2200 km which are probably pP phases, because they parallel the arrivals of the 400 km
branch with 3 - 4 s time offset. Beyond 2000 km the wave amplitudes along the trace
decline relatively rapidly while for smaller ranges, the amplitudes do not diminish
appreciably. The significance of this feature may be that the 400 km discontinuity sets an
important demarcation above which the degree of structural heterogeneity is much greater
than that below it. Paulssen (1987) reported evidence for heterogeneity of at least a few
percent to the depth of the 400 km discontinuity and the character of the seismograms on this
section also provides evidence that the upper mantle lateral heterogeneity is mostly confined
above 400 km depth.

(ii) Region III: West Irian
The earthquake epicentres of most events in the West Irian region (Figure 4.1.1)
form a cluster with small areal extent. The events therefore span similar distance ranges
resulting in extremely dense distribution of records between 1400 km and 2360 km (Figure
5.3.3). Out of 33 events in this region, 2 events were extracted from the NWB digital
records. Ten events had a reported focal depth of 10 km, 16 events had focal depth 33 km,
2 events had focal depth around 20 km and other 5 events had focal depth around 45 km.
The azimuth to sources ranges from 350° to 25° giving an window of 35° (Table 4.2.1).
The epicentral distances range from about 1400 km to 2370 km (i.e about 13° to 22°) with
high trace density beyond 1750 km.
This section shows extremely complex waveform behaviour. Only the first two
records near 1400 km and the records beyond 2200 km have distinct high energy first
arrivals. The amplitudes of first arrivals are very low with extremely low values from about
1650 to 2200 km. There are few distinct secondary P phases scattered on the records at
distances less than 1500 km which may be the contributions of shallow structure. Despite
the complex wave characteristics the secondary phases between 1500 km and 2000 km are
fairly noticeable and seem to correspond to the 400 km branch. From 1700 km onward, the
later phases are not high energy sharp pulses. Rather they are elongated wavetrains with
comparable amplitudes extending from forward to reverse branch. This is a particularly
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interesting feature of this section and is most likely to result from a strong gradient zone
around 400 km depth rather than a sharp discontinuity (Case 1, Section 3.4(A)). There are
other noticeable secondary arrivals throughout the whole section. The character of this
section is indicative of short scale heterogeneity extending down to 400 km depth.
Since the data have been recorded at distances only up to 2350 km, no information
regarding the 650 km discontinuity can be derived from this section. If the 200 km and 400
km branches are traced on this section, the crossover and cusp positions will be located
around 2175 km and 1500 km respectively. The average apparent velocities for the 200 km
branch and 400 km branches are estimated to be 8.81 km/s and 10.58 km/s respectively.

(iv)

Region IV: Papua New Guinea (PNG)-Bismarck
There were 8 events from PNG-Bismarck region including NWB digital records of

one event. The azimuth to these events range from 20° to 65° giving a 45° window (Table
4.2.1). Two events had reported focal depths 10 km and 16 km, and all others 33 km.
Sixty-seven seismograms were included in the composite section (Figure 5.3.4) in the
epicentral distance range 1630-2750 km (= 14.5° to 25°), with the best coverage between
1900 km and 2500 km.
The most important feature of this record section is the low amplitude first arrivals
around 1800 km and then again between 1900 and 2150 km. Three seismograms between
1750 and 1825 km show very low amplitude. A possible cause of this would be a sharp
drop in velocity below 200 km. Hales et al. (1980) observed such a character on the record
section of a Banda Sea event (PDE depth=167 km) recorded in central Australia. They had
to introduce a 5% drop in velocity between 227 km and 325 km depths to match the drop in
amplitude in the model.
From about 1750 km to 1950 km, there are fairly distinct secondary P phases which
can be broadly associated with the triplication branches corresponding to the 400 km
transition. They are followed by other distinct secondary arrivals at increasing distances
which however suffer from lack of coherency. This problem is most likely to be developed
due to location error or due to error in origin time or both associated with one or more
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events. One can trace back the 400 km reversed branch placing the cusp position at about
1600 km. Roughly parallel to the forward branch from the 400 km transition, there are some
clear late arrivals over the distance range 1750 to 2300 km following the strongest arrivals
within about 4 s time interval. They are most likely to be pP and sP phases. Presumably,
had there been no error introduced due to inaccurate locations or origin times, the section
could have shown better correlation among the leading phases.
Beyond 2500 km distance, the decline of wave amplitude with time is faster than at
earlier distances which again indicates that the mantle heterogeneity is mostly confined above
400 km depth. The 400 km and the 650 km branches on this section are identified with
cross over points around 2200 km and 2650 km distances respectively. The apparent
velocities for the 200 km, 400 km, and 650 km branches are estimated to be 8.92 km/s
10.85 km/s and 11.53 km/s respectively (Table 5.3.2).

(v)

Region V: New Britain
The earthquakes of the New Britain region (Figure 4.1.1), as group, were the most

distant events in this study. There were 4 events recorded at NWB digital and seven events
recorded at LTC analogue instruments. The depth of the events of this region varied from 18
km to 54 km. The azimuths to the sources range from about 45° to 65° with an window of
20° (Table 4.2.1). The records are non-uniformly distributed on the composite seismic
section (Figure 5.3.5) over the distance range from 2100 km to 3000 km. Since the first
seismogram was recorded at about 2100 km, the available data for this region provide no
information about the upper mantle structure above the 400 km transition.
The first arrivals of the P waves on this section are refracted below the 400 km
transition and are comparatively more impulsive at gradually increasing distances. The more
or less distinct later phases between 2100 and 2400 km can be associated with the 650 km
discontinuity. Within the distance range from about 2500 to 2650 km, the amplitudes of the
first arrival appear to be low again which may be indicative of low velocity gradient above
the 650 km transition zone. The phases refracted below the 650 km discontinuity are seen as
first arrivals beyond about 2650 km. The character of the wavetrains on this section seems
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to be regular showing generally a gradual decline of the amplitudes with time. Scattered late
arrivals are clearly visible but do not exhibit reasonable coherency. Incoherent signals of the
section carry information of the heterogeneous structures of the upper mantle.

Table 5.3.1 The time difference between first and secondary arrivals corresponding to
400 km discontinuity estimated at chosen distances for all the composite sections.

Banda Group

W. Irian Group

Distance

Flores Group

1500 km

12.0 s

11.0s

13.0 s

1700 km

10.5 s

6.4 s

9.0 s

9.0 s

1900 km

6.2 s

5.3 s

5.5 s

5.5 s

2100 km

4.0 s

9.3 s

3.75 s

4.2 s

Table 5.3.2 Apparent P-wave velocities V20o> V400

P.N.G. GrouD
-

cross-over distances

and v 650

(A 400 and A 650) calculated from the composite record sections for 400 km and 650 km
branches.
Source

Distance

V200

range

200 km
branch

km

km/s

A 400

A 650

V400

V 650

200 km to

400 km

400 km to

650 km

400 km br.

branch

650 km

Branch

km

km/s

km

km/s

11.66

Flores Sea 1180-2725

8.68

2165

10.47

2635

Banda Sea 1300 - 2350

8.78

2175

10.44

-

-

West Irian 1400 - 2400

8.81

2225

10.58

-

-

1620 - 2700

8.92

2200

10.85

2520

11.53

10.62

2650

11.71

P.N.G.

New Britain 2100 - 3000
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Because of comparatively greater epicentral distances, this group of events sample
the deeper part of the upper mantle where the degree of heterogeneity appears to be lower.
The triplication point corresponding to the 400 km discontinuity could not be identified.
Discontinuities in the first arrival have been identified only around 2650 km distances on this
section which could correspond to the 650 km discontinuity. The apparent velocities for the
400 km and 650 km branches are estimated to be 10.62 km/s and 11.71 km/s respectively.

5.5

Factors Contributing to Signal Complexity
In the foregoing assessment, we have observed that the behaviour of the short-

period seismograms on the records for individual events and composites is not so simple as
to be related to a simple layered Earth model where velocity is a function of depth only.
Rather there are wide range of variations in their characteristic features. Apart from the
origin time errors (for which corrections have been sought by tying the individual events to
Herrin times) there are various other factors which might contribute to the complex
behaviour of the recorded signals including: (i) location errors, (ii) emplacement condition at
the seismometers, (iii) near source and near receiver structures, and (iv) source radiation
pattern, (v) propagation effects. The relative contribution of these factors may vary.
However, by far the major part of signal complexity may have been introduced by the
genuine structure existing around bottoming point and the lateral heterogeneity along the
propagation path in the upper mantle.

(i) Location Errors
Although we use ISC locations, which are the most reliable published hypocentral
parameters for these earthquakes, there are still location errors involved due to the trade-off
between source depth and origin time and inaccuracies in reported latitude and longitude.
The small (i.e. low magnitude) earthquakes are usually recorded by fewer permanent stations
of the world-wide network, and, as such, their locations and origin times are not well
constrained. Errors in the hypocentral parameters generate inconsistent (T-A) relation among
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different sources. We recall that to facilitate the generation of composite record sections, all
the shallow earthquakes had been placed effectively on the surface by applying a depth
correction. Although the depth correction changes the first arrival times, the relative times
between the phases remain unaffected.
Error in any of the parameters of the hypocentral location will misplace the records
of one event relative to records of another event in a composite and the extent of mismatch
will depend upon the magnitude of error involved. This will result in the complex behaviour
of the seismograms. The record sections for individual event should not be affected by
location errors.
The location of events by a global network of stations is a well established
technique. With a standard set of travel times such as the Jeffreys-Bullen (J-B) tables, most
events recorded at ten or more stations at a variety of distances and azimuths can be located
with an accuracy of about ± 30 km (~ ±0.3°) in epicentre (Davies & Sheppard, 1972). So,
in order to make an assessment of the degree of distortion introduced in to the composite
record section (complex envelope stack as discussed in section 4.6) due to probable location
error, we have randomly perturbed the epicentres of the selected shallow earthquakes by up
to ±0.3° and composite record sections are produced with these perturbed epicentre
information. The chosen size of perturbation corresponds to an estimated hypocentral
errors. As an example, both unperturbed (upper) and perturbed (lower) composites for
Flores Sea events (stack of complex envelopes of all traces of this region) are shown in
Figure 5.5.1. Notice that although some degree of complexity has been introduced the
general pattern of the sections remain undisturbed. About 2 s time differential is created
between arrival times due to this perturbation. It means that the changing the earthquake's
source parameters changes the details of the waveforms but does not affect the more
prominent features that are controlled by the triplication of the travel-time curve. Obviously,
the degree of distortion increases with the magnitude of error in locations.

Region I (Fiores Sea)
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Figure 5.5.1 The P-wave composite record section (complex envelope stack) of Flores
Sea events (upper panel). The same section is produced with source epicentres randomly
perturbed by ±0.3* Gower panel). The distortion introduced due to the perturbation is
significant. Notice that a time differential of about 2 s has developed due to the
perturbation. However, despite the perturbation, the general pattern of the section is
maintained.
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(ii)

Seismometer Emplacement
Sometimes, an instrument may malfunction and generate a very bad record.

Unfortunately this situation was not uncommon in the LTC experiment. However, bad
records can be identified and removed from the record section. This will only reduce the size
of the data set. But what is important is the seismometer response which can greatly vary
depending upon the local emplacement condition.

Gravel or unconsolidated soil is

unfavourable to good instrumental response. In that situation it is most likely that the
seismic signal will be back-scattered from the near by boulders in the gravel and these
scattered signals which might partially complicate the recorded seismogram.
Moreover, in a moderate environment the seismograph response is better than in
harsh conditions. Unfortunately, the LTC experiment was conducted during the period from
September to December in very hot weather, which affected some of the recorders and
possibly some of the seismometers particularly at the northern end of the array.

(in)

Near-Source and Near-Receiver Structures
The P coda arriving after the main P signals in the recorded seismograms may

include near-source crustal phases pP, sP, and possibly other multiple reflections. The
reverberations of S signals in the crustal layers near the source, particularly with low velocity
zone and the free surface may eventually lead to conversion of some of the S energy to- P.
The coda phases can also be generated as a result of scattering from small-scale variations in
elastic parameters in the upper mantle (Cleary, King & Haddon, 1975; Simpson and Cleary,
1977). The precursors to the major P phases can also be interpreted as the result of
scattering in the crust and upper mantle. This scattering hypothesis implies no need of sharp
discontinuities in the upper most 200 km of the crust and upper mantle.
Different types of scattering have been proposed in the literature, such as (i)
generation of short-period Rayleigh waves by P waves incident on topographic features in
the vicinity of the receiver. Key (1968) suggested that much of the coda of the complex
signal might be simply noise generated by direct P signals on striking topographic feature
near the recording stations, (ii) conversion of high frequency Rayleigh waves (~1 Hz) to P
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waves at topographic features near the source (Greenfield, 1971), (iii) crustal and sub-crustal
reverberations (Mereu, 1973), (iv) body wave multipathing due to structure at depth in the
mantle, etc. Although all of these mechanisms contribute to the generation of complex
codas, no single mechanism can satisfactorily explain the important properties associated
with them.
The lack of consistency and coherency of back branches seen in data from the LTC
and NWB array is consistent with scattering mechanism. In most cases, these arrivals are
comprised of elongated wavetrains of varying amplitudes rather than spike pulses implying
the discontinuities to be more a gradient zone than a sharp boundary. The appearance of
scattered sharp signals, however, may be treated as indicating local sharpness of
discontinuity. There are contrasts in the petrological arguments on this subject. So, the
question of the sharpness of the seismic discontinuities in the upper mantle transition zone
will be addressed later in this thesis.

(iv)

Source Radiation Pattern
Some part of the variation in the character of the waveforms between events may

arise from source radiation pattem. Strike-slip events along the arc give particularly efficient
P radiation in the direction of the array stations, but typical normal and thrust mechanisms
are not as favourable (Kennett & Bowman, 1989). However, it is difficult to arrange the
source mechanism so as to selectively suppress an arrival from the 400 km transition, whilst
allowing shallower propagating energy to arrive. Therefore, the variability of the relative
amplitudes of different upper mantle phases in these short-period studies should have some
suitable alternative interpretation preferably in terms of structure .
In general earthquake sources generate P, SV and SH waves. At a particular azimuth
and take-off angle the radiation pattem of a particular source may be favourable to, if not all,
at least one type of wave. So, if a P-wave section shows poor quality records then naturally
good quality records are expected on the S-wave section. Unfortunately, our data set mostly
does not comply with this principle. There is evidence (as will be shown later) that for a
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particular event the data quality for all the three types of radiation may be poor. This feature
of the data does not exhibit any regularity in the source radiation pattem.
In order to test this the validity of this proposition the radiation patterns of a number
of earthquake listed in Ripper and McCue (1983) have been considered using the method
described by Kennett (1988). These earthquakes occurred along the seismic zone of the
Papuan Fold Belt. A classical method of source characterization is the fault plane solution.
It assumes that the radiation leaving the source is indeed that for the same source in a
uniform media. In Figures 5.5.2 and 5.5.3 the lower hemisphere projections of the radiation
patterns of four events of Papuan Fold Belt are presented.
The fault plane solution parameters of four earthquakes occuring along the Papuan
Fold Belt and the azimuth and takeoff angle with respect to mid-position of LTC array are
given in Table 5.5.1. The quality of P, SV, and SH radiations are given in Table 5.5.2.
The azimuth and take-off angle of the source with respect to mid-position of the LTC array
are given in the last two column of Table 5.5.1. The epicentres of the two events on Table
5.5.1, which occurred on 25 Jun 1976 (no. 2) and 17 Jul 1976 (no. 3), are within 15 km of
each other.
For earthquake no. 1 (Table 5.5.1) the radiation patterns (Figure 5.5.2) indicate that
the LTC array should record comparatively high amplitude SV waves while very low
amplitude P and SH waves. For event no 2, on the other, the quality of the P and SV
signals should be good at LTC array while the SH signals should be poor (Figure 5.5.2).
These two events shows some sort of conceptual character which means that the situation is
opposite for P but similar SV radiation.
But a contrast in the behaviour is shown by events no. 3 (Table 5.5.1) for which the
condition of all the three types of radiation is poor. The characteristic features exhibited by
event no. 4 are similar to those of no. 1: good SV radiations with poor P and SH signals
(Figure 5.5.3). Thus the significantly different radiation patterns of these four events for P,
SV and SH waves suggest the highly irregular character of the local tectonics or the faulting
pattem. From the general nature of our data set it may be accepted that the local seismicity,
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faulting or the mode of deep crustal thrusting along the line of subduction from Indonesia to
New Britain is very complicated.

Table 5.5.1 Fault plane solution parameters for earthquakes along the Papuan Fold Belt
(Ripper and McCue, 1983).

R ef
No

Date

Origin

Lat.

Long.

Tim e

CS)

CE)

Depth Mag.
(km)

P Axis

N Axis

Az

Take-off

Az

PI

Az

PI

C)

C)

1

08 O ct 71

14 15 35.9

6.85 144.24

18

5.6

017

09

128

70

215.47

48.61

2

25 Jun 76

19 18 56.9

4.60 140.09

33

7.0

130

59

350

32

199.83

50.06

3

17 Jul 76

05 32 43.2

4.61 139.95

33

6.0

291

38

084

46

199.41

50.14

4

29 O ct 76

02 51 07.6

4.52 139.92

33

7.0

055

15

148

20

199.21

50.03

Table 5.5.2 Radiation pattern of P, SV, and SH waves for the events of Papuan Fold Belt
whose fault plane solutions parameters are given in Table 5.5.1

Ref.

Date

No.

Delta

Time

Deg.

Sec.

Slowness

P-wave

SV wave

SH wave

Sec/Deg

1

08 Oct 1971

16.39

226.50

12.83

Poor

Good

Poor

2

25 Jun 1976

16.44

226.46

12.72

Good

Good

Poor

3

17 Jul 1976

16.39

225.74

12.74

Poor

Poor

Good

4

29 O ct 1976

16.46

226.69

12.72

Poor

Good

Poor
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Figure 5.5.2 : Radiation patterns of P, SV, and SH waves for events 1 & 2
(Table 5.5.1) with respect to the mid-position of LTC array.
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Figure 5.5.3 : Radiation patterns of P, SV, and SH waves for two events 3 & 4
(Table 5.5.1) with respect to the mid-position of LTC array.
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( v)

Propagation Effects
In the last decade, the complexity of P-signals have largely been studied with an aim

to use it as a discriminant between explosions and earthquakes, which ultimately could not
be established as an useful criteria because explosions and earthquakes, on the contrary, are
found to produce respectively complex and simple records too (cf. Douglas, Marshall &
Corbishley, 1971; Douglas et al., 1973; Simpson & Cleary, 1977). However in course of
these studies, many aspects of the inherent character of the complex P-signals have been
synthesized to explain them in terms of two conflicting models (a) the absorption model
(Douglas, Marshall and Corbishley, 1971) and (b) the scattering model (Cleary, King and
Haddon, 1975).

(a) The Absorption Model:: According to this model, the complexity of P seismograms
may be an effect of attenuation of direct P arrivals relative to the later arrivals and occurs
mainly when the direct P signal travels by a path of lower average Q (Douglas, Marshall &
Corbishley, 1971). They also concluded that low-Q layers underlie some if not all postCambrian fold belts at depths down to about 700 km, and these low-Q layers are absent
under stable shield areas.

Simpson & Cleary (1977) reassessed the basis of their

interpretation and, in contrast, suggested that the complexity is not a function of variation in
attenuation for paths between source and station, rather a function of the scattering properties
of the upper mantle. It is generated when the seismic wave encounters both lateral and
vertical heterogeneities along its propagation path.

(b) The Scattering Model:: The present view is in favour of the scattering model
because there is considerable evidence that gross structural heterogeneity does exist in the
upper mantle. According to the scattering model, the coda phases may be considered to be
the energy scattered from the ordinary ray paths by relatively small scale inhomogeneities
mainly in the upper mantle (Cleary, King & Haddon, 1975).

These small scale

inhomogeneities cause variations in density and elastic parameters. Kennett (1987) and
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Korn (1988) have shown that increase in record complexity is a function of decrease in
source depth and scattering effects are particularly important for paths lying above about 80
km. For source depth greater than 200 km, the records become simpler.
Under the influence of incident primary waves, each element of the inhomogeneous
medium acts as a source of scattered waves of the same frequency as the primary waves.
Scattering of both P and S waves, as well as conversions from P to S and from S to P are
likely to occur. The amplitudes of the scattered waves depend in general on the distribution
and volume of the inhomogeneities, amplitude and frequency of primary incident wave, and
the focussing and defocussing effects associated with distance and velocity structure
(Haddon & Cleary, 1974). A significant contribution to signal complexity will be the
scattering effects along the ray path due to small scale inhomogeneities in the upper mantle
(Ojo & Mereu, 1983).

Chapter 6
DEVELOPMENT OF P-VELOCITY MODELS

6.1 Introduction
From the qualitative assessment of the short-period P-wave composite record
sections made in the previous section, we have evidence that structural differences exist
between different regional samples of the upper mantle beneath northern Australia. We
would, therefore, like to determine accurately the depth, size and order of the major
transitions around 400 and 650 km depths as a function of position. In addition we aim to
determine the depth extent of the lateral variation in the mantle structure. To this end, our
attempt in this chapter will be to quantitatively model the major features of the composite
record sections, which are characteristics of many traces and several events in the sections.
By major features we refer to the travel times of first arrivals, the relative timings of the later
phases and the waveform characteristics of the observed seismograms disregarding the
exceptional or spurious features. For each upper mantle region we will try to produce an
'averaged' one-dimensional P-velocity model (i.e. velocity vs depth).
Since the travel times (T) or slowness (dT/dA) provide direct evidence of P-wave
velocities, a number of upper mantle models have been generated from these measurements
(e.g. King & Calcagnile, 1976; Fukao, 1977; Walck, 1984). However, in this study we do
not go for direct measurement of the travel times or slownesses, rather we develop models
by matching the travel times of first arrivals, the relative timing and waveform characteristics
of the observed composite sections with synthetic seismograms. The synthetics are
computed by applying the WKBJ modelling technique (Chapman, 1978) for laterally
homogeneous earth models. In addition to matching of the travel time branches, we attempt
to match distances to cross-over points and travel time cusps of the multiple arrivals and
amplitudes of the composite record sections. Our approach will be to reproduce these
characteristics of the observed sections in synthetic sections to derive an average P-wave
velocity model for each upper mantle region (as in the work of Bowman & Kennett, 1989).
The technique of matching the relative travel times and amplitudes of secondary
arrivals of short-period P waves to determine the upper mantle compressional velocity
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structure and lateral heterogeneity is a very sensitive method. This approach was developed
and successfully applied by Helmberger & Wiggins (1971), Wiggins & Helmberger (1973),
and Dey-Sarkar & Wiggins (1976) to determine upper mantle models for different areas in
the United States and Canada. The areas they considered were rather larger and sufficiently
separated from each other to observe evidence of structural differences in the derived
models. But in contrast, we have chosen an area of the upper mantle in the northern
Australia to be sampled by an active seismic zone of about 120° aperture at regional distance
from the array location in central Australia. We subdivide this area into five regions to see if
structural differences exist between them (Figure 4.1.1). Therefore, our objective is to build
up models and delineate structural differences between much smaller adjacent regions of the
upper mantle.
We define a correspondence between the 'five source regions' of the seismic belt
with the 'five upper mantle regions' in the northern Australia.

According to this

correspondence scheme, seismic waves propagating from the events in the source Region I
sample the upper mantle Region I, and so on. Therefore, source Region I corresponds to
upper mantle Region I and similarly for the other regions.

6.2

Development of a Reference Model
In order to investigate whether significant differences exist in the P-velocity

structures of different upper mantle regions, we construct a reference model so that by
comparing the synthetic of this model with the composite record sections of various region,
the extent of differences can be assessed. The choice of starting model has an important
relevance to the construction of the final velocity model and to the estimation of the extent of
lateral variations in the velocity structure.
One technique of constructing an upper mantle velocity model for a particular area
from the observed data is to draw curves through the dT/dA data and to invert with a
Wiechert-Herglotz algorithm (e.g. Wiggins & Helmberger, 1973). Another technique is to
choose a starting model which is then perturbed by trial and error to fit the travel times and
waveform characteristics leading finally to a satisfactory velocity model. This starting model
may be either one which was constructed before for the same study area (e.g. Burdick &
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Helmberger, 1978; Given & Helmberger, 1980) or one predicted for other region of the
world of similar geological features (e.g. Lyon Caen, 1986). Burdick & Helmberger (1978)
constructed the upper mantle P-velocity structure (Model T7) of the western or tectonically
active portion of the United States using HWA (Wiggins & Helmberger, 1973) as the
starting model, while Given & Helmberger (1980) adopted KCA, the model proposed by
King & Calcagnile (1976) as the starting model, to derive an upper mantle P-velocity model
(K8) for northwest Eurasia. Lyon Caen (1986), in her attempt to find the upper mantle shear
velocity structure of the Indian Shield, choose to start with the structure (model SNA)
derived by Grand & Helmberger (1984a) for the Canadian Shield.

(i)

Choice of Starting Model
When the technique of deriving models by matching the major features of the

observed record section is involved, the choice of starting model is an important factor. It is
desired that the starting model should have characteristic features which are very close to
those of the observed section. Bowman & Kennett (1989) have recently derived a model
NWB-1 using a hybrid seismograph array to represent the P-velocity distribution of the
north-western Australian upper mantle. This region is included within our study area. They
derived this model mainly by matching the observed travel times and waveforms of the
short-period data in an average sense. It includes secondary velocity discontinuities of 3.6
per cent (0.30 km/s) near a depth of 200 km, 6.1 per cent (0.54 km/s) near 400 km and 3.7
per cent (0.37 km/s) near 620 km to reproduce the amplitudes of the later phases. On the
basis of above facts it is suggested that NWB-1 would be a good choice as the starting
model.
But when the synthetic section for NWB-1 is compared with our observed P-wave
composites, it is observed that the NWB-1 times are generally about 2.0-3.0 s earlier. This
is nothing more than what we should expect, because NWB-1 is self-consistent having
absolute time constraints added through the consideration of ISC arrival times and origin
times of a particularly well-located set of earthquakes outside the NWB experiment. But the
regional composite record sections in the present study represent the Herrin corrected times.
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Therefore, the time difference of about 2.0-3.0 s may arise due to distortion introduced into
the data by correcting them to Herrin times.

(ii)

Development of Model: RMC-P
We construct one-dimensional P-velocity model generally consistent with NWB-1

and the Herrin model. The rationale for using the Herrin model is that it reproduces the
general trend of Herrin times used to correct data to produce the composites. As we do not
have enough data-control for the shallow structures, we have taken the Herrin values in the
upper 190 km, but since the data clearly show seismic phases which can be correlated to
'400 km' and '650 km' discontinuities, we have introduced two second-order discontinuities
at 400 km and 630 km depths to generate the model RMC-P. The choice of the depth of
these discontinuities was based, in part, on the NWB-1 model (Bowman & Kennett, 1989).
The depths and velocity increases of the three discontinuities in RMC-P are given in Table
6.2.1; the model and its corresponding WKBJ synthetic seismogram section are shown in
the Figure 6.2.1.

Table 6.2.1
Depths and velocity increases of the 200, 400, and 650 km discontinuities in the reference
model RMC-P.

Model

200 km Discontinuity
400 km Discontinuity
.......................... .........................................................
Depth Velocity Inc.
Depth Velocity Inc.

650 km Discontinuity
....................................
Depth Velocity Inc.

Name

km

km/s

%

km

km/s

%

km/s

km/s

%

RMC-P

200

0.13

1.6

400

0.50

5.6

630

0.46

4.6

The model RMC-P has three secondary velocity discontinuities around 200, 400 and
630 km depths. The 200 km discontinuity is followed by a very minor low velocity zone
which then extends as a uniform gradient down to the 400 km discontinuity. Elsewhere the
model is represented by fairly uniform velocity gradients.

The secondary arrivals

corresponding to the 200 km discontinuity become first arrivals after about 1612 km distance
(a) which again become secondary arrivals after about 2112 km distance (ß, the cross-over
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Figure 6.2.1 (a) Reference Model for Comparison with P-wave composite record
sections (RMC-P).

(b) WKBJ synthetic seismogram section of RMC-P for a surface

source, (c) Listing of the velocities at various depths in the model RMC-P.
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point corresponding to 400 km) where the secondary arrivals corresponding to 400 km
discontinuity take over as first arrivals.
The cross-over point (y) corresponding to the 630 km discontinuity occurs at 2642
km distance. The cusp points corresponding to later two discontinuities (C & E) are at
approximately 1610 and 2260 km distances respectively. These features of model RMC-P
are presented in Table 6.2.2.

Table 6.2.2
Distances (km) to travel time cusps and cross-over points in the reference model RMC-P.

M odel

200 km Discontinuity
Cusp

c

name

R M C -P

6.3

(km )

1470

C ross-over

400 km Discontinuity
Cusp

GC (km)

C

1615

1610

(km)

C ross-over

ß

(km)

2112

650 km Discontinuity
Cusp
E (km)

2260

C ross-over

y (km )

2642

Comparison of the Composites with the Reference Model
When we compare the composite record section with the synthetic section of the

reference model it is observed that a static shift along the time axis brings the first arrivals of
the synthetic and observed section into closer agreement. A static shift along the time axis
indicates that there are errors in the event origin times while that along the distance axis
indicates the error in the event locations. Both types of errors corrupt the composite record
section by mismatching adjacent seismograms. As a result, tying the major seismic phases
on the section becomes very complicated.

Static Shift
Since there is virtually no control over the event origin times and there may be error
in hypocentre information, static shifts with respect to both the time axis (about 1.0-2.0 s)
and the distance axis (about 1-10 km) axes are not unusual. In the course of comparison of
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the composite sections with the reference model, the static shift does not have any major
adverse effect. The aim of this comparison is to see in what respects the composite section
differs from the reference model and by what magnitude. Close observation shows that the
composite sections for Region I, II and III may be conveniently shifted along the time axis to
obtain satisfactory matching with the model, while for Regions IV and V, no static shift is
required. After shifting the sections wherever necessary, the relative times of first and
secondary arrivals of the composite record sections are compared to the synthetic of the
reference model RMC-P and are presented in Table 6.3.1.
The travel time cusps and cross-over positions on the synthetic section of the model
RMC-P do not match with those on the composite sections of the different regions. So, it is
necessary to perturb reference model RMC-P by different degrees to shift the travel time
cusps and cross-over positions on its synthetics in order to obtain good match to these
parameters. The proposed shifts of these parameters have been roughly estimated in each
case as given in Table 6.3.2. Having done that, our next approach is to perturb the reference
model systematically starting from 190 km depth and working gradually down through the
upper mantle to fit the observed travel times and amplitude behaviour whilst retaining the
relatively smooth character of the model as far as possible.

(1)

Region I (Flores Sea)
When compared to the model RMC-P, the travel time branches of this section show a

reasonable match up to about 1750 km. Afterwards RMC-P predicts an earlier arrival time
and the difference increases gradually with distance. But at about 2700 km, the P times from
RMC-P match with the first arrivals. Thus from 1750 to 2700 km the model times are earlier
than the observed times.
Up to 2700 km the arrivals on the third forward branch, CD (corresponding to 400
km discontinuity) on the composite relative to the RMC-P synthetic section is late by about
1.5 s, while the reverse branch is late by about 2.0-3.0 s. The composite section is shifted
forward in time relative to the RMC-P synthetic by 0.75 s (static shift) and then the time
differentials of different travel time branches on the composite section relative to those of the
reference model RMC-P are estimated (Table 6.3.1). For a better match, it is estimated that
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the cross-over point, ß (corresponding to 400 km discontinuity) should be moved forward
by about 25 km while the cusps should be moved backward by about 100 km (Table 6.3.2).

(2)

Region II (Banda Sea)

The matching of the observed first arrivals with the model RMC-P may be accepted
as fairly good, except for the distance range 1400 to 1900 km, where the first arrivals are
about 2.0 s earlier than those predicted by RMC-P. The section is shifted 1.0 s backward in
time relative to the RMC-P synthetic and then the time differentials of first and secondary
arrivals relative to RMC-P are calculated (Table 6.3.1).

The reverse branch (CD)

corresponding to 400 km discontinuity on the composite is about 2.0-3.0 s late and the
amplitudes of the phases on this branch are rather high. If the cross-over (ß) and cusp
points (C) corresponding to 400 km transition are pushed backward by 60 km and 70 km
(Table 6.3.2) respectively then the match would be much better. No comparison can be
made beyond the distance of about 2360 km because of the absence of field data.

(3)

Region III (West Irian)

Since the records on the composite section for this region starts from about 1400 km,
no comparison of the composite section can be made with RMC-P at distances less than
1400 km. Compared to model RMC-P, the first arrivals on the composite section seem to be
earlier in the early part of the section while in the later part the first arrivals appear to be
systematically late. When the composite section is shifted back in relative to the RMC-P
synthetic along time axis by an amount 0.5 s, the matching appears to be better.
The differences in relative travel times, the travel time cusps (C & E) and cross-over
points (ß & y) are shown in Tables 6.3.1 and 6.3.2. The amplitudes of P wave first arrivals
are so low in the distance interval between 2000 and 2200 km that it is very difficult identify
their onsets. Again, no comparison is carried out at distances beyond 2360 km where there
is no data recorded by the array stations.
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(4)

Region IV (Papua New Guinea)
The travel paths of seismic waves from the earthquakes in the Region IV cover the

distance interval from about 1600 km to 2700 km. The data density at the beginning and at
the far end is thin with a fair density from 1900 km to 2500 km. Up to 1850 km, the
RMC-P times are consistently late relative to observed times. But at distances greater than
1850 km the RMC-P times are earlier than the observations.
The reverse branch corresponding to 400 km transition (CD) is also early compared
to observed data. The differences in travel time branches compared to RMC-P are shown in
Table 6.3.1. The cross-over point corresponding to 400 km branch (ß) on the composite
seems to occur at shorter range for the reference model (Table 6.3.2). However, compared
to the previous sections, the match of the model RMC-P to the PNG section is somewhat
better.
There is a great deal of similarity in the general character of this composite record
section with that of West Irian section (Region HI) over their common distance range of data
coverage. The trend of first arrivals and the relative timing of secondary arrivals are quite
comparable. The triplication points (i.e. cross-over points) corresponding to the 400 km
transition appear to be nearly the same on both sections.

(5)

Region V (New Britain)
The travel times of forward branch corresponding to 400 km transition more or less

fit with the model RMC-P up to 2750 km distance. Beyond this distance, the model seems
to be nearly 2.0 s late. On this section we have no data coverage for ranges less than 2100
km and so we have no control on the 200 km branches. We can only look partially at that
part of the second forward branch (cB) which crosses over (after 2100 km in this section) to
appear as secondary arrivals. The travel time branches corresponding to the 400 km
discontinuity can also be seen partially which occur after the triplication point (ß). The third
cross-over point (y) appears to be located around 2750 km distance (Table 6.3.2). Although
this section shows the closest match to the model RMC-P, there are minor differences
between travel time branches (Table 6.3.1).
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T ab le 6.3.1
Time differentials of first and secondary arrivals on the composite record sections relative to
the reference model RMC-P with static shift of composite sections with respect to the RMCP synthetic seismograms.

D ista n c e

(km)

F irst A rriv a l (s)

S e c o n d a ry A rriv a l (s)

FLS

BAS

W IR

PN G

NBR

Static Shift

0.75L

1.0E

0.5E

0.0

0.0

1400

0.25 L 0.75 L 0.5 L

-

1600

0.5 E

1.2 E

1.0 E

1800

0.1 E

1.0 E

2000

W IR

FLS

BAS

-

-

-

-

-

-

1.0 E

-

1.2 L

1.5 L

0.5 L

1.0 L

-

0.25 E 0.5 E

-

1.5 L

1.6 L

0.75 L 2.0 L

-

0.25 L 0.5 E

0.5 E

0.5 L

-

1.3 L

1.5 L

1.25 L 0.75 L

2200

0.4 L

0.0

0.5 L

0.25 E 2.0 E

1.0 L

1.3 L

1.35 L 0.5 L

0.25 L

2400

0.5 L

0.5 L

0.75 L 0.25 L 0.0

1.0 L

1.0 L

2.0 L

0.1 L

0.5 L

2600

0.25 L

-

-

0.0

0.25 L 1.25 L

-

-

0.0

0.25 L

2800

-

-

-

-

0.4 L

-

-

-

-

-

3000

-

-

-

-

0.5 L

-

-

-

-

-

Abbreviations used in the table represent different regions as follows
region, BAS : Banda Sea region,

PN G

NBR

-

FLS: Flores Sea

W IR : West Irian region, PNG : Papua New Guinea

region, NBR : New Britain region, E : Early, L : Late.
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Table 6.3.2
Cross-over and Cusp positions relative to the reference model RMC-P.
400 km Discontinuity

650 km Discontinuity

Region
Cusp Position
C (k m )

Flores Sea

8 0 Backward

Banda Sea

5 0 Backward

West Irian
P. New Guinea
New Britain

0
5 0 Backward
0

Cross-over Position.

ß (km)

70

Forward

Cusp Position
E (k m )

5 0 Backward

C ross-over P osition ,

y (km)
50

Backward

-

0

25

Forward

-

-

50

Backward

0

0

25

Backward

0

50

60

Backward

Backward

6.4 Development of Regional P-Velocity Models from the Composite
Sections
Generally in the smaller epicentral distances, the data are controlled by the shallower
structure and the information about the shallow structure can be obtained from the records up
to 1000 km distance. Unfortunately, the selected earthquakes are so located with respect to
receiver positions that there is no data recorded at epicentral distances, A<1100 km and as
such we have no data to constrain the upper part of the models for different upper mantle
regions. Thus the question arises about the choice of the upper part of the model down to
about 190 km depth.
It has already been mentioned before that we have attempted to remove any error due
to inaccurate origin times by tying individual events to Herrin times. This correction
certainly introduces the character of the Herrin model into the observed data. For that
reason, we have chosen the upper 190 km of our models to be identical to the Herrin model.
Our approach will be, therefore, to modify the values below 190 km in such a way as to
model the major features of the composite sections at distances greater than 1500 km. The
behaviour of relative arrival times, cusps and cross-over distances and waveform
characteristics corresponding to changes in the model parameters, as observed in Chapter 3,
will be used as guidelines in the modelling process.
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(i) Model FLS-P
This section describes how model FLS-P is derived from the model RMC-P to
represent the upper mantle P-velocity structure beneath region I. The model RMC-P is
modified to match the major features of the Flores Sea composite section (Figure 6.4.1a) for
which the amplitudes of first arrivals are very low up to 2200 km. But up to 1700 km, there
are some strong arrivals 2.0-3.0 s after the first arrivals. These strong secondary arrivals
and the low-amplitude first arrivals are best fit by a second-order discontinuity (contrast 0.24
km/s, 2.92 % velocity increase) around 200 km depth in the model RMC-P (Ref. Case (C)
of Section 3.4). This second-order discontinuity extends from 190 to 210 km depth and
overlies a 20 km thick high velocity lid between 210 km and 230 km.
The secondary arrivals corresponding to 400 km branch are very distinct between
1700 and 2100 km and these strong secondary arrivals are therefore compensated by low
amplitude first arrivals in the trace normalised plot. The delay from the first arrivals is about
8.0-9.0 s at 1700-1800 km distance which is fairly large. These late 400 km arrivals as well
as the low amplitude first arrivals are characteristic of a low velocity zone or gradient above
the 400 km transition. To model these distinct late, secondary arrivals and the low amplitude
first arrivals, we need to incorporate further a strong negative gradient (i.e. a low velocity
zone) in RMC-P below the 200 km transition extending from 230 km to 255 km. From 255
km to 320 km, the velocity is kept constant which is followed by a positive gradient up to the
400 km transition. The velocities between 410 and 800 km in model FLS-P are increased
from RMC-P in order to fit the first arrivals at greater distances and the distinct secondary
arrivals corresponding to 650 km discontinuity which arrive about 2.0-4.0 s after the first
arrivals at distance range greater than 2200 km.
Model FLS-P satisfactorily represent the behaviour of the composite record section
for the Flores Sea (Figure 6.4.1). The model is listed in Table 6.4.1. Notice that relatively
high amplitudes of late arrivals on the reverse branches corresponding to both 400 and 630
km transitions over the distance ranges 1700-1950 km and 2200-2650 km, have been well
matched. The low amplitudes of first arrival over the distance range 1700-2150 km have
also been reasonably modelled.
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However, we do not claim that we have been able to exactly model the features of
the phases up to 1400 km distance because of our assumption of a fixed shallow structure.
The preferred model FLS-P (Figure 6.4.1c) has three velocity discontinuities around 200,
400 and 630 km depth with 0.24 km/s (2.9%), 0.61 km/s (6.9%) and 0.47 km/s (4.6%)
velocity increase respectively . All of them are second order transitions modelled as strong
velocity gradients over 20 km distance. The travel time cusps corresponding to the 400 km
and 630 km discontinuities are at 1525 km and 2205 km. The first arrivals corresponding to
the 200 km transition become secondary arrivals after 2180 km distance and the first arrivals
corresponding to 400 km transition become secondary arrivals after 2605 km distance.
Below the 650 km transition, the model is not constrained by the first arrival data since there
is no seismogram recorded for this region beyond A=2750 km. The only constraint is from
the secondary arrivals over the distance range 2200 to 2700.

Table 6.4.1
Model FLS-P for upper mantle Region I.
Depth
(km)

P-Velocity
nan/s')

Depth
(km)

P-Velocity
(km/s)

0.0

6.000

230.0

8.530

15.0

6.000

255.0

8.250

15.0

6.750

8.250

40.0

6.750

320.0
350.0

40.0

8.049

390.0

8.800

75.0

8.091

410.0

9.410

75.0

8.091

490.0

9.762

110.0

8.129

550.0

9.937

145.0

8.189

620.0

10.140

190.0

8.298

640.0

10.610

210.0

8.540

700.0

10.775

227.0

8.540

800.0

11.050

8.350
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Figure 6.4.1 (a) Composite record section (complex envelope stack) for Region I
(Flores Sea) corrected to surface source with each event tied to Herrin travel time curve,
(b) WKBJ synthetic seismogram section for the model FLS-P for a surface source, (c)
Model FLS-P representing P-velocity structure beneath the upper mantle region I in the
northwestern Australia.
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(ii) M ode l BA S -P

When the synthetic seismogram section for the model FLS-P is compared with
composite record section for earthquakes at Banda Sea region, it is observed that the
observed data are roughly 1.0-3.0 s early. The timing (delay) to secondary arrivals around
1700-1800 km is also less than in FLS-P. The secondary arrivals can be delayed by
reducing the negative gradient between 230-255 km in model FLS-P and increasing the
velocity in the low velocity zone down to the 400 km discontinuity (similar to Case 3 of
Section 3.4). With this change to model FLS-P, the first observed arrivals over the cB
branch in the Banda Sea section appear to match fairly well but those over the CD branch are
consistently early relative to FLS-P. To improve this fit the velocities in FLS-P were
increased consistently below 400 km depth with an increased gradient to fit the CD branch
(similar to Case (4) in section 3.4). From these perturbations a new model BAS-P (Figure
6.4.2c) for the Banda Sea events is obtained to represent the composite section of region II
(Figure 6.4.2a). A listing of the model is given in Table 6.4.2.

Table 6.4.2
Model BAS-P for the upper mantle Region II.

Depth

P-Velocity
(km/sl

Depth
(km)

0.0

6.000

230.0

8.540

15.0

6.000

255.0

15.0

6.750

320.0

8.450
8.500

40.0

6.750

350.0

8.600

40.0

8.049

390.0

8.850

75.0

8.091

410.0

9.450

75.0

8.091

490.0

9.830

110.0

8.129

550.0

10.015

145.0

8.189

620.0

10.230

190.0

8.298

640.0

10.700

210.0

8.550

700.0

10.831

227.0

8.550

800.0

11.050
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Figure 6.4.2

(a) Composite record section (complex envelope stack) for Region II

(Banda Sea) corrected to surface source with each event tied to Herrin travel time curve,
(b) WKBJ synthetic seismogram section for the model BAS-P for a surface source, (c)
Model BAS-P representing P-velocity structure beneath the upper mantle region II in the
northern Australia.
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As there is no record for this region at distances, A>2350 km, we cannot place
strong constraints on the 650 km discontinuity. However, by matching the first arrivals
beyond 2150 km and a few distinct secondary arrivals around 2250-2350 km, the 650 km
discontinuity is approximately constrained.
Up to 1500 km the times predicted for BAS-P (Figure 6.4.2b) are similar to FLS-P.
Beyond this distance BAS-P is early. The reverse branch corresponding to the 400 km
transition is about 3.2 s early compared to that of FLS-P. The first two discontinuities are
located at 200 km and 400 km depths with 0.25 (3.0%) and 0.60 km/s (6.8%) velocity
increase respectively. The 650 km discontinuity is located at 630 km with 0.47 (4.6%)
velocity increase. The cross-over points are at smaller distances 1512 km, 2165 km and
2595 km corresponding to 200 km, 400 km and 630 km discontinuities.

(iii) Model WIR-P
When the synthetics of models FLS-P and BAS-P are compared with the composite
section from the records of West Irian events it is observed that the BAS-P synthetic is
relatively closer to the observed section, but the model BAS-P seems to be faster. The main
feature of this section is again the low amplitude of the first arrivals over the distance of
about 1700-2150 km. Over this distance range the strong secondary arrivals are not fully
coherent but spread over a time window of about 3.0 s.
To fit the composite section, the velocity in the low velocity zone is decreased to
some extent and is followed by constant velocity between 255 and 320 km. The 400 km
transition is raised by 10 km to adjust the cross-over position, ß and the cusp point, C and
apparent velocity (Case (1) of Section 3.4). The velocity is consistently decreased between
400 and 640 km from model BAS-P to force later arrival times. There is no record at
distances greater than 2370 km to directly constrain the 650 km discontinuity. However, the
nature of this discontinuity was estimated by matching the first and secondary arrivals
beyond 2200 km. The modified model WIR-P generates the synthetic section which appears
to match well with the features of the composite section for the West Irian events. The
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composite record section for the Region III (West Irian), the synthetic section for model
WER-P and its plot are presented in (Figure 6.4.3). The model is listed in Table 6.4.3.
The first two discontinuities in the mantle region of this model occur at 200 and 390
km depths with 0.23 km/s (2.8%) and 0.65 km/s (7.4%) velocity increases respectively. The
other discontinuity, which is not well constrained, occurs at 630 km depth with 0.50 km/s
(5.0%) velocity increase. The cusp corresponding to 400 km transition occurs at 1477 km
which is much shorter distance than those of FLS-P and BAS-P. The cross-over distances
of WIR-P (Figure 6.4.3b) are 1530 km, 2140 km and 2642 km corresponding to the three
discontinuities respectively.
Table 6.4.3
Model WIR-P for the upper mantle Region III.

Depth
(km)

P-Velocity
(km/s)

Depth
(km)

P-Velocity
(km/s)

0.0
15.0
15.0
40.0
40.0
75.0

6.000
6.000
6.750
6.750
8.049
8.091

230.0
255.0
320.0
350.0
380.0
400.0

8.500
8.400
8.400
8.500
8.800
9.450

75.0

8.091

490.0

9.752

110.0

8.129

550.0

9.917

145.0

8.189

620.0

10.110

190.0

8.298

640.0

10.610

210.0

8.530

700.0

10.775

227.0

8.530

800.0

11.050

(iv) Model PNG-P
Merging of Region V (New Britain) into the Region IV (Papua New Guinea)
The records for the events from Papua New Guinea region (Region IV) range from
1600 to 2700 km and provide enough information to constrain the 400 km discontinuity and
the structure above 650 km. But these data are inadequate to constrain the structure below
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(a) Composite record section (complex envelope stack) for Region III

(West Irian) corrected to surface source with each event tied to Herrin travel time curve,
(b) WKBJ synthetic seismogram section for the model WIR-P for a surface source, (c)
Model WIR-P representing P-velocity structure beneath the upper mantle region HI in the
nonhem Australia.
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650 km depth. On the other hand, the records from the events of the New Britain region
(Region V), over the distance range 2100 km to 3000 km, provide strong constraints on the
650 km discontinuity and underlying structure. The New Britain and Papua New Guinea
regions are in the same general azimuth direction with respect to the LTC and NWB arrays.
The composite record sections exhibit similar features and it is easy to tie the features of the
two sections to represent the major structures of the combined region.
Regions IV and V are in similar tectonic environment and raypaths sample upper
mantle regions of similar structure. We therefore merge the records of the New Britain
section into that of the Papua New Guinea section to form a new composite section for the
extended Papua New guinea region subtending an azimuthal window of about 65° to the
LTC array stations. This provides adequate source-receiver range to constrain a velocity
model down to 800 km depth. Figure.6.4.5 shows the complex envelope stack for this
newly extended Papua New Guinea region. Henceforth, by Papua New Guinea region, the
extended Region IV will be meant with the New Britain region merged within it.
Modelling
We develop a velocity model for the extended Region IV by modifying the model
WIR-P. When the synthetic section for WIR-P is compared with the observed composite
section for Region IV the WIR-P arrivals seem to 1.0 s late up to about 1700 km. Beyond
1700 km the WIR-P first arrivals are 1.0-2.0 s earlier than the observations. The travel time
branches on the synthetic corresponding to the 400 km transition are consistent with the
observed data, but the observed cusp point (C) is at greater epicentral distance (around 1600
km) relative to the synthetic. The travel time branches corresponding to 400 km transition on
the composite seem to be tighter relative to WIR-P synthetic which pushes the cusp point
forward to greater distance. The low amplitude first arrivals on the composite section extend
over a smaller distance interval of 1750 - 1950 km than that of West Irian section. To match
these features, the size of 200 km discontinuity in model WIR-P is reduced (Case (C) in
Section 3.4) thereby reducing the high velocity lid and negative velocity gradient
significantly. From 255 km to 400 km discontinuity, the gradient is now nearly uniform
with little increase at 350 km. The size of the 400 km discontinuity is reduced by lowering
the higher velocity limit (Case (4) of Section 3.4).
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We then modify the structure around 630 km transition in the model WIR-P to
match satisfactorily features of the section at the greater distance range. By lowering both
lower and upper velocity limit of the 630 km transition in WIR-P, the gradient between 400
and 630 km transitions is reduced (Case (4) of Section 3.4) to comply with the arrival times
between 2200 and 2750 km. With all these changes, a new P-velocity model PNG-P
(Figure 6.4.4c) is obtained for the Region IV so that its synthetic (Figure 6.4.4b) matches
closely with the composite record section for the Papua New Guinea region (Figure 6.4.4a).
Table 6.4.4 presents a listing of model PNG-P.
The cross-over points for this model occurs at 1620 km, 2155 km and 2630 km
respectively corresponding to three discontinuities at 200 km, 400 km and 630 km depths.
The position of 400 km cusp is at 1575 km distance. The three discontinuities of this model
PNG-P (Figure 6.4.4c) are at 200 km, 400 km and 630 km depths with 0.15 km/s (1.8%),
0.54 km/s (6.1%) and 0.46 km/s (4.6%) velocity increase respectively.
Table 6.4.4
Model PNG-P for the upper mantle Region IV
P-Velocity
(km/s)

Depth
(km')

0.0

6.000

230.0

8.430

15.0
15.0

6.000
6.750

255.0
320.0

8.360

40.0

6.750

350.0

8.640

40.0

8.049

390.0

8.860

75.0

8.091

410.0

9.400

75.0

8.091

490.0

9.720

110.0

8.129

550.0

9.860

145.0

8.189

620.0

10.060

190.0

8.298

640.0

10.520

210.0

8.450

700.0

10.700

227.0

8.450

800.0

11.050

Depth
(km)

P-Velocity
(km/s)
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(a) Composite record section (complex envelope stack) for Region IV

(Papua New Guinea) corrected to surface source with each event tied to Herrin travel
time curve, (b) WKBJ synthetic seismogram section for the model PNG-P for a surface
source, (c) Model PNG-P representing P-velocity structure beneath the upper mantle
region IV in the northeastern Australia.
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6.5

Comparison of the Regional P-Velocity Models for the Composite

Sections
The regional P-wave models (corrected to Herrin times) derived in this study for the
four sampled upper mantle regions in northern Australia are shown in Figure 6.5.1. The top
190 km of all the models have been fixed to the Herrin values which is, here after, termed
'Herrin Top' (HTOP). Below the depth of 190 km, we adjusted the models to be consistent
with the observed major features of the composite record sections. However, all the models
could not be constrained down to the same level because of non-uniformity of seismograms
with distance.

These variations in seismogram distribution for different regions put

limitations on structural resolution. The distribution of data was adequate enough to place
reasonable constraints on the structure above 400 km.
All four models have in common three second order velocity discontinuities around
200, 400 and 630 km depths. Between 200 and 400 km depths, the models are generally
have a low velocity zone (LVZ) followed by a positive gradient, where the velocities for
model FLS-P are consistently lower relative to other models. Between 400 km and 630 km
depths, the models are characterised by uniform gradients but the velocities for the model
BAS-P are consistently higher. Only for the models of the Flores Sea and Papua New
Guinea regions are the constraints of the lower parts of the models, including the
discontinuity occuring around 630 km depth, adequate. For the Banda Sea and West Irian
regions, the constraints on this discontinuity are weak because of lack of data coverage at
longer ranges. As such, the lower parts of these models may be treated as subjective because
they have been ascertained only by matching the first and secondary arrivals of few traces
between 2200 and 2350 km distance.
The parameters of the three major discontinuities of the regional models are
summarised in Table 6.5.1, which lists the depth, size and relative velocity increase of the
discontinuities, and in Table 6.5.2, which lists the corresponding distances to the cusp and
cross-over points. A common feature in these regional models is a major velocity transition
(second order discontinuity) around 200 km depth. Such a discontinuity near 200 km depth
in the continental upper mantle velocity structure was proposed first by Lehmann (1959,
1961). The variation in the size of this discontinuity is minor between FLS-P, BAS-P and
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WIR-P being in the range 0.23-0.25 km/s (2.8% - 3.0%). But for PNG-P the velocity
increase is only 0.15 km/s (1.8%). The distances to the cusp and cross-over points (c & a)
corresponding to 200 km discontinuity in the derived models are presented in Table 6.5.2.

Table 6.5.1
Depths and velocity increases of the 200, 400, and 650 km discontinuities in the derived Pvelocity models for five different upper mantle regions.
region

200 km Discontinuity

400 km Discontinuity

650 km Discontinuity

with

Depth Velocity Inc.

Depth

Depth

Velocity Inc.

Model Name

km

%

km

km/s

km/s

%

I (FLS-P)

200

0.24

2.9

400

0.61

6.9

630

0.47

4.6

II (BAS-P)

200

0.25

3.0

400

0.60

6.8

630

0.47

4.6

m (wiR-p)

200

0.23

2.8

390

0.65

7.4

630

0.50

5.0

IV (PNG-P)

200

0.15

1.8

400

0.54

6.1

630

0.46

4.6

km/s

Velocity Inc.
km/s

%

Table 6.5.2
Distances (km) to travel time cusps and cross-over points in the derived P-velocity models
for different upper mantle regions.

Region

200 km Discont.

with

Cusp

Model Name

Cross-over

400 km Discont.

650 km Discont.

Cusp

Cusp

Cross-over

E (km)

Cross-over

c (km)

a (km)

C (km) ß (km)

I (FLS-P)

1280

1635

1525

2180

2205

2605

II (BAS-P)

1270

1512

1570

2165

2220

2095

in (wiR-p)

1310

1530

1477

2140

2215

2642

IV (PNG-P)

1470

1620

1575

2155

2250

2630

T (km)

P velocity km/s
8

10

12

Depth km

6

HTOP
FLS-P
BAS-P
WIR-P
PNG-P

Figure 6.5.1

Regional P-velocity models (corrected to Herrin times) FLS-P for

Region I (Flores Sea), BAS-P for Region II (Banda Sea), WIR-P for Region E l (West
Irian), and PNG-P for Region IV (Papua New Guinea). The top 190 km in all the
models is chosen to agree with Herrin values (HTOP).
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The 200 km discontinuity is followed by a high velocity lid (HVL) of about 20 km
thickness. This HVL appears to be highly pronounced to the west (see model FLS-P) and
relatively less pronounced to the west (see model PNG-P) which implies a gradually
decreasing trend of HVL from west to east. The HVL is followed by a thick low velocity
zone (LVZ), but the thickness varies among the models which is highest for FLS-P and
lowest for PNG-P. The LVZ is then followed by a positive gradient up to the 400 km
transition (Figure 6.5.1).

In FLS-P the LVZ is very strong but weaker for WIR-P and

B AS-P. Although the behaviour of the LVZ in PNG-P is not fully systematic with that of
others, the general trend of the LVZ seems to be gradually weaker from west (FLS-P) to east
(PNG-P).
In the derived models (Figure 6.5.1), the largest velocity transition occurs around
400 km depth and is modelled as a second order discontinuity. The observed data for all
regions provide constraint on this transition in all the models. In model WIR-P, this
transition is 10 km shallower than that of others. However, a difference of 10-20 km in
depth is not actually resolvable. The size of this discontinuity for PNG-P is somewhat
smaller (Table 6.5.1).

The distances to the cusp and cross-over points (C & ß)

corresponding to this discontinuity are presented in Table 6.5.2.
The 630 km discontinuity is again modelled as a 20 km transition zone. Only for the
PNG-P region, the discontinuity could be properly constrained by the observed data set
because the seismograms were recorded at distances of 3000 km. But for Flores Sea region,
the records stopped at 2750 km which precluded modelling much below 630 km.
From 400 km depths, the regional models (Figure 6.5.1) are characterised by
uniform gradient down to 630 km. The velocities for BAS-P are consistently higher, but as
mentioned in the previous section models BAS-P and WIR-P are not well constrained below
550 km. The major differences among these models are mostly confined above 400 km
depth, and below 630 km the models converge. However, the differences around the 630
km transition appear to be significant. Therefore, below 550 km, we concentrate on FLS-P
and PNG-P. The differences between them must be evaluated in light of the resolution of 10
20 km.
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As discussed in the previous section, there are differences in between the different
composite record sections regarding (i) the first arrival times, (ii) relative timing of the
secondary arrivals, (iii) the travel time cusps and cross-over distances, (iv) coherency of the
secondary phases, (v) energy distribution and sharpness of the later phases. These lead to
the interpretation of velocity variations in the low velocity zone, and depth and size of
velocity increase across the major transition zones. But the degree of variations of these
parameters is not the same.
The reduced travel times calculated for three derived models are plotted against
distance in Figure 6.5.2. The triplications corresponding to 200 km discontinuity for
different models are not distinguishable on this Figure. The differences between the travel
time branches corresponding to the 400 km discontinuity for the three models are clear and
significant. The CD branch for model FLS-P is clearly the latest and BAS-P is the earliest
member in the group. The BC branches are more separated and BAS-P is the earliest and
FLS-P is latest. The arrival times models WIR-P and PNG-P lie in between them. The
travel time branches of these two models are relatively close to each other. They maintain
similar trend with a minor time offset. Notice that FLS-P and BAS-P give the extreme times
and they are adjacent regions. Thus, looking at the nature of variation in the timing character
between the models one would have the impression that the upper mantle structure between
sampled regions vary, but the variation is not systematic from west to east.
In the construction of the set of four regional models we have worked with composite
record sections with the records for individual events tied to the Herrin travel time curve.
This correction, designed to overcome problems of errors in origin time estimates, has the
result of forcing some of the structure of the Herrin model into the regional models. Also,
because we did not have enough information to resolve details of the uppermost parts of the
regional velocity models, we assumed structure in the near surface region. In order to be
consistent with the Herrin corrections, we have taken Herrin values for the top 190 km of the
regional models. Below this depth the regional models have been constructed to match the
time and amplitude behaviour on the composite record sections which incorporate the Herrin
corrections.
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(i)

Model NGR-P for New Guinea region
We have seen previously that the regional models WTR-P and PNG-P are similar and

this suggest that we could create a single model for the New Guinea region. To test this idea
we have constructed a composite record section for the events in regions III, IV, and V
which represents the entire New Guinea region. The complex envelope stack for the events
of New Guinea region is shown in Figure 6.5.3(a) and the major branches are well
described by PNG-P. We call the new model NGR-P (Figure 6.5.3c).
With this rearrangement we have two broad Proterozoic Shield regions in the
northwestern (Region I) and northeastern (Region HI+IV+V) Australia with a narrow strip
of Banda Sea (Region II) in the middle. The two models FLS-P and NGR-P are constrained
down to about 800 km

6.6

Corrections to the Regional Models
In order to make direct comparisons between our models and other upper mantle

models from Australia and elsewhere, we have to remove the dependence on the Herrin
corrections. We can do this if we can tie the velocity behaviour to 'absolute time’ constraints
based directly on the time of transit of seismic waves from source to receiver. This is
possible for two different directions, towards the Flores Sea region and towards Papua New
Guinea region. Bowman & Kennett (1989) have recently derived an upper mantle P-velocity
model NWB-1 for events along the Indonesian arc recorded in Central Australia. This model
for the structure lying beneath northwestern Australia was constrained to satisfy time
constraints for well-located events as well as amplitude constraints imposed by matching the
character of observed record sections with theoretical seismograms. The travel times for this
model are somewhat different than those for Herrin.
We attempt to adjust the model FLS-P to match the timing of the first arrivals to
NWB-1. To that end we modify the top of the model slightly to match NWB-1 times at
1200 km. Adjustment of the timing from 1200 to 2600 km is achieved by raising velocities
by 3% above 400 km and lowering velocities by 3% below 400 km change the curvature of
the travel time to match NWB-1. We have changed the model with an attempt to retain
choice of cusp points and cross-overs chosen on the composite sections. Figure 6.6.1
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line represents the model FLS-Pc and the dotted line represents the model NWB-1.
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shows how the reduced travel times of the corrected regional model FLS-Pc compare with
those of the model NWB-1 where the suffix 'c' denotes a corrected model.
Simpson (1973) made an extensive compilation of arrival times and slowness for 200
New Guinea/New Britain events recorded at W arramunga array. The paths covered are
similar to those used in the construction of NGR-P. The first arrival times are summarised
by Simpson's model UM2 and we use these as a guide for correcting the regional model
NGR-P. We adjust the model NGR-P to remove the bias due to the Herrin corrections by
matching the pattem of first arrivals calculated from model UM2. The differences in timing
are much less than between FLS-P and NWB-1.
We have modified the model NGR-P by taking the top 190 km to be the same as in
the modified Flores model FLS-Pc and then made slight adjustments to the velocity (of the
order of 1%) below 190 km so that the pattern o f first arrivals of modified NGR-P (NGRPc) matches that of UM2. After correction there is still an offset of 1 second associated with
the choice of shallow structure (which could easily be absorbed in origin time adjustments).
Figure 6.6.2 shows how the reduced travel times of the corrected model NGR-Pc compare
with those of the model UM2 (reduction velocity = 9.0 km/s). It is to be noted here that both
UM2 and NWB-1 models were derived from the features of many events. The NWB-1
model included amplitude constraints but the model UM2 was based soley on travel time and
slowness values. Thus, we have derived two regional models FLS-Pc and NGR-Pc having
constraints of absolute times for the upper mantle P-velocity structures beneath northwestern
and northeastern Australia respectively.

(i)

Comparison between the Regional Models FLS-Pc and NGR-Pc
The two regional models FLS-Pc and NGR-Pc (corrected to absolute time) are now

plotted in Figure 6.6.4, their reduced travel times (reduction velocity = 9.0 km/s) are plotted
in Figure 6.6.3 and the listing of the two models are presented in Tables 6.6.1 & 6.6.2. As
discussed before in this section, on the top 190 km of the two regional models have a similar
assumed shallow structure which is essentially the modified Herrin structure in the top 190
km (MHTOP). Below 200 km the two models differ significantly from each other as is clear
from the Figures 6.6.3 & 6.6.4. Opposite types of behaviour are exhibited by these models
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NGR-Pc
UM2

Reduced travel times for the regional model NGR-Pc and the model

UM2 (Simpson, 1973) with reduction velocity of 9.0 km/s. Continuous line represents
the model NGR-Pc and the dotted line represents the model UM2.

Figure 6.6.3

Reduced travel times for the two regional upper mantle P-velocity

models FLS-Pc ( for north-western Australia) and NGR-Pc (for northeastern Australia)
with 9.0 km/s reduction velocity. Continuous line represents the model FLS-Pc and the
dotted line represents the model NGR-Pc.
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Figure 6.6.4

Regional upper mantle P-velocity models FLS-Pc for northwestern

Australia and NGR-Pc for northeastern Australia having absolute time constraints. The
top 190 km in both the models is the same being the modified Herrin values (MHTOP).
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above (FLS-Pc faster than NGR-Pc) and below (NGR-Pc faster than FLS-Pc) 400 km
discontinuity (Figure 6.6.4). The three velocity transitions in both cases are modelled as
second order discontinuities. Although the depth of the discontinuities at 200 and 400 km
are the same, there is a difference of 40 km for the 650 km discontinuity, and the parameters
defining the discontinuities show considerable differences (see Tables 6.6.3 and 6.6.4).

T a b le 6 .6 .1

Model FLS-Pc

T a b le 6 .6 .2

Model NGR-Pc

Depth

P Velocity

Depth

km

km/s

km

km/s

0.0

6.250

0.0

6.250

15.0

6.250

15.0

6.250

15.0

6.750

15.0

40.0

6.750

40.0
75.0
75.0
110.0

8.080
8.120
8.120
8.180

40.0
40.0

6.750
6.750

75.0
75.0
110.0

145.0

8.240
8.298

145.0
190.0

8.600

210.0

227.0

8.600

227.0

8.470
8.450

230.0

8.600

230.0

8.440

255.0

8.553

255.0

8.390

320.00

320.0

350.00

8.550
8.650

350.0

8.530
8.630

390.0

8.850

390.0

8.750

410.0

9.390

410.0

9.350

490.0

9.520

410.0

9.700

550.0

10.680

550.0

10.050

620.0

10.050

660.0

10.370

640.0

10.420

680.0

10.900

700.0

10.824

700.0

10.950

800.0

11.050

800.0

10.980

190.0
210.0

P Velocity

8.080
8.120
8.120
8.180
8.240
8.298
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Table 6.6.3
Depths and velocity increases of the 200, 400, and 650 km discontinuities in the absolute
time P-velocity models.

200 km Discontinuity

400 km Discontinuity

650 km Discontinuity

Depth Velocity Inc.

Depth

Depth

Velocity Inc.

Model Name

km

%

km

km/s

km/s

%

FLS-Pc

200

0.30

3.64

400

0.54

6.10

630

0.37

3.68

NGR-Pc

200

0.17

2.07

400

0.60

6.85

670

0.53

5.10

km/s

Velocity Inc.
km/s

%

Table 6.6.4
Distances (km) to travel time cusps and cross-overs points in the absolute time P-velocity
models for different upper mantle regions.

200 km Discont.

400 km Discont.

650 km Discont.

Cusp

Cusp

Cusp

Cross-over

Cross-over

Cross-over

y (km)

Model Name

C (km)

a (km)

C (km) ß (km)

E (km )

FLS-Pc

1250

1535

1637

2285

2290

2650

NGR-Pc

1460

1720

1605

2194

2250

2665

A velocity jump of 2.1% (0.17 km/s) in the 200 km discontinuity in NGR-Pc is
smaller than 3.6% (0.30 km/s) velocity jump in FLS-Pc (Table 6.6.3). There are also large
differences in the distances to cusp and cross-over points corresponding to the 200 km
discontinuity. The cusp positions (c) differ by 210 km while the cross-over positions (a)
differ by 185 km, the values being higher for NGR-Pc (Table 6.6.4). Below the 200 km
discontinuity, the LVZ is much thicker for FLS-Pc (about 120 km thick) than for NGR-Pc
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(about 50 km thick). Within the LVZ, model FLS-Pc is consistently faster (1% - 2%) than
NGR-Pc. The velocities are about 1.5% to 2.0% higher for FLS-Pc. Between the base of
LVZ and the 400 km discontinuity FLS-Pc is also slightly faster. Therefore, from 190 km to
400 km, NGR-Pc is much slower.
The depth of the 400 km discontinuity is the same in both the models. But the size of
this discontinuity 0.60 km/s (6.85% velocity increase) in NGR-Pc is bigger than the 0.54
km/s (6.10% velocity increase) in FLS-Pc. For NGR-Pc the distances to cusp and cross
over points belonging to the 400 km transition are 32 km and 91 km smaller relative to those
of FLS-Pc respectively (Table 6.6.4).
Below the 400 km transition, the situation is reverse of that above 400 km transition.
Here, by contrast, NGR-Pc is systematically faster (2 % - 4 %) than FLS-Pc with maximum
difference at about 550 km. The 650 km discontinuity is 40 km deeper and about 43% larger
in NGR-Pc relative to FLS-Pc. Below 650 km discontinuity, the two models converge and
are similar below 750 km.
The FLS-Pc model represents propagation from the northwest to the LTC array and
the NGR-Pc model represents propagation from the north and northeast. We have therefore
been able to show differences between models representative of two broad upper mantle
regions to the northwest (FLS-Pc - Flores Sea) and northeast (NGR-Pc - New Guinea).
These regions are separated by the narrow strip of the Banda Sea zone.

6.7

Comparison with Australian Upper Mantle Models
Now, we compare our two regional P-velocity models FLS-Pc and NGR-Pc with

other models previously derived for the Australian upper mantle. Model UM2 (Simpson,
1973) has been published as SMAK-1 (Simpson, Mereu & King, 1974) which was derived
from the combined interpretation of the travel time and slowness data of earthquakes at New
Guinea-Solomon Islands region recorded at WRA. Since UM2 was used as a guideline for
correcting the derived Herrin time model NGR-P, the corrected model NGR-Pc is close to
SMAK-1. On the other hand, NWB-1 (Bowman and Kennen, 1989) was used as guideline
for the correction of Herrin time model FLS-P, and as a consequence, the corrected model
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FLS-Pc is similar to NWB-1. As because FLS-Pc and NGR-Pc differ from each other,
FLS-Pc differs from SMAK-1 and NGR-Pc differs from NWB-1. .
We now compare our regional models models ORDP (Denham et al., 1972),
SMAK-1 (Simpson, Mereu & King, 1974), CAP8 (Hales et al., 1980) and CAPRI (Leven,
1985) for Australian upper mantle (Figure 6.7.1). Model ORDP (Denham et al., 1972),
appropriate for northwestern Australia extends only down to 350 km depth and has two
sharp velocity jumps at 85 km and 175 km. Above 175 km the velocities in SMAK-1
(Simpson, Mereu & King, 1974) are a modified version of ORDP in which a smaller
discontinuity was assumed at 175 km depth. Model ORDP has dV/dz = 0 below 175 km.
But in our regional models, this 175 discontinuity is deeper and occurs at 200 km depth.
The striking difference between ORDP and our regional models is the absence of any LVZ.
However, ORDP data are not sufficiently dense to define an LVZ. This contrast may also
reflect the difference in structure between the two areas. Since ORDP extends up to 350 km
depth, we can only compare the first forward branch and ORDP appears to be much faster
compared to the derived models. Both ORDP and our models have been derived for
Proterozoic Precambrian shield Australia. But ORDP is entirely continental whereas our
parts being continental shelf are somewhat hybrid.
An upper mantle P-velocity model for central Australia, CAP8 (Hales et al. (1980)
was constructed from the analysis of travel times using geometric raytracing techniques with
data from a long range seismic refraction project conducted in central Australia. The model
CAPRI (Leven, 1985) is not very different from CAP8, because it was constructed by
modelling the same data set using synthetic seismograms. The agreement of the model FLSPc with CAP8 and CAPRI seems to be very good and it looks like smoothed version of
them.
The second order discontinuity at 200 km depth in FLS-Pc comes in support of
Drummond, Muirhead and Hales (1982) who observed evidence for a seismic discontinuity
of 0.2-0.3 km/s near 200 km depth under the northwestern Australia. Either first or second
order discontinuity near 200 km has become common to many observations, e.g. NWB-1
(Bowman & Kennett, 1989), CAP8 (Hales et al, 1980) and CAPRI (Leven, 1985). The
velocity contrast across 200 km discontinuity in NWB-1 (Bowman & Kennett, 1989) is 0.28

P velocity km/s

Depth km
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FLS-Pc
NGR-Pc
ORDP
CAP8
CAPRI
SMAK-1

Figure 6.7.1

Regional models FLS-Pc and NGR-Pc are plotted with models ORDP

(Denham et al., 1972), SMAK-1 (Simpson, Mereu & King, 1974), CAP8 (Hales et al.,
1980) and CAPRI (Leven, 1985) derived previously for different regions of upper
mantle beneath Australian continent.
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km/s). For the model FLS-Pc this continuity is 0.30 km/s) involving 3.6% velocity increase
(Table 6.6.1) which is very close to those observed by Drummond et al.(1982) and Bowman
& Kennett (1989). The contrast NGR-Pc is smaller (0.17 km .s'1) involving 2.1% velocity
increase (Table 6.6.1). This difference in the velocity contrast between FLS-Pc and NGRPc suggests that the 200 km transition becomes gradually weaker as it goes towards east
from west.
Our models have a common character of decrease in velocity below 200 km depth
similar to that in models CAP8, CAPRI and NWB-1. We have modelled the transition near
400 km depth in the form of strong gradient over 20 km whereas in SMAK-1, this
discontinuity has been replaced by a long gradient zone from 320 to 400 km. In CAP8 and
CAPRI the discontinuities were assumed to be first order. Notice that neither of our regional
models has a velocity discontinuity near 325 km depth as suggested in models CAP8 and
CAPRI.
The model SMAK-1 and NWB-1 were derived from composite data from many
earthquakes whereas CAP8 and CAPRI were based on the analysis of the record sections of
individual earthquakes. The advantage of using composite results as in our treatment is that
the aim is to match the main features of the upper mantle response and so reduce the
influence of heterogeneity. We have seen considerable evidence of heterogeneity within the
upper mantle so it is doubtful whether it would be appropriate to try to fit the short period of
record section for an individual event with a single stratified model.
Although the sharp increase in velocity around 400 km depth is a common character
of all Australian upper mantle models, the velocity contrast of 0.60 km/s (6.9%) in NGR-Pc
is higher than that of other models. In our models, the interval between the two major
velocity transitions around 400 km and 630 km is represented by a non-linear but nearly
smooth velocity gradient. Model SMAK-1 has a minor zone of high-velocity gradient near
520 km. Over this distance range CAP8 and CAPRI differ significantly from with NGR-Pc.
The velocities for NGR-Pc are considerably higher (Figure 6.7.1).
The 650 km discontinuity in NGR-Pc is quite different from other models with
respect to both size and depth.

It is relatively larger in size 0.53 km/s involving 5.1%

velocity increase and deeper (Table 6.6.1). Neither of the regional models requires the
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interpretation of a discontinuity near 500 km depth as suggested in model CAP8 and
SMAK 1. However, model FLS-Pc has very little increase in velocity gradient near 550 km
depth (Figure 6.7.1).

6.8 Comparison with Other World Models
The two regional models derived derived in above have three velocity transitions
around 200, 400 and 630 (670) km depths. Other regional models of upper mantle structure
which entails multiple P arrivals in the approximate distance range 10° < A < 30“ have also
large velocity gradients or velocity discontinuities near depth of 420 and 650 km apart from
their differences in detail.

(a)

Models for Shield Regions
We now compare our regional models (Figure 6.8.1) with three models from other

Proterozoic shield regions: (i) KCA which was derived for Fennoscandia and Russian Shield
(King & Calcagnile, 1976) , (ii) K8 which was derived for northwestern Eurasian Shield
(Given & Helmberger, 1980), and (iii) S25 which was derived for Canadian Shield
(LeFevre & Helmberger, 1989). The main features of these models are summarised in Table
6.8.1 along with those of the two regional models. Some idea about similarities and
differences of the Australian regional models relative to these shield models can be obtained
by comparing Table 6.8.1 with Table 6.6.1.
The most striking differences of the regional models compared to KCA are the 200
km transition and the thick LVZ below 200 km depth (Figure 6.8.1). Model KCA is fairly
smooth above 400 km with assumed structure in the uppermost 100 km and relative to our
models, it is faster above 200 km. The model KCA is not well constrained above 400 km,
particularly in the uppermost 250 km, because there are some feature seen in the section in
the shorter distance range which have not been modelled.
Model K8 was also derived for Eurasian Shield and differs in many respects with our
regional models. Both models FLS-Pc and NGR-Pc have relatively thin HVL around 220
km while, in contrast, K8 has a thick HVL above 150 km and thin and shallower LVZ
between 150 and 200 km. From 40 to 150 km depth where we have assumed modified
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Figure 6.8.1 Regional upper mantle models FLS-Pc and NGR-Pc for the Australian
shield are plotted with models KCA (King & Calcagnile, 1976), K8 (Given &
Helmberger, 1980) and S25 (LeFevre & Helmberger, 1989) derived for the European
and North American shields.
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Herrin structure for the regional models, K8 is consistently and considerably faster. From
200 to 420 km it is characterised by relatively smooth velocity gradient where, in contrast,
the regional models have pronounced LVZ (Figure 6.8.1).

Table 6.8.1
Major features of the regional models NGR-Pc and FLS-Pc compared to those of world Pshield models

M odel

Shield

Name

N am e

Inc

Depth

HVL

LVZ

200 km D iscont.
Depth

4 0 0 km D iscont.

V el. Inc.

6 5 0 km Discont.
Depth

V el.

V el. Inc
km

km

km

Australian

Thin

200-255

190-210 3.64

3 9 0-410

6.10

620-6 4 0

3.7

N G R -Pc Australian

Thin

200-255

190-210 2.07

390-4 1 0

6.85

660-680

5.1

.......................

4 2 0 -4 2 0

7.04

690-6 9 0

4 .0

FLS-Pc

KCA

Russian

Thick

%

km

%

km

%

K8

Russian

Thick

150-200

.......................

4 2 0 -4 2 0

5.0

675-675

4.0

S25

Canadian

Thick

D eep

.......................

4 0 5-405

5.0

660-660

4.0

up to 165

LeFevre & Helmberger (1989) have derived model S25 for the P-wave upper mantle
structure beneath Canadian shield using waveform modelling of the Pnl, P and PP phases.
The major features of this model are similar to those of Grand & Helmberger's (1984) Swave model for the Canadian shield. Model S25 has a thick, high Q, high velocity lid
extending from 40 km to 165 km followed by a weak low velocity zone extending up to
about 300 km . The shallower part of this model (165 km) was also not constrained by the
data, so was assumed. The inclusion of the LVZ was a requirement to match the travel
times. Above 165 km S25 is faster than every model in Figure 6.8.1. In contrast to our
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regional models, S25 does not have any velocity increase around 200 km (Figure 6.8.1).
However the direct constraint on the upper part of S25 is limited and derived from a few PP
phases because of the distribution of earthquakes around the Canadian shield. Models K8
and S25 were derived from long period observations and therefore expected to have lower
resolution.
The two first order discontinuities of model KCA with 7.0% and 4.0% velocity
increase are respectively at 420 km and 690 km depths (Table 6.8.1). Whereas in our
Australian regional models these discontinuities occur as second order discontinuities at
somewhat shallower depths: around 400 km and 630 km with 6.1% and 3.5% velocity
increase respectively for FLS-Pc and around 400 km and 670 km with 6.9% and 5.1%
velocity increase respectively for NGR-Pc (Table 6.8.1).

In K8 velocity jumps of 5.0%

and 4.0% occur at 420 km and 675 km depths respectively which are deeper but smaller in
size compared to those of our models. Although the models KCA and K8 were derived for
the Eurasian Shield area, the inferred gradients above 400 km differ.
Model S25 has a first order discontinuity at 405 km with 5.0% velocity increase.
Although the depth of this discontinuity is comparable, the size is smaller than our Australian
regional models (Table 6.8.1). SNA has another first order discontinuity at 660 km with
4.0% velocity increase which is deeper than that of FLS-Pc but shallower than that of NGRPc. Again the contrast is less than in our regional models (Table 6.8.1).

(b)

Models for Tectonic

Regions

Figure 6.8.2 shows five P-wave velocity models for tectonic regions. Models HWA
and HWB (Wiggins & Helmberger, 1973) were derived for the western United States and
for the north central part of western United States from dT/dA measurements (Johnson,
1967), travel times from Nevada test site explosions and short period waveform data. These
two models are significantly different above 350 km and are essentially identical below this
depth. The differences between these two models and our two regional models are
significantly large above 440 km. From 440 to 650 km, HWA and HWB are faster than
FLS-Pc but similar to NGR-Pc (Figure 6.8.2).
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Figure 6.8.2 Regional upper mantle models FLS-Pc and NGR-Pc for the Australian
shield are plotted along with models HWA and HWB (Wiggins & Helmberger, 1973),
T7 (Burdick & Helmberger, 1978), GCA (Walck, 1984) and CJF (Walck, 1985) derived
for tectonically active areas, spreading centre and transitional area in different parts of the
world.
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The LVZ occurs around 200 km depth in the models HWA and HWB (159-203 km
in HWA, and 171-225 km in HWB). At that depth a second order discontinuity occurs in
the regional models. Models HWA and HWB are characterised by nearly uniform gradient
up to about 430 km where LVZ exists in the regional models. The 400 km discontinuity in
HWA (with 7.2% velocity increase at 426 km) and HWB (with 7.8% velocity increase at
436 km) is deeper and stronger compared to that in our regional models (Table 6.8.2). The
650 km discontinuity in HWA (with 2.96% velocity increase at 653 km) and HWB (with
3.5% velocity increase at 660 km) is deeper and weaker relative to model FLS-Pc, but
shallower and weaker relative to model NGR-Pc (Figure 6.8.2).
Model T7 (Burdick & Helmberger, 1978) was derived for tectonically active portion
of the western U.S.

Both K8 (Given & Helmberger, 1980) and T7 were determined by

matching the long-period and some short-period P waveforms from WWSSN records with
synthetic seismograms. The differences of T7 with our regional models lie above 400 km.
The importance of comparing our models with T7 is that the observations were made in the
epicentral ranges of 10°-30° which is similar to that of the present study. The LVZ in T7
occurs above 200 km below which the velocity gradients are nearly linear with depth up to
400 km (Figure 6.8.2). In this distance range the LVZ occurs in our regional models. The
major velocity discontinuity in the model T7 with 5.0% velocity increase at 400 km is
smaller than the jump in the regional models. The 4.0% jump at 670 km (Table 6.8.2)
compares with a 3.9% jump in FLS-Pc but deeper in location. Again this discontinuity
compares with depth (670 km) but weaker (5.1%) in the model NGR-Pc. From 400 km, T7
is consistently slower than NGR-Pc, but faster than FLS-Pc down to 650 km depth (Figure
6.8.2). Models T7 and S25 are nearly similar below about 220 km.
The behaviour of P-wave models GCA for Gulf of California spreading centre
(Walck, 1984) and CJF for Cascade Range-Juan de Fuca transitional area (Walck, 1985) are
similar to that of model T7 below 400 km depth (Figure 6.8.2). They are different above
this depth. T7 and GCA have very thin lids. Between 200 and 350 km, CJF lies between
GCA and T7 but up to 350 km they are slower relative to our regional models. The 4.8%
velocity jump at 390 km in GCA is slightly shallower but smaller than those of the regional
models (Table 6.8.2).
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Table 6.8.2
Major features of world P-tectonic models

Mod

Area

HVL

LVZ

2 0 0 km D iscont.
Depth
km

V el Inc.
%

4 0 0 km D iscont. 6 5 0 km D iscont.
Depth V el. Inc. Depth
km
%
km

HW A

W estern US

Thin

159-203

-

-

HW B

Western US

Thin

171-225

-

-

4 3 6 -4 3 6

T7

Western U .S

Thin

70-125

-

-

392-4 0 0

GCA

G ulf o f
California

A R C -T R Japan-Kurile
Arc

—

up to 85

—

85-165

4 2 6 -4 2 6

7.2

V el. Inc.
%

6 53-653

3.0

7.8

6 6 0 -6 6 0

3.5

5.0

6 7 0 -6 7 0

4.0

-

-

390-3 9 0 4.8

6 6 1 -6 8 0

3.8

-

-

4 0 0 -4 0 0

6 3 0 -6 7 0

7.0

6.0

The model ARC-TR (Fukao,1977), which was derived to represent the P-velocity
structure for the upper 800 km of the mantle beneath the trench side of the Japan-Kurile Arc,
had similar distance range of observation (13°< A< 30°). The first noticeable difference is
that model ARC-TR has a high velocity lid extending down to 85 km followed by a lowvelocity zone of high speed (8.1 km/s) which is terminated by a high velocity gradient zone
at 165-200 km. Below this depth the velocity in ARC-TR is almost constant where the LVZ
in our regional models occurs. A sharp increase of velocity in ARC-TR occurs near 400 km
with 6.0% jump is comparable in depth but weaker than those in our regional models. A
7.0% increase across transition zone 630-670 km is stronger than in our models (Table
6.8.2). Since Fukao (1977) did not provide any listing of the model, it could not be plotted
in the Figure 6.8.2.

Chapter 7

S-WAVE RECORD SECTIONS AND THE SHEAR WAVE STRUCTURE OF
THE UPPER MANTLE

7.1 Introduction
In addition to P-wave studies, shear-wave studies are also capable of providing
valuable information about the upper mantle structure and major discontinuities around 400
km and 650 km depths which can be effectively used for the petrological interpretation of
phase transformations and mineral assemblages within the Earth's mantle. Several S-wave
studies (e.g. Doyle and Hales, 1967; Ibrahim and Nuttli, 1967; Robinson and Kovach,
1972; Helmberger and Engen, 1974; Hendrajaya, 1981; Grand and Helmberger, 1984a,b)
have produced results which are in good general agreement with those given by P-wave
data. These studies indicate major shear-velocity discontinuities around 400-km and 670-km
depths. Different approaches used in the study of upper mantle shear structure include (i)
dispersion of surface waves, (ii) travel times of teleseismic body waves (Grand &
Helmberger, 1984), (iii) great circle phase velocity (Nakanishi, 1981), (iv) Rayleigh wave
overtones (Nolet,1977; Cara, 1979), (v) travel times of multiple ScS phases (Sipkin &
Jordan, 1975,1980;

Okal & Anderson, 1975), and (vi) modelling with synthetic

seismograms.
It has been shown in many of these studies that there are significant variations in the
upper mantle shear structures with the horizontal position. These variations are observed to
be most significant under tectonic provinces. An important property of the S-wave velocity
is that it is very sensitive to temperature. Because of this characteristic property, the lateral
heterogeneity of the shear velocity structure has been used as an important tool in the
determination of the thermal state of the Earth. But the debate regarding the depth extent of
the variation of S-velocity is still unresolved. One argument is that the variation is no deeper
than 150-200 km (Okal and Anderson, 1975; Anderson, 1979) while the other one is that the
variation extends to 400 km depth (Sipkin and Jordan, 1976, 1980). Large regional
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differences in velocity in the upper 200 km were revealed from the study of Rayleigh wave
overtones (Cara, 1979) and great circle phase velocities (Nakanishi, 1981), and much less
heterogeneity at greater depth.

Due to the long wavelength involved, small scale

heterogeneity and information on the fine structure of the upper mantle were not resolvable.
From the study of ScS travel times, Sipkin and Jordan (1975) suggested that the
heterogeneity extends down to 400 km while Okal and Anderson (1975) suggested that the
heterogeneity in the upper mantle velocity structure is confined to the top 200 km. However,
it has been generally agreed that there are large differences in shear velocity above 200 km
associated with tectonic features, but the shear velocity structure and its variations below that
depth are still being debated.
R ia l, Grand & Helmberger (1984) observed strong lateral variations in the upper
mantle shear wave velocities under Europe and Western Eurasia using long period S and SS
waves in the distance range 30° < A <60°. Their evidence suggests that the Alpine belt of
southern Europe is underlain by a tectonic upper mantle with a thin lid and thick low velocity
layer, whereas the eastern Europe-western Russia Precambrian platform is underlain by
shield-like upper mantle.
The travel time residuals of S-wave propagation relative to J-B table times are greater
than those for P-waves and can be attributed to variations in the upper mantle structure
(Doyle & Hales, 1967). In combination with the detailed P-wave velocity distribution, the
shear-wave velocity distribution can constrain the upper mantle petrology and mineralogy.
In this chapter we examine the available S wave data for the events used in the P
wave analysis in Chapter 5 and 6 and try to constraints the S wave velocity structure in the
upper mantle.

7.2 The Data
The data set for this study consists of vertical component seismograms in the
epicentral distance range 10° < A < 28°. Over this distance range the seismic body waves
bottom between 150 and 800 km depth and the waveforms are stable and sensitive to upper
mantle velocity structure. Seismograms with an epicentral distance 12° < A < 20° contain the
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information of the upper mantle in the neighbourhood of 400-km discontinuity, and
seismograms with an epicentral distance A > 20° contain information about the mantle
beneath the 400-km discontinuity.
Vertical component seismometers records only the SV component of the shear waves
along with P waves. There were no horizontal component instruments installed in the LTC
or NWB arrays to record SH waves. So, our analysis of S-waves is limited to SV waves
only. Record sections for S-wave propagation were produced for individual events and only
those events for which the data quality seemed reasonable were retained. A reduction
velocity of 5.0 km/s was used to produce the S wave sections. Composite record sections of
S-wave phases were produced for the five different regions (see Figure 4.1.1) including
only good quality events. The data were bandpass filtered (0.5 - 4.0 Hz 4 poles) to produce
record sections for individual events and (0.5- 3.0 4 poles) to produce composite record
sections. Depth corrections were applied to the S wave data so that all the traces in the
composite record section correspond to surface sources. No separate Herrin corrections
were estimated for S waves; rather the corrections estimated for P waves were used for
constructing the S wave sections.

7.3

Individual S-Wave Record Sections
Individual S-wave record section of the events were produced in order to examine the

clarity of the data. For these sections, we are more concerned with the travel times than the
amplitude of the various phases because the arrays are not calibrated and in generating the
section each trace is scaled to its maximum amplitude. So only the relative amplitudes are
considered. In some cases adjacent records show differences which may arise from the
structure on the propagation path.
In general the variability among the records is greater than that for P. Although in
some sections it is possible to identify distinct phases on the individual traces, in other
sections they are not very coherent. On the other hand, in most of the sections it is difficult
to recognise the onset of the first arrivals and the distinct phases returned from the major
discontinuities in the upper mantle. Figures 7.3.1 and 7.3.2 are examples of good and bad
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S-wave record sections for events from Flores Sea and Banda Sea regions respectively. The
assessment of quality is subjective.
The complex nature of the sections may attributed to the presence of high frequency
scattered component of P coda. This problem becomes more severe generally at distances
greater than 1700 km. While the S waves are expected to be more sensitive to low-velocity
zone, no obvious evidence is observed on these sections in the travel times to distances of
1850 km of any offsets or shadow zone which would imply a substantial low velocity
channel.

7.4

The Composite S-Wave Sections
The composite record sections for Regions III, IV and V do not independently

provide enough information to constrain the shear velocity structure, so data from these three
regions have been combined in a single composite record section for the entire New Guinea
region (similar to that for P wave). We also constructed a composite S-wave record section
for Region I (Flores Sea). We have used the complex envelope stack to improve the signalto-noise ratio of the S-wave arrivals in the vertical component records. The resulting
sections are displayed in Figures 7.4.1 and 7.4.2. Because of the poor quality of the SV data
the composite record section is so complex in nature that despite the stacking procedure it is
difficult to identify many of the S wave onsets or later arrivals.
Various sources may contribute to the complex behaviour of the S wave sections.
Generally S waveforms are more strongly affected by source complexity than P waves and,
in addition, near surface effects can involve complex coupling between P and S waves. The
converted P waves arriving before the direct SV may also be a major contributor in
obscuring the S onsets and create difficulties in working with SV waves (Kanasewich et al.,
1974). Attenuation is also a serious problem in shört-period S wave studies. Helmberger &
Engen (1974) could not use short-period waveform data because of intense attenuation of
shear wave.
In this case one of the principal sources of complications may be the use of Herrin
correction. Ideally the sections require S wave travel time corrections. But we have used the
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same Herrin corrections for S waves that were calculated for P waves. The other source of
complications may be the type of recorders used in the field. The instruments used were
short-period vertical component seismometers where high frequency noise contamination
(coda phases) is likely to be a major problem. Even with long-period SV waves P codas
may seriously interfere. For example, in an attempt to match synthetic seismograms to longperiod WWSSN records to study the shear velocity structure of the United States and
southern Canada, Helmberger & Engen (1974) preferred to use SH waves because large
spurious secondary arrivals from shear coupled PL-waves appear on the seismograms with
appreciable SV energy.
Nevertheless, the general trend of the S-wave onset can be clearly seen out to about
2150 km for both the Flores Sea and New Guinea sections. At greater distances it is very
difficult to discern a clear pattern, even with the relatively high data density on the New
Guinea section. There is however a weak set of arrivals with an apparent velocity around
5.5 km/s from 2200 - 2800 km which could possibly be identified with a refracted arrival
from below the 400 km arrival.
In many areas of the world S wave arrivals are difficult to pick from 13° - 18° (1450 2000 km) and this is attributed to the presence of a significant low velocity zone in the
mantle. Our observations of S arrivals out to 2100 km would place any such low velocity
zone beneath 200 km.
The decrease in clarity in the S wave arrivals appears to be associated with an
increase in the amplitude of the late P coda. For ranges less than the cusp point (C) for the
400 km transition, there are only a limited number of possible multiple reflections between
the 200 km and surface. Such reflections do not have a very large time separation from P
and so do not interfere significantly with S. At larger distances multiple processes involving
reflection at the 400 km transition become possible. Since we have shown that there is a
significant P velocity contrast at the 400 km transition such multiples can be quite important.
Each reflection process mars the position of maximum energy associated with the multiple of
the C cusp to greater distances. Beyond about 2100 km many such processes coalesce to
give a high background P-coda level comparable to the weak S wave arrivals on the vertical
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component. The position would have been improved if horizontal component records were
available but no horizontal seismometers were deployed in the portable arrays.

7.5

Towards the Development of Shear Velocity Models
We would like to transform our regional P velocity models in to S-wave models in

order to calculate S travel times. We need to choose a suitable Vn/V
p *Qratio for the
transformation. The ratio Vp/Vs for four pairs of P and S velocity models are shown as a
function of depth in Figure 7.5.1. S25SNA is obtained by dividing the P velocities of model
S25 (LeFevre & Helmberger, 1989) by S velocities of SNA (Grand & Helmberger, 1984a).
Both models were derived for the Canadian shield. IPREM, IASP89 and J-B are velocity
models with both P and S distributions.

IPREM is the isotropic version of PREM

(Dziewonski & Anderson, 1981) and IASP89 is a provisional velocity model derived from
inversion of ISC travel times (B. L. N. Kennett - personal communication).
From 200 to 650 km the ratio Vp/Vs generally lies above 1.8 with some differences in
character among the models. The lowest values for the ratio are for the J-B model and are
nearly uniform throughout the range. IPREM and IASP89 show differences in character and
opposite trends above and below the 400 km transition. The ratio S25SNA for the Canadian
shield models lies between these two extremes.
For our purpose we have initially chosen J-B values down to 190 km, linear
interpolation between J-B value at 190 km and IPREM value at 400 km, from 400 km to 659
km nearly IPREM values. From 650 km we have again followed the J-B trend. From 190
km downwards this ratio is shown as 'cfactor' in Figure 7.5.1. With these ratios, the S
velocity models FLS-Sc and NGR-Sc have been generated from the corresponding P
velocity models. The S travel times fit the general shape of the arrivals on the composite
record sections quite well but with a time offset of about 9.0 seconds. In order to match the
times of the observed arrivals we have reduced the top Vp/Vs ratios in the upper 190 km of
the models (cfactor in Figure 7.5.1). A common structure for this top 190 km has been
assumed (ACTOP) for the two shear velocity models FLS-Sc, NGR-Sc which are plotted in

Vp/Vs

Depth km

1.5

1.6

1.7

1.8

1.9

2.0

— cfactor
•■-

J-B
IPREM
IASP89
— S25SNA

Figure 7.5.1 Ratio between P- to S-wave velocities (Vp/Vs) in different models. The
'cfactor' (solid line) represents the conversion factors chosen for generating the regional
S-velocity models from the P-velocity models.
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Figure 7.5.2. The WKBJ synthetic seismograms for these two regional shear velocity
models match reasonably well with the observations up to about 2200 km.
The arrival times predicted by the model FLS-Sc agree reasonably well with the
observed travel times of the records on the composite section for Region I (Flores Sea) up to
2150 km (Figure 7.5.3). Within this distance range the clarity of the data is fairly good
which constrains the model above 400 km depth. Because the back branch is not clearly
seen constraints can not be placed on the 400 km transition. Between 1650 km and 1800 km
the observed arrival times appear to be early whereas between 1400 km to 1450 km and
between 1550 km to 1600 km the arrival times appear to be late. Beyond 2150 km the
section is very noisy perhaps due to interference of P coda on the SV records which makes it
very difficult to place any strong constraints on the structure between 400 km to 650 km.
On the composite record section for Region ffl+rV+V (New Guinea) the travel times
of model NGR-Sc match well with the observed arrival times (Figure 7.5.4). Again the
quality of the data appear to be too noisy beyond about 2250 km. There are few strong
secondary phases appearing between 1800 -1950 km at about 5-6 s later. These phases can
be traced back to about 1600 km. But beyond 1950 km the coherency is lost. These
secondary phases are probably the 400 km branch. Thus the model is well constrained
above the 400 km transition. But it is difficult to model the structure below 400 km because
of severe noise from coda phases.
The general behaviour of the two regional shear velocity models FLS-Sc and
NGR-Sc (Figure 7.5.2) looks very similar to the regional P velocity models FLS-Pc and
NGR-Pc (see Figure 6.6.4). They are characterised by negative velocity gradient below 200
km but do not show practically any LVZ. Once again we see opposite behaviour of the
upper mantle velocity models above and below 400 km. Between 200 - 400 km FLS-Sc is
1.5 - 2% faster while between 400 - 650 km NGR-Sc is 3.5 - 4.5 % faster.
The two shear velocity models FLS-Sc and NGR-Sc above 400 km including the
assumed common structure for the top 190 km (ACTOP) seem reasonable in light of the
world's shear velocity models. The values of 3.5 - 3.78 km/s above 40 km depth, 4.5 - 4.6
km/s above 190 km and 4.6 - 4.78 km/s above 400 km depth are consistent with other

Depth km

S velocity km/s

ACTOP
FLS-Sc
NGR-Sc

Figure 7.5.2 Regional S-velocity models FLS-Sc and NGR-Sc generated from FLSPc and NGR-Pc using the values of 'cfactor' for the ratio Vp/Vs.
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published shear velocity models (Figure 7.5.5). Above 400 km our regional shear models
are consistently faster than tectonic shear velocity models TNA (Grand & Helmberger,
1984a), SHR14 (Helmberger & Engen, 1974), WUS (Cara, 1979) but slower than shield
model SNA (Grand & Helmberger, 1984a). Above 120 km ATL (Grand & Helmberger,
1984b) is faster than FLS-Sc and NGR-Sc, but below 120 ATL is slower. But since these
models are not well constrained by the observed data below 400 km transition they can not
be compared below 400 km.
Although one can expect better resolution of the upper mantle structure from bodywave studies in the regional distance range (10° - 30°), the analysis of SV waves is not ideal.
Due to the inherent difficulties and limitations of recording and processing SV data
seismologists are relatively less attracted towards the study of SV waves from shallow
earthquakes.
In order to place reasonably good constraints on the large-scale shear velocity
structure of the upper 650 km of the mantle we need travel times and waveforms of shortperiod SH waves. But it is again a very difficult job to record good quality short-period SH
data at regional distances (10° - 17°) without acute interference of noise. However, this
problem can be avoided by recording SH data deploying three-component instruments at
2000-3000 km (18° - 27°) where the SH records are less likely to be contaminated by the P
coda.

S velocity km/s

Depth km

----- FLS-Sc
----- NGR-Sc
- - SNA
- - TNA

-

wus

-

- ATL

- - SHR-S

Figure 7.5.5

Shear velocity models FLS-Sc and NGR-Sc are plotted with other

published shear velocity models.

Chapter 8

LATERAL HETEROGENEITY

8.1

Introduction
In this chapter we discuss structural differences between broad areas of the upper

mande beneath northern Australia based on the analysis of short-period array data recorded
in central Australia from the shallow earthquakes occurring at regional distances along the
Indonesia - New Guinea seismic belt. To that end we explore whether these structural
differences remain confined within the upper 250 km (Okal & Anderson, 1975; Okal, 1978;
England et al., 1978; Cara, 1979; Burdick, 1981), or extend to 400 km or greater depths
(Sipkin & Jordan, 1975, 1976; Jordan, 1979; Grand & Helmberger, 1984a) in order to
address the question of the extent and magnitude of lateral variations in the upper mantle
velocity structure within the Australian continent.
The usual method of mapping lateral variations in the upper mantle structure is to
compare velocity models constructed for different regions. If similar methodology and types
of data are used to develop the models to be compared then it is easy to assess the true lateral
variations; however this procedure requires identical instrumental facilities to record similar
data sets and comparable techniques for the analysis of the data. There are, therefore, only
a few such regional studies reported in the literature where lateral variations in the upper
mantle structures were established by comparing models constructed using similar techniques
of computing synthetic seismograms (Wiggins & Helmberger, 1973; Dey-Sarkar &
Wiggins, 1976; Ram & Mereu, 1977; England et al., 1978; Walck, 1985; Paulssen, 1987).
However, there is a wide range of differences in the character of the recording
instruments which have been used in regional studies around the world to record earthquake
data, and there is a similar diversity in techniques employed for the analysis of the data and
the development of velocity models.

Therefore, a direct comparison between published

velocity models is not straightforward. Even when the data sets are different, we can still
compare the upper mantle structures between regions if the models are derived using similar
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techniques. In all cases, however, we must be careful to make sure that inbuilt assumptions
have not imposed any systematic features on the various velocity models.

8.2

Evidence of Lateral Variations within the Australia Continent
This study is limited to the analysis of short-period body wave data, whose travel

times and amplitudes are very sensitive to minor scale variations in the velocity structure.
This means that any lateral variations in the velocity near the source, along the propagation
path and within the vicinity of receiver array will cause significant variations in the travel
times and amplitudes of body waves traversing different regions. However, it is not
generally possible to isolate the contributions of different types of heterogeneities to
differences in the travel times and amplitude behaviour.
Although the general pattern of the P-wave record sections for individual events is
fairly consistent, the amplitude and signal-shape distortions are severe at some instruments
within the array aperture. The degree of variability is considerable for the amplitudes of first
arrivals, timing to later phases and the general character of the waveforms, which is likely to
arise from laterally heterogeneous structures in the upper mantle. Evidence of lateral
heterogeneity has been established by the direct comparison of the records of events from
similar distances but differing azimuths at a single array. We have seen in Figures 5.2.1 and
5.2.3, record sections for two events from similar epicentral distance range but different
azimuths where there are remarkable differences in the first arrival amplitudes and the clarity
of the later phases. They also illustrate how markedly the different parts of the seismograms
can differ across the record section with a very significant effect on the visibility of the later
phases.
Comparison of record sections at different azimuths was adopted by England et al.,
(1978) to compare the upper mantle structure beneath Eurasia and the North Atlantic and
Arctic Oceans, and by Ram & Mereu (1977) to compare upper mantle structure around
India. However, only travel time and p-A data recorded at seismic arrays were considered
in these two studies.
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(i) From Regional Models of Composite Record Sections
Qualitatively the existence of lateral variations in the upper mantle velocity structures
the

beneathAAustralian continent has been indicated by the characteristic features of the
composite record sections (section 5.2). There are significant differences in the relative
amplitudes of different parts of the seismograms and in the timing of the distinct secondary
phases across the composite section and between the composite sections (sections 5.3 and
5.4). The scattered locations of later arrivals on the composite record sections (see Figures
5.3.1-5.3.5) may be considered to be due to scattering from the heterogeneous structure in
the upper mantle.
A simple approach for quantitative assessment of the lateral variations in the upper
mantle is the comparison of smooth stratified P-velocity models developed for distinct
geographical regions. The models we have developed from the composite record sections
for four different regions (section 6.4) using the WKBJ approach for synthetic seismogram
modelling (Chapman, 1976a, 1978; Wiggins, 1976) have some consistent features. These
models have a common structure in the top 190 km which is assumed to be same as the
Herrin model. Each of them is characterised by a thin high velocity lid, a wide low-velocity
zone and velocity discontinuities around depths of 200 km, 400 km and 630 km (670 km for
PNG-P).

There are evident

differences in the size of the major discontinuities, their

relative locations and the strength of the velocity gradient between the regional models, but
there is no evidence for any additional discontinuity with major velocity contrast. In each
case we have worked with a record section with each event tied to the Herrin travel time
curve, and this procedure will reduce the influence of lateral variations in the shallow
structure. Since the data types and the techniques of analysis are identical, the regional
models can be directly compared to establish the lateral variations in the upper mantle
beneath 190 km.
The differences in the percentage velocity contrast (Table 6.5.1) and the positions of
cusp and cross-over points (Table 6.5.2) corresponding to the major discontinuities together
with the difference in the observed apparent velocities (Table 5.3.2) may be regarded as
direct evidence of lateral heterogeneity in the upper mantle structure. The regional P velocity
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models (Figure 6.5.1) differ significantly above 400 km. Between 400 - 500 km these
models are essentially identical. However, from 500 km to the 650 km discontinuity, the
the

models are again different from each other. BelowAö50 km discontinuity the difference
between the models gradually diminishes (see Figure 6.5.1). The variations are significant
for ranges less than 2700 km and in the positions of the cBC triplication (see Fig. 3.4.1 for
cBC triplication). Because of their dependence on the Herrin model these regional models
cannot be directly compared with other published upper mantle models derived previously
for different regions of the world.
Large scale variations in the velocity structures between the Flores Sea and the New
Guinea regions are apparent from the character of their complex envelope stacks for P waves
(Figures 8.2.1 and 8.2.2). For easy comparison these two sections are plotted in Figure
8.2.3 in reduced size. There are noticeable differences in the character of the two record
sections especially for epicentral distances less than 2000 km.
At ranges less than 1700 km the arrivals corresponding to the 200 km transition are
more distinct on the Flores Sea section. The relative large amplitude early in the records
suggests the need for significant structure to the transition (cf. model FLS-Pc Figure 8.2.4).
Whereas on the New Guinea section there is little energy in the onsets of the seismograms so
that only a weak 200 km discontinuity is indicated.
For ranges between 1700 and 2000 km the secondary arrivals corresponding to the
400 km transition are prominent on both sections, however they display very different
character. For the Flores Sea section the phase consists of fairly coherent sharp pulses
whose time behaviour consistent with the retrograde (reflected) branch from the
discontinuity. This character suggests a relatively sharp discontinuity with only a modest
P-wave gradient beneath (FLS-Pc Figure 8.2.4).
For the New Guinea section the secondary arrivals are not as distinct but rather
elongated pulses whose leading edge is consistent with the forward branch from the
transition. This can arise from the interference of a significant reflection and a strong
forward branch arising from relatively high P-wave gradients just below the 400 km
transition (NGR-Pc Figure 8.2.4).
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Figure 8.2.3 (a) Complex envelope plots for Flores Sea region (Figure 8.2.1), and (b)
for New Guinea region (Figure 8.2.2) are plotted together for comparison.
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Figure 8.2.4 P-velocity models FLS-Pc for northwestern Australia and NGR-Pc for
northeastern Australia with modified Henin values (MHTOP) in the top 190 km.
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There are also some visible differences between the secondary phases beyond 2200
km corresponding to arrivals from the 670 km but the lower data density for the Flores
section makes detailed comparison more difficult.

(ii)

From the Corrected Regional Models
The corrected regional models FLS-Pc and NGR-Pc (Figure 8.2.4) include absolute

time constraints and represent the upper mantle P-velocity structure beneath two broad
regions of northwestern and northeastern Australia respectively. These two regions are
about 400 km apart. The differences between these two corrected models have been
discussed in section 6.6(i) and the characteristic features of the major discontinuities have
been presented in Tables 6.6.1 and 6.6.2 which are the essential information for a
petrological interpretation of velocity variation in the upper mantle.
The distinct late arrivals following the weak first arrivals beyond 1700 km are
considered to represent phases that propagated through the mantle and the timing of these
phases provides excellent control on the velocity gradients above and below 400 km. On the
Flores Sea section, at 1800 km the secondary phase arrives about 9.0 s behind the first
arrival and this time separation between the two phases decreases with increasing distance.
For the New Guinea section the secondary phases are also quite distinct, but are relatively
less coherent and at 1800 km this phase arrives about 7.0 s behind the first arrival. The time
differences at four chosen distances have been given in Table 5.3.1.

So, there are

significant differences in the relative timing of the secondary phases on these sections. The
apparent P-wave velocities estimated for different travel time branches from different
composite sections have also been presented in Table 5.3.2. The variations in the values of
parameters on these two Tables gives testimony of the lateral variations in the upper mantle
structures. The less coherent or partially coherent phases probably represent scattering of
the upper mantle phases from the shallow structures.
Now, we want to look at these two models more closely to figure out in what other
aspects these two models differ. The slopes of the corresponding travel time branches of the
two models vary before 2750 km and in the positions of the cBC triplication (see Fig.
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6.6.5). These features of the traveltime curve together with the data presented in the Tables
6.6.1 and 6.6.2 suggest that the lateral heterogeneity extends down to about 700 km depth in
d ,

CL

the upper mantle. Both models haveAthin HVL around 200 km depth followed by^thick but
weak LVZ. Although these characteristics generally direct towards the tectonic features of
the upper mantles structure, there are some points which may be worth to consider here.
The two models differ from each other more widely than above the 400 km
discontinuity. Above 400 km depth, FLS-Pc is about 1.5% - 2.0% faster than NGR-Pc,
with the maximum difference between 200 - 300 km. Below 400 km NGR-Pc is about
2.0% - 4.0% faster than FLS-Pc with maximum value at about 550 km (4.0%). There is a
possibility of changed near-surface structure along the Flores arc affecting the apparent
velocities at depth.
These differences between the two regional models below 400 km depend partially
on the influence of shallow structure. Most of these differences have been generated as
artefact from the type of correction introduced for absolute time (section 6.6). Model FLS-P
was adjusted to match the timing of the first arrivals to NWB-1 and model NGR-P was
adjusted to match the pattern of first arrivals calculated from UM2. The fact that the two
models NWB-1 and UM2 differs significantly below 400 km will certainly influence the
character of the models FLS-Pc and NGR-Pc.
The shallow structure can influence the lower part of the model, and hence part of the
differences among the derived models below 400 km depth could be due to the lateral
variations in structure at shallow depth. Since we do not have clear information about the
shallow structure, we have assumed a fixed structure for both regions.

Therefore, the

question as to whether the differences below 400 km are real or not depends on how close
the fixed structure is to the true structure at shallow depth. Shallow lateral variations in the
structure have a direct effect on the composite record sections for A<1700 km, and such
differences can be seen between Flores Sea and New Guinea sections (Figures 8.2.1-3). At
larger distances the principal effect will be on the timing of phases.
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8.3

Near Source Heterogeneity
The active seismic zone along the Indonesia-New Guinea belt includes complex

interaction of a number of crustal plates involving a variety of complex tectonic activity
which suggests major heterogeneity at the source. This implies that the geology and velocity
distribution is quite complex, particularly at shallow depth and hence small scale
heterogeneities are present. Shallow earthquakes have a complex behaviour because of short
bursts of coherent energy arriving after the initial onset. For deeper earthquakes, the
more

behaviour is muclyegular and the heterogeneity scale increases with depth.
The variations due to raypath effects and the local structure near the array are
minimised if the earthquakes are confined to a narrow azimuth range, since in that case the
rays traveled approximately in the same ray path, and, therefore, the effect of local structure
near the array cannot be severe except for a constant or slowly varying term (Hendrajaya,
1981). For such a confined azimuth interval all the variations in the character of the record
sections between different events can be mostly attributed to the type of source
mechanism or near source structure.
In our case, the earthquakes in Banda Sea (Region II) and West Irian (Region ID) are
confined within narrow azimuth range (see Table 4.2.1). The character of the records on the
sections for these two regions exhibit variations in the travel times and amplitudes of the
mantle phases which suggests that there is considerable lateral heterogeneity in the near
source region.
Near source heterogeneity changes the character of the waveform across the array
and can change the arrival times of the observed phases which is apparent from the
difference in timing of the corresponding phases from earthquakes with similar epicentral
distance.

8.4

Discussion
The two corrected models (FLS-Pc and NGR-Pc) we have developed here for the

two regions have a fixed shallow structure in the top 190 km which we have assumed by
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modifying the Herrin models so as to match the curvature of the arrival times of the observed
data at the lower distance range. This assumed shallow structure influences the model below
190 km which has been constrained by the real data. Therefore, the validity of these two
regional models depends largely upon the accuracy of the assumed top structures in the two
regions. Any change in this assumed top structure may dramatically change the deeper part
of the model and, as such, if the true shallow structure widely differs from the assumed one
in either of the regions or both, then large perturbation is associated with the derived model
or models. Unfortunately, in regional studies where accurate information about the shallow
structures are not available by some other means, the usual practice is to assume a fixed
structure or use the top part of a previously published model. This is a subjective matter and
requires a personal judgement on the basis of available information.
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Appendix A

Earth's flattening transformation

A well studied approach to the study of the effect of Earth's structure on seismic
wave propagation is the consideration of a simple but reasonably realistic model. The model
which is mostly preferred is spherically symmetric consisting of stratified media composed
of isotropic nearly elastic material. The configuration of the model is further simplified by
considering a horizontally stratified half-space (i.e. flattened Earth). The theoretical
treatment of the propagation of seismic waves in layered media with plane interfaces is
simpler than the corresponding treatment of waves in media with spherical symmetry. This
is often a good approximation on local scale, i.e. that the assumption of plane layers is
possible and models of this kind are sufficient as long as the Earth's curvature can be
neglected. But as seismic waves penetrate deeper into the Earth, the effect of sphericity or
curvature becomes more and more dominant. This effect of curvature is noticeable in
refraction studies of crustal structure with long profiles. So, it can no longer be neglected in
the studies of upper mantle structure.
Therefore, the seismic properties in a stratified sphere need to be transformed into
those in an equivalent half-space or flattened Earth which commonly known as Earth's
Flattening Transformation. In the outer regions of the Earth, the distortion introduced by
flattening is not too severe and the flattened Earth can provide useful quantitative results.
Nevertheless, the increased velocity gradients in the flattened model compensate for the
crowding effect of sphericity as the radius diminishes.
Thus, Earth's flattening transformation permits the computation of the parameters of
seismic wave propagation in an inhomogeneous, radially symmetric non-radiating spherical
Earth from the value that can be calculated for a flat Earth structure from the spherical Earth.
The transformation includes a depth transformation and a transformation of velocities of P
and S waves. It is an optimum approximation in the sense that the displacement amplitudes
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of corresponding seismic rays i.e. of rays leaving a point source in the Earth and the image
source in the half space under the same radiation angle, show maximum agreement in their
geometrical optics approximations. The wavespeed profile with radius r in a sphere can be
mapped into a new wavespeed distribution with depth Z in a flattened Earth so that transit
times from source to receiver are preserved.
It is advantageous to develop the fundamental equations of ray theory in cylindrical
coordinates when we deal with wave propagation over distances such that the Earth's
curvature can be either neglected or at least can be accounted by simple corrections. Then
under the conditions of azimuthal symmetry, a term by term correspondence yields the
relations (Kennett, 1983)

x = a0
(a-1)

where a is the radius of the Earth and x denotes the cylindrical radial coordinate. Here z=0
correspond to r=a. By changing the variables in equation (a-1) we can write

0

=

x
a
(a-2)

2

Equations (a-2) are known as the earth-flattening transformation. If - «

1, we have r s a -

z from (a-1) and therefore

V(z) = (1+ f)V (a-z)

(a-3)
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This is the earth-flattening approximation. It means that as far as the travel times are
concerned, spherical curvature is roughly accounted for by imposing a constant velocity
gradient upon the existing velocity distribution. Thus for flattened Earth (Kennen, 1983), Pand S-wave velocities can be expressed as

otf (z) = a(r)

for P wave

(a-4)

ßf (z) = ß(r)

for S wave

(a-5)

respectively. These transformations need to be supplemented by an approximate density
transformation

Pf (z) = p(r)

(a-6)

which produce the same reflection coefficients at normal incidence in the spherical and
flattened models. Here the subscript, f is used to refer to the parameters for flattened Earth
which are functions of z, with cylindrical or cartesian axis arranged vertically upwards.
By using such an 'Earth-flattening transformation’ it has been shown by Andrianova
p ro b lem s

et al. (1967) and by Biswas and Knopoff (1970) that for SH-wave* it is possible to obtain
exact wave solutions in spherical media from the corresponding solutions in plane media.
Unfortunately, Chapman (1973) showed that an exact transform for P-SV problems does
not appear possible and that certainly the Earth-flattening transformations currently used for
P-SV problems are only approximate.
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Appendix B

Extraction of analogue data and preparation of record sections

B .l

The six-track analogue recording system
The ANU analogue recording system consists of a recording deck along with 6-

track recorder, radio antenna, seismometer, and battery box. Four different kinds of
recording decks are used and all of them essentially work in similar fashion. The necessary
electronics for the instrument are supported in a board cage comprising radio, clock,
amplifier, and power supply cards. There is a small attenuator circuit on the seismometer
input to provide varying gains to the three seismic channels. In the field, the system records
data on audio quality magnetic tape with a recording speed of 0.25 mm/s.

(a) Seismometer
Two types of vertical seismometers are used with the analogue instruments: (i) the
Mark Products L4, and (ii) the Teledyne S500 with 1 Hz peak frequency. The L4 units are
either a separate single vertical component seismometer or the same unit in a threecomponent case which has had the horizontal components removed. There is only one
output from the seismometer which is split to high, medium, and low gain channels by the
attenuator board in the recording deck. As stated in the previous section, the other three
channels of the 6-track analogue recording system are occupied by the clock and V.N.G.
radio time signals.

(b) Clock
The Clock Board in the deck produces a binary coded signal giving Days, Hours,
Minutes, Seconds and a board identifier. The signal is a series of 60 square-wave onesecond pulses. Each new minute is started by a larger wavelength pulse. The clock signal is
split to produce two identical outputs which are both recorded on tape.
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(c) Radio
The time coded radio signal is recorded on to the instrument with an external aerial
from V.N.G. pulses broadcast on 4.5, 7.5 and 12.0 MHz from Sale, Victoria by Telecom.
This service has been taken over by a users consortium in Sydney as of October 1, 1987 and
the signal is now broadcast on different frequencies.

(d) Channel distribution
The 6-track analogue recording system records signals in the following sequence on
the tape:
Track No.

Record Signal

1

Clock 1

2

Radio

3

High-gain seismics

4

Medium-gain seismics

5

Low-gain seismics

6

Clock 2

The clocks on either side of the tape allow a calibration of the skew over the recording head
relative to the play-back head. The radio signal compared to the clock signal gives a timecorrection factor which tells how much the clock time has drifted. When these parameters
have been calculated, an accurate time can be given at any point on the tape. Information is
removed from the tape by digitizing a section of the analogue data around the event and
transferring it to an 800 or 1600 B.P.I. computer tape. Once the event has been digitized on
the Analogue-to-Digital Converter (ADC) and transferred to tape, it is ready for any further
use.

B.2 Digitization and deciphering of analogue data
In order to derive useful information from the recorded seismic data it is necessary
to digitize the events recorded on to the magnetic tape by the analogue array instruments so
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as to be compatible for later use in the digital computers. For this purpose of digitizing
events, all relevant information (hypocentre information of all selected events, station
locations, and time corrections) are necessary on file in the Datacraft 6024/4 (Harris)
computer system.
The event file contains a number assigned to an event, source of information (e.g.
PDE), origin time (year, month, day,hour, minute, second), latitude (*), longitude (°), depth
(km), and magnitude, while the station file contains latitude (°), longitude (°) and elevation
of station locations in the array.

(i) Time corrections
The time correction is an important and most time consuming stage of the digitising
process and its accuracy is dependent upon the quality of the clock, radio, and seismic
signals. It is estimated by comparing the drift of the clock with the radio signal. The radio
signal is not coded to give the actual time but just minutes and seconds. This means that all
time corrections calculated by the Datacraft 6024/4 Harris computer system are in fractions
of a second. The number of seconds-difference has to be calculated from the start time of
the tape.
To start with, the analogue field tape was loaded on the right hand side of the
playback system and rewind it to the starting point of the tape. The play-head of the system
was adjusted to obtain a clean pulse and alignment of the clock signals. This adjustment was
necessary because the alignment of the recording heads of the field instruments was not the
same. After aligning the clock signals, the tape was set to the starting point again and the
tape counter was set to zero.
With the tape running, the time correction program was run through a section of the
tape which compared the position of the second pulses in the clock with the time of the
pulses on the radio signals. This gave a number which was the difference in fractions of a
second. It is important to note here that it did not say whether the time was an integral
number of seconds or minutes out. The tape was then advanced in steps of about 25 on the
tape counter up to 300 and then in steps of 50 for the rest of the tape. In each case the tape
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was positioned where the radio signal was strong to get the best result. The last reading was
run as close to the end of the tape as possible.
The observed time drift (i.e. the difference between the clock and radio signal) was
plotted against time to determine an absolute error. The absolute error was determined by
reading a section of the tape through a computer program. The slope of the curve was then
reduced to straight line segments. The values of the end-points of the segments were entered
into file on the /4 by a computer program to provide time correction information to the
computer.

(ii) Digitizing analogue events
The analogue recordings of the selected earthquakes have been digitized using the
Datacraft 6024/4 computer facility at RSHS, ANU. Using the analogue play-back system of
the digitising unit, the chosen event is first located on the magnetic tape. The tape is then
positioned to about 20-30 seconds before the onset of the first P phase and digitized at 20
samples/s using a 12-bit analogue-to-digital converter (ADC) over the following 600
seconds to cover both P and S arrivals. Clock corrections are applied to the data to adjust
the internal timing to UT before the digitised data are stored on a Portable Seismic Data
(PSD) tape for subsequent analysis. Altogether about 900 records, including both shallow
and deep events, were digitized.
On a PSD tape, the digitized data for an event are stored in 2010 word data blocks
headed by a 112 word event header. The number of data blocks depends upon the choice of
record length. The event header contains all the pertinent information about the digitized
event. The first 10 words in the data block are reserved for block header and the following
2000 words contain the digitised seismic data.

(iii) Deciphering of digitised data
There have been a number of problems associated with data processing in the
Datacraft 6024/4 computer system. Some of the principal limitations are briefly mentioned
here.

On this system, the epicentral data and the station information are stored in two
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common files on disk in binary codes under common users. The program to generate a
record section with this system, works interactively with the simultaneous retrieval of
epicentral and station information from the disk storage and the seismic data from magnetic
tapes.There is no capacity for permanent storage of data on disks and subsequent data
handling. As a result, running an ineteractive plotting program with necessary access to disk
storage and magnetic tape drives is a big problem regarding both time and facility.
Moreover, in plotting record sections, there is a serious restriction on the number of traces
which can be accomodated at a time. That is, no plot file can be generated with more than 50
traces. But the required number of traces in any composite record section usually exceeds
this limit. Also the plotting speed of the Calcomp plotter associated with this system is very
low and so there is a major problem for long plots. The most serious limitation is that, other
than the production of record sections for the digitised events along with the application of
some minor processing criteria, such as, polarity reversal, band-pass filtering, and baseline
shifting etc., no major scale processing technique can be applied on the data set with this
system.
All these problems urge deciphering of digitised data, along with all other pertinent
information (e.g. event parameters and station data), to other computer systems where a
variety of facilities are available for data processing and display. For example, in Harris 300
computer system there are facilities for storing data permanently on disk files in binary codes
or in ascii codes and running programs under independent user.Also the Zeta plotter
associated with this system is much faster. Necessary computer softwares have been
developed for deciphering of analogue archive formats from Datacraft 6024/4 system to
other computer systems on a routine basis.
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Appendix C
The Elastodynamic Wave Equation and WKBJ Approximation

CI. The elastodynamic wave equation
Seismic waves propagate through an isotropic model governed by the elastodynamic
equations
p iii

=

e x S jj

Stress-Strain relation

2^8^

Displacement-Strain relation
Cubical dilatation

c.

•

II

where

+

2 ^U i ’j + Uj ’ >
JO

CD

e ij =

II

T jj

Equation of motion

— x - j,j

p = density of the medium

X , }i = Lame elastic parameter
ui = elastic displacement vector
T” = elastic stress tensor
£jj = elastic strain tensor
i,j = integers 1,2,3 representing one of the three co-ordinate directions
Sjj = a special second-order tensor called Kronecker delta, such that
5y = l

ifi = j ;

U| = time derivative

0^

5^=0
;

(c-2)

ifi*j
u^j = spatial derivative

0U:

and repeated sub-scripts infer summation over that sub-script. The elastodynamic equations
can be expressed in terms of elastic displacement vector ü alone and the result is the
elastodynamic wave equation
pu = ( X + 2p) V ( V. u ) - fiV x (V x u)

(c-3)

C2. Decoupling of vector wave equation into wave types
In seismology, the determination of the displacement field at any point of a
heterogeneous elastic medium is greatly simplified if the vector wave equation of elasticity
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can be split into three equations; corresponding to the P, SV, and SH waves. Although the
SH motions can be separated from the P and SV motions for all radially heterogeneous
isotropic media, the P and SV motions, in general can at most be reduced to a system of two
coupled scalar equations.

p - r = ( \ + 2LOV2e

(C-4)

p at2 = n V2ft

(c-5)

where 0 =V.u (dilatation) and 0 = V x u (rotation)
Here the first equation represents dilational (3-D) scalar wave motion ( i.e. P wave
propagation) in time domain with acoustic wave velocity a = y (^+2|i)/p) and the
corresponding particle motion is longitudinal. The second equation represents 3-D vector
wave motion (i.e for S wave propagation) in time domain with wave speed ß = 'V/p./p and
the particle motion is transverse. It may be noted that the decoupling of the elastodynamic
wave equation into P and S waves means that these waves can propagate in an elastic
medium independently of each other.

Because the short period body waves do appear as

P and SV waves separately on a seismogram, the high frequency P motion can be expected
to be decoupled from the SV motion.

a2

0

We know that — (in time domain) = -coz ( in frequency domain)

dtz

Using this relation in the frequency domain the P wave satisfies

V2e +

a ~2a r

e= 0

(c-6)

C3. Transformed response
Let us assume infinitesimal strain and perfect elasticity. Then the elastodynamic
wave equation and constitutive equations are linear. These equation can be transformed with
respect to time, and the horizontal coordinates if we further assume that the elastic
parameters and density vary with depth. Let us now consider the two dimensional problem
where the elastic parameters are functions of the vertical coordinate, z, and the horizontal
coordinate, x. Then the above equations can be reduced to ordinary differential equations
using the Fourier transform
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u(k) = J u(x) exp (- ikx) dx

u(x) = — j u(k) exp (ikx) dk
2k

-C O

(c-7)

-C O

We now put k = cop where p is the horizontal slowness and define a new function
u(p) = u(cop) =u(k)

(c-8)

Then the inverse transform u(x) becomes

co

~

(x) = — J u(p) exp (icopx) dp

(c-9)

2 tz c

For real co (3) becomes
I

u(x)

co

I

oo

I

u (p) exp (icopx) dp

(c-10)

Since u(t) is real, results for negative frequencies can be obtained using
u(-co) = u*(co)

(c-11)

Under the same Fourier transforms the partial differential elastodynamic
equations are reduced to ordinary differential equations with independent variable z which
can be solved for the transformed variable u(co,p) with appropriate radiation and boundary
conditions.

C4. The inverse transforms
The inverse transform of the displacement is
OO

u(t,x)

—

j

u (co,p) I co I exp( {-ico(t-px)} dp dco

(c-12)

The function u(co,p) usually involves radicals of the form
(c-13)

q = ( a2 - p2)1/2

where a is the wave slowness. Then p and q are horizontal and vertical component of the
wave slowness.
Equation (c-12) can be evaluated either by spectral method or by slowness
method. We follow Chapman (1978) and rewrite Ico Ito give
OO

u(t,x) -------~ J u(co,p) (-ico) (-isgn(co)) exp {-ico(t-px)} dco dp (c-14)
47tZ -oo

Performing the inverse Fourier transform in (c-14), we obtain
1

u(t,x) = ----- \

° °

u f(t-px, p)dp

2 k - oo

(c-15)
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The transformed function u(co,p) can be factored
u(co,p) = s(w) v(co,p)

(c-17)

where, for example, the function s(co) contains the source function and transfer function of
the seismometer. Then the response (c-15) be written as
°°s(t) * J v (t-px,p) dp

(c-18)

1 d
°°~
= — -TT s(t) * J V (t-px,p) dp

(c-19)

u(t,x) = -

1 d

2

- oo

k

C5. Analytic approximations
The high frequency approximation for a turning ray is well known which can be
written as
V

(co,p) = - isgn (co) exp { icox(p) } R(p)

where T(p) is the vertical-slowness integral given by
z
t(p) = 2 S q (p,Q d£

(c-20)

(c-21)

In the integral (c-21), the lower limit is the turning point defined by q(p,za) = 0 and the
upper limit is the source and receiver depth which, for, for simplicity are taken to be
identical. The integrand in (c-21) is the vertical slowness (c-13). The function R(p) in (c20) typically contains the source and receiver directivity functions and a product of any
transmission coefficient on the ray.
If we now define 0 (p,x) = px + x (p)

(c-22)

then the integral (c-18) reduces to
oo

u(t,x) = 2“-^ s(t) * J R(p) d(t-0(p,x)) dp
— — s(t) *
^
—
2n
t=0(p,x) I 0'(p,x) I

(c-23)

The term in the summation are evaluated for all solutions of the equation
t = 0 (p,x)

(c-24)

and therefore it is implicit that p is a function of t. The expression (c-23) was derived by
two authors (Chapman, 1976a, b; Wiggins, 1976).
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The expression (c-23) contains singularities at each geometrical arrival.
Numerically, these would cause trouble, except that we can modify (c-23) in a very simple
fashion to obtain a discrete time series. A discrete time series must be smoothed to avoid
aliasing. The simplest smoothing operator is the boxcar window. Convolving the time
series with the function B(t/At)/At is equivalent to multiplying in the frequency domain by
the sine function B(coAt) which is zero at the Nyquist frequency,

= rc/At ( At is the

digitization interval of the discrete time series). Applying this to (c-23) we obtain
oo

[u(t,x) *

At

= —1— s(t) * Jr ( p ) B((t-9)/At) dp
2rcAt
-<4
=r r s ( t) * s
jR (p)dp
4rcAt
t±At= 0

(c-25)

Usually, R(p) varies slowly and smoothly and the integrals can be approximated for small At
by
[u(t,x) * -

* — — s(t) *
A t

47tAt

X

R(p)Ap

(c-26)

t±At= 0

where R(p) is evaluated at the solution of t=0(p) and Ap is the positive interval defined by t
± At = 0(p). It is obvious that (c-23) is the limit of (c-26) as At —>0. This the form in
which Wiggins (1976) obtained disk ray theory.

C6. The W KBJ seismograms
We consider problem for which the response can be written
v (co,p) = exp { iorc (p) } R(p)

(c-27)

where, in general, the functions x(p) and R(p) can be complex. An approximation which
includes all the results is therefore
u0(t,x) = - f - I m { S(t) * I ^
}
2n
t=0 10 I

(c-28)

This approximation can be easily evaluated. Although (c-28) is an approximation, it predicts
the same arrivals as generalised ray theory while using only real values of p.
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Appendix D

The Complex Trace Analysis

Let us consider a seismic trace s(t) of finite duration where the time variable t
assumes only integer values t = 0, 1, 2, ......., N -l, the duration being N samples.
According to complex trace analysis, this signal can be treated as the real part of the complex
(or analytical signal) c(t)
c(t) = s(t) + iq (t)

(d-1)

where s(t) = Re c(t) is the real seismic trace, i is the square root of -1, and q(t) is the
quadrature trace obtained as the Hilbert transform of the real trace. The quadrature q(t) is 90
degrees out of phase with the real trace. It can be precisely calculated from s(t) provided
that q(t) (Taner et al., 1979) (i) be determined from s(t) by linear convolutional operation,
and (ii) reduces to phasor representation if s(t) is sinusoid, that is q(t)=Asin(cot+ a) if s(t) =
A cos (cot + a) for all real values of A and a and all co > 0.
Now, s(t) can be conveniently expressed as
s(t) = A(t) cos a(t)

(d-2)

where A(t) is the time-dependent amplitude and a(t) is the time dependent phase. Then the
quadrature trace q(t) is
q(t) = A(t) sin a (t)

(d-3)

and

c(t) = s (t) + i q (t) = A (t). exp [ i a(t) ].

(d-4)

Then

s(t) = Re c(t) = Re {1 c(t) 1. exp [a (t) ] }.

0<t<N

(d-5)

Here 1c(t) 1 and a(t) are the magnitude and angle to the real axis, respectively, of c(t)
s(t) and q(t) are known, one can solve for A(t) and a(t)

and

A(t) = [ s 2(t) + q2( t ) ] 1/2 = 1c(t) 1

(d-6)

a(t) = tan-* [ Ä

(d-7)

] .
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A(t) is called the 'reflection strength' and a(t) is called the instantaneous phase (Bracewell,
1965). These attributes are called 'instantaneous' to emphasize their functional dependence
on time and retention of local significance (Taner et al., 1979).

The time-dependent

frequency is given by

which can be expressed in the form of convolution
oo

(d-9)
-oo

where d(x) is the differentiation filter.

