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Abstract 

 

A number of controlled and natural seismic sources are utilised to model the P-

wave velocity structure of the southwest of the Yilgarn Craton, Western Australia. The 

Yilgarn Craton is one of the largest pieces of Archaean crust in the world and is known 

for its gold and nickel deposits in the east and intraplate seismicity in the west. The aim 

of the project is to link 2D and 3D models of variations in seismic velocity with the 

local seismicity and geology. 

A new set of seismic refraction data, acquired in 25 overlapping deployments 

between 2002 and 2005, has been processed, picked and analysed using forward 

modelling. The data comprise two perpendicular traverses of three-component 

recordings of various delay-fired blasts from local commercial quarries. The data were 

processed using a variety of techniques. Tests were carried out on a number of data 

enhancement and picking procedures in order to determine the best method for 

enhancement of delay-fired data. A new method for automatic phase recognition is 

presented, where the maximum of the derivative of the rectilinearity of a trace is taken 

as the first break. Complete shot gathers with first break picks for each seismic source 

are compiled from the overlapping deployments. The phase data were modelled using a 

ray tracing technique and an inversion procedure was carried out once the results of 

forward modelling approached the input data. P-wave velocity models for the two 

traverses were produced. In both cases the crust consists of two layers: upper crust with 

P-wave velocity in the 5.95-6.35 km/s range, and lower crust with P-wave velocity in 

the 6.85-7.05 km/s range. The mantle was found to have 8.25 km/s P-wave velocity. 

Each model contained a High Velocity Zone (HVZ), 7.45-8.1 km/s, within the lower 

crust. 

The southwest of the Yilgarn Craton contains one of the world’s most active 

zones of intra-plate seismicity. This enabled application of 3D tomography using the 

local earthquakes, as sources. The arrival time and hypocentre location data were 

filtered to include only the well-recorded events and supplemented by the 2D seismic 

refraction data to further enhance the input dataset. An iterative joint-hypocentre 

inversion procedure was carried out. The starting 3D model was based on the models 

produced by 2D forward modelling. 14 iterations were carried out and the best-fit 3D 

model was achieved at the 10th iteration. It is 35% better then the current model used to 

locate earthquakes in this region. The resultant velocity block model was used to 
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construct a density block model. A relative gravity map of the southwest of Yilgarn 

Craton was made.  

The results of 2D forward modelling, 3D tomography and forward gravity 

modelling have been compared and it was found that the HVZ is present in all models. 

Such a zone has been previously seen on a single seismic refraction profile, but it is the 

first time, this zone has been mapped in 3D. The gravity high produced by the zone 

coincides with the gravity high observed in reality. 

There is strong evidence that suggests that the HVZ forms part of the Archaean 

terrane boundary within the Yilgarn Craton. The distribution of the local seismicity was 

then discussed in the framework of the new 3D velocity model. A hypothesis, that the 

primary control on the seismicity in the study area is rotation of the major horizontal 

stress orientation, is presented. It is also argued that the secondary control on seismicity 

in the SWSZ is accommodation of movements along major faults.  

 

Keywords: Yilgarn Craton, 3D P-wave model, 2D forward modelling, Joint-hypocentre 

inversion, Seismicity. 
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Chapter 1 

 

Introduction 
The focus of this study is the southwest of the Yilgarn Craton (YC), which is one of the 

major Archaean cratons in the world. The YC is best known for the mostly gold and 

nickel resources which occur in the east of the craton.  The structure and geology of this 

part of the craton have been well documented due to the high level of mining activity. 

The mining activity in the western part of the YC is mostly limited to shallow bauxite 

mining with some gold and coal mining (the latter in Phanerozoic rocks overlying the 

craton). However, this part of the YC is important because it contains the South West 

Seismic Zone (SWSZ) an area of intra-plate seismicity.  Large earthquakes occur 

infrequently in the SWSZ, but the sustained level of medium-sized events makes it one 

of the most active intra-plate seismicity regions in the world (Everingham, 1966; 

Denham et al., 1980). 
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Figure 1.1: The Australian continent and the Yilgarn Craton with its surroundings (after 
Drummond, 1988). 

 
1.1 Motivation for the study 

A number of models for the causes of intra-plate seismicity have been proposed 

(Everingham, 1966; Doyle, 1971; Dentith and Featherstone, 2003), but many rely on 

specific local geological conditions and intra-plate seismicity in general is poorly 

understood.  Understanding the seismicity in the YC is hindered by a lack of geological 

knowledge, especially in the third (depth) dimension. In recent years attempts have been 

made to study the three-dimensional P-wave structure of the southwestern part of the 

YC (Mohamed, 1985; Drummond, 1988; Dentith et al., 2000; Dentith and Featherstone, 

2003).  Mapping variations in P-wave velocity allows major changes in crustal structure 

to be mapped, such as have been associated with intraplate seismicity elsewhere in the 

world.  The results of the earlier seismic work (Dentith et al., 2000) suggest this 

approach is also useful in Western Australia, but more data were required to understand 

the area. 

The primary aim of this research project is to create a detailed 3D model of P-

wave velocity variations in the crust comprising the southwest of the YC.  To do so 

requires recording a number widespread seismic sources, both natural and controlled, to 

achieve adequate spatial coverage and reliability. The seismic work completed 

comprises two major components: detailed measurements along two perpendicular 

traverses to create (2D) velocity cross sections; and the determination of the 3D velocity 
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structure in the region bounded by the two traverses achieved by incorporating 

recording of local earthquake on the permanent seismic network in the area.  It is 

convenient to utilise active commercial quarries for the 2D surveys, as these produce 

large blasts that can be recorded at long offsets and for minimal cost. Despite these 

obvious advantages, the blasts are delay-fired, i.e. comprise numerous small charges 

detonates in sequence, which presents challenges in data enhancement and picking due 

to the complexity of the source wavelets. Portable self-contained seismic recorders are 

required for data acquisition, these being borrowed from the Australian National 

Seismic Imaging Resource (ANSIR).  The uncertainty in blasting times requires long-

duration deployments, so the amount of new data generated by such seismic surveys is 

large, requiring the development of robust, semi-automated processing methods which 

are suitable for delay-fired signals.  

This study is an extension of previous work done in this region and combines 

three different data sets comprising new seismic data, earthquake tomography and older 

seismic refraction data. The major outcomes of this study are a model for the P-wave 

velocity structure of the southwest of the YC and its relation to the geology and intra-

plate seismicity observed in this region as well as new methods of processing of delay-

fired quarry blasts. 

Once reliable velocity data from the study area have been obtained these can be 

used to determine if the seismicity is associated with variations in sub-surface velocity.  

If so, these variations can be compared with similar data from other regions of intra-

plate seismicity and, in turn, common aspects of the local geology recognised.  Features 

in common are potentially geologically important with respect to the causes of intra-

plate seismicity; both globally and in the SWSZ. 

 

1.2 Regional geology 

The southwestern YC comprises mostly granitoids, with occasional small greenstone 

belts, crosscut (mainly in the east-west direction, although this is not always the case) 

by mafic dykes (Wilde and Walker, 1982; Fletcher et al., 1987; Hallberg, 1987). The 

Darling fault, which stretches for over 1000 km, separates the YC from the Proterozoic 

Pinjarra Orogen and overlying Phanerozoic rocks of the Perth basin in the west.  The 

vertical displacement of the Darling fault, derived from analysis of gravity readings 

across this boundary, could be as much as 15 km. The normal displacements are the 

latest in a long history of movements on the fault, which have mostly been lateral, 
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which began in the Precambrian.  The Albany Fraser province and overlying Bremer 

Basin bound the YC in the south (Fig.1.1). In the north, the YC shares a boundary with 

the Capricorn orogenic belt. The geographical location of the eastern boundary isn’t 

clear either, but it is known that the Albany Fraser province wraps around the 

southeastern corner of the YC, but the presence of unconformable younger basin fill 

obscures the geological relationships. 

Based on lithological and structural characteristics, the YC has been subdivided 

into four provinces: Eastern Goldfields, Southern Cross, Murchison, and Western 

Gneiss Terrane (Figure 1.2). The study area in its entirety is within the Western Gneiss 

terrain and contains both younger granites (2640Ma) and older high-grade gneisses 

(more than 3000Ma) and also migmatites and several metamorphic belts.  The 

metamorphic belts are defined based on layered litholotypes interpreted as 

metamorphosed sedimentary sequences.  The ‘Province’ model for the YC has now 

been superseded by a more detailed terrane model (Wilde et al., 1996;  Fig.1.3), with 

mostly geochronological data used to distinguish regions with different metamorphic 

histories.  In this scheme the study area occurs in a region divided into the Balingup, 

Boddington and Lake Grace terranes (Wilde et al., 1996). Note that the locations of the 

terrane boundaries are poorly defined except at a few localities, with very little 

constraint on their form in the 3rd dimension. The multi-terrane model for the southwest 

YC implies presence of terrane boundaries, which juxtapose fundamentally different 

crustal blocks. These terrane boundaries are likely to represent weak zones within the 

crust, which may explain the local seismicity. 
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Figure 1.2: The exposed part of the Yilgarn Craton and its constitutive provinces (Redrawn from 
Dentith et al., 2000). 

Geographically the terranes in the southwest YC exhibit a north-south trend. 

They are narrow in the north, but increase in their respective breadths in the south.  

The Balingup terrane, in the west, consists of a zone of metasediments and 

gneisses. The boundary between the Balingup and Boddington terranes follows the 

extent of the metasediments of the Balingup and Chittering metamorphic belts. The 

Jimperding Metamorphic Belt (JMB) divides the granitoids of the Boddington terrane 

from migmatites and gneisses that constitute the Lake Grace terrane. The JMB is a set 

of layered gneisses, interpreted as metamorphosed sedimentary rocks deposited in a 

shelf environment (Gee et al., 1981). The boundary between the Boddington and Lake 

Grace terranes passes through the belt and has been associated with a change in 

structural style.  The southern part of the boundary between the Lake Grace and 

Boddington terranes is correlated with the Yandanooka - Cape Riche lineament, which 

is a line marking a 600 gu decrease in the gravity signature of the southwest of the YC 

(Everingham, 1965; Wilde et al., 1996). Wilde et al. (1996) suggested that this change 

in the gravity was due to the “intermediate crust (that) was transported to the surface 
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along a thrust zone”. This is consistent with a model for the terranes being assembled as 

a result of progressive thrusting of terranes “from east to west over an earlier granitic 

basement” (Middleton et al., 1995).  It is also interesting to note that the JMB is 

considered as part of both of the terranes. The Boddington-Lake Grace terrane boundary 

roughly coincides with the Meckering Line (Fig. 1.4, Mulcahy, 1967, 1973), which 

denotes the change in drainage patterns in the southwestern YC.  It is unknown whether 

this is a tectonic or climatic phenomenon.  

 

Figure 1.3: The geology and terrane make-up of the southwestern of the Yilgarn Craton.  Redrawn 
from Wilde et al., 1996. 

 
1.3 Regional gravity 

The gravity signature of the study area, shown in Figure 1.4 could be divided 

into three sections. The western low represents the Perth basin. Such significant low is 

associated with the Darling Fault. The eastern low is associated with the shallow 

basement underneath the eastern part of the YC (Mathur, 1974; Middleton, et al., 1993). 

The central high is associated with changing lithology (Wilde et al., 1996) and a 



CHAPTER 1. INTRODUCTION  7 
 
shallow basement (Middleton, et al., 1993; Dentith and Featherstone, 2003). It is this 

area that is of interest in terms of location of terrane boundaries. Significantly, both Free 

Air (Fig. 1.4A) and Bouguer (Fig. 1.4B) gravity maps of the region indicate a complex 

structure associated with presence of various grades of granites, however, the gravity 

high at 116.25oE and 31.25oS is of interest with respect to the location of the JMB and 

possible causes of local intra-plate seismicity (Dentith and Featherstone, 2003). 

 

Figure 1.4: The Free Air (A) and Bouguer (B) gravity anomaly maps of the southwest of WA. 
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1.4 Seismicity 

The South West Seismic Zone (SWSZ) was named by Doyle (1971).  In the last 

45 years over three thousand events (ML>2) have occurred in this area (Fig. 1.5). The 

most significant events were the Meckering, Calingiri and Cadoux earthquakes. The ML 

6.9 Meckering earthquake occurred on the 14th of October 1968 and was the most 

destructive earthquake to occur in Western Australia. It was felt throughout the 

southwest of WA, including in Perth where there was minor damage to buildings, and 

resulted in a 37 km surface rupture. The Calingiri earthquake occurred on the 10 of 

March 1970. It was an ML 5.9 earthquake and some surface fracturing (3 km) has been 

observed (Gordon and Lewis, 1980). The ML 6.4 Cadoux earthquake (2/06/79) resulted 

in an electrical blackout in Perth and produced a complex pattern of surface faulting 

totalling over 13 km. 

 

Figure 1.5: Major West Australian earthquakes over the last 46 years, terrane and Craton 
boundaries. The Jimperding metamorphic belt is also shown in yellow and the Meckering line 
(Mulcahy, 1973) in blue. 

Early research by Everingham (1965) noted the concentration of the earthquake 

epicentres along the Yandanooka-Cape Riche lineament, which is now inferred to be the 

boundary between the Boddington and Lake Grace terranes, and suggested the presence 

of a major change in crustal structure. Dentith and Featherstone (2003) developed this 

idea in proposing the Boddington-Lake Grace terrane boundary as a fundamental 
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structure in the southwest of the YC and the primary reason or the existence of the 

SWSZ (Figure 1.5).   Referring to Figure 1.5, it is interesting to note that there is also a 

concentration of epicentres on the boundary between the Murchison and Lake Grace 

terranes.  Most of the relevant epicentres are part of the ‘Burakin swarm’, a series of 

over 18000 events that started on the 28th September 2001 and lasted for six months 

(Leonard, 2003). Note that prior to this activity a smaller swarm occurred in September 

2000.  

Overall, the distribution of epicentres is irregular with the highest density within 

the vicinity of the JMB and the Burakin swarm. The epicentre density drops off 

considerably to the south of the JMB, in what is called the Narrogin Seismic Gap (NSG, 

Dentith and Featherstone, 2003) but picks up near the craton margin.  It is clear that 

whether or not the Boddington-Lake Grace terrane boundary is a primary control on the 

seismicity, there are other factors involved. 

 

1.5 Models proposed to account for intra-plate seismicity 

Early models for the seismicity of the YC were based on inter-plate settings and 

convergent plate margin scenarios. It was suggested that the SWSZ was either one of 

the boundaries that divided the Australian continent into sub-plates (Cleary and 

Simpson, 1971), or an incipient subduction zone (Doyle, 1971). Neither has stood the 

test of time, as the SWSZ is now recognised as an area of intra-plate seismicity 

(Denham et al., 1987). 

 

1.5.1 Intra-plate seismicity models 

There are a number of mechanisms for intra-plate seismicity but all seek to account for 

the fact that stresses within the lithosphere in intra-plate regions are of insufficient 

magnitude to cause failure. Common to these mechanisms is the concept of reactivation 

of an existing zone of weakness by some phenomena, with or without a mechanism for 

amplifying the local stresses. The following presents a short summary of models 

proposed to explain intra-plate seismicity occurring in various regions around the world. 

 

1.5.1.1 Fault related 

There are three major intra-plate seismicity models based on existence of faults: 

detachment faulting, intersecting faults and crustal-scale faults. These models have been 

applied to explain the New Madrid Seismic Zone (NMSZ, USA; Zoback and Zoback, 
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1991), Great Lakes Tectonic Zone (GLTZ, USA; Chandler and Morey, 1989), and 

events that occurred near Haicheng (China) and Jabalpur (India) earthquakes (Rajendran 

and Rajendran,1999). 

 

Detachment faulting 

Stuart et al. (1997) proposed this model for the NMSZ. It involves slip of the crust 

along a sub-horizontal detachment fault, which is connected to the surface by a small 

near vertical fault. In this model, the proposed detachment fault is domed and located 

above a rift pillow, which has been identified from seismic and gravity analysis of the 

geophysical data from this area.  A rift pillow is a zone of higher seismic velocity and 

density often seen below palaeo-rifts and which is thought to be due to igneous 

underplating during extensional tectonics.  Presence of such an anomalous body within 

the lower crust of the NMSZ has been shown by Mooney et al. (1983). In Stuart et al’s 

model, the detachment fault is reactivated after slip along the near-vertical Reelfoot rift 

(Zoback and Zoback, 1991), which in turn induces local uplift in the area. The 

mainshock and aftershock sequences of predicted by the model have been modelled and 

are comparable to the reported sequence. Despite this the model does not explain the 

levels of seismicity that continued on after the original aftershock sequence of 1811-

1812 or the lack of cumulative offset associated with earthquakes cycles over millions 

of years (Stuart et al., 1997). 

 

Intersecting faults 

Talwani (1988, 1999) suggested that intraplate earthquakes occur near intersections of 

major weak zones, such as faults. This results from a space accommodation problem 

after some initial event has occurred along one of the faults, but not at the site of their 

intersection. Accommodation of the initial slip induces uplift near the intersection of the 

faults, resulting in localised seismicity. This model was applied to describe the 

Haicheng earthquakes and NMSZ. It does not require any other information about the 

subsurface structure of the region as it is based solely on geometric and stress/strain 

concepts. It also complements the detachment fault model described above for the 

NMSZ.  A similar explanation of modern seismicity due to the reactivation of the 

Precambrian GLTZ also depends on this zone being crosscut by a number of younger 

structures (Chandler and Morey, 1989). 
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Reactivation of crustal-scale faults 

Attempts to explain the seismicity along the Narmada-Son lineament and in particular, 

the Jabalpur (India) earthquake, based on reactivation of ancient structures have been 

made by Rajendran and Rajendran (1999). However, their model depends on presence 

of a high-density zone within the lower crust, which has been inferred from deep 

seismic sounding and gravity studies. The stresses are thus concentrated around this 

body, reactivating the Narmada-Son lineament in a fashion described by Zoback and 

Richardson (1996). 

 

1.5.1.2 Weakening of the crust 

Weakening of the crust is one of the possible reasons for occurrence of intra-plate 

seismicity. Weakening may occur in the upper and lower crusts, and it may be due to 

thermal, chemical or mechanical processes. 

 

Thermal weakening 

Liu and Zoback (1997) proposed a hypothesis that higher heat flow within the lower 

crust may weaken it. This results in plate-tectonic forces supported mostly by the upper 

crust. This hypothesis was tested in the framework of the NMSZ.  

Direct heat flow measurements, silica geothermometry and calculations of heat 

flow using an empirical relationship between the Moho P-wave velocity and heat flow 

showed that there is an increased heat flow within the Reelfoot rift. This, in 

combination with a thickened upper crust (Mooney et al., 1983), results in significant 

weakening of the lower crust (Liu and Zoback, 1997). Hence the plate tectonic forces 

are supported by the upper crust, which at low pressure and temperature conditions can 

be considered as brittle, resulting in considerable seismic activity. Unfortunately this 

model does not describe the earthquake sequences or the lack of cumulative offset 

observed in the region. It does, however, present a source of stress concentration for the 

fault related intra-plate seismicity models that have been described above. 

 

Hydroseismicity 

Weakening of the crust may be a result of chemical or mechanical processes related to 

fluids. Hydroseismicity is a term used by Costian et al. (1987) to describe seismicity in 

the southeastern USA. It is proposed that precipitation increases water table levels, 

which defuses to great depths and weakens the crust along pre-existing fractures by 

increasing pore pressure, reducing the friction coefficient and corrosion of the rocks.  
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This hypothesis is highly controversial, and is apparently only advocated by its 

originators. 

 

 

1.5.1.3 Heterogeneity of the crust 

 

Campbell (1978) combined some theoretical elasticity results of Donnell (1941) and 

Jaeger and Cook (1969) and showed that a concentration of regional stresses and 

subsequent failure may result from presence of an anomalous body in the crust. Such 

body may be associated with potential field anomalies resulting from intrusions. This 

model is designed for regions where the intrusions have significantly different elastic 

properties then the surrounding rocks, oriented favourably for stress concentration and 

are of large scale. Campbell (1978) applied it to the earthquakes in the southeastern 

USA, especially Charleston, South Carolina. However, this general approach has been 

extended to a greater scale by Zoback and Richardson (1996). 

 

Supported anomalous body in the curst 

The models for intra-plate seismicity for the NMSZ and the Amazonas rift, presented by 

Zoback and Richardson (1996), contain a dense rift pillow in the lower crust. The 

pillow has a positive density contrast with surrounding rocks and is inferred to have 

different elastic properties to its surrounds. Modelling of stresses in the NMSZ and the 

Amazonas rift zone have produced results that indicate that presence of a dense 

anomalous body in the lower crust may produce stresses comparable to the regional 

stresses, resulting in stress rotation in the vicinity of the anomaly. The combined 

regional and pillow-related stress are the cause of fault reactivation and subsequent 

intra-plate seismicity. 

 

Sinking anomalous body in the curst 

A sinking anomalous body within the lower crust can cause significant perturbation in 

the local stress field and hence result in re-activation of local zones of weakness. Pollitz 

et al. (2001) proposed that the rift pillow in the NMSZ is sinking, resulting in 

concentration of local vertical stresses. The proposed model suggests that it is either 

mechanically connected to the upper crust or it is not connected, but induces pore 

pressure in the lower crust and results in the hydroseismicity (Costian et al., 1987). 
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1.5.1.4 Other models 

Other models for intra-plate seismicity include strength of lithosphere (Zoback and 

Rickardson, 1996), ductile deformation of the lower crust (Zoback et al., 1985) and 

topographically induced (isostatic) models (Mandal, 1999). The first model dubiously 

correlates the age of the crust with its temperature state and heat flow. It can be 

incorporated into the Thermal Weakening model of Liu and Zoback (1997). The second 

model is the forerunner of the Thermal Weakening model. The third model utilised the 

Moho depth, topography and Bouguer gravity to construct an isostatic model. It is a 

more probable model then the former two, however its application to the south Indian 

shield is hampered by use of the Moho depth derived from Bouguer gravity anomalies. 

As a result only two independent datasets have been used instead of three. 

 

1.5.2 Currently preferred hypothesis for the SWSZ 

Some of the models presented in section 1.5.1 may be applied to the SWSZ. Thermal 

weakening of the crust can be discounted because the heat flow in the YC does not 

correlate with known seismicity (Cull, 1982). The hydroseismicity model has been 

suggested by Denham et al. (1980) as a possible model for the SWSZ and should be 

considered. However context of the hydrological and climatic setting of the YC is 

beyond the scope of this work. Also, the sinking anomalous body model is rejected due 

to lack of evidence for subsidence in the study area. 

The preferred current model indicates that the primary control on the seismicity 

is reactivation of an east-dipping fault zone between the Boddington and the Lake Grace 

terranes (Wilde et al., 1996; Dentith and Featherstone, 2003) where the latter has been 

thrust onto the Boddington terrane. One possible secondary control on the seismicity in 

the SWSZ is stress concentration caused by accommodation of movements along major 

faults (Dentith and Featherstone, 2003; Talwani, 1999).  

Models based on heterogeneity of the YC and existence of a detachment fault 

may be applicable. Middleton et al. (1994) interpreted detachment faulting in the mid 

crust based on the interpretation of seismic reflection data. A high velocity zone beneath 

the SWSZ has been identified by Dentith et al. (2000). However, the zone is only 

confirmed along a single traverse and is in fact the impetus behind this study.  The 

Intersecting fault model, with or with associated detachment faults, may be applicable 

(Dentith and Featherstone, 2003). 
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 Other models for seismicity in the SWSZ include: isostatic movement of the YC 

due to dense material at the base of the crust (Vogfjörd and Langston, 1987); and 

concentration of buoyancy-related compressive forces due to a large gravity anomaly 

associated with the Darling fault (Lambeck et al., 1987).   The latter is rejected because 

it predicts that seismicity should be parallel to the Darling Fault, which is not the case. 

 

1.6 Previous seismic refraction data 

The location of previous seismic refraction traverses in the southwest of Western 

Australia are shown in Figure 1.1. The data was collected by Bureau of Mineral 

Resources (BMR) in 1967-1971 and Australian Geological Survey Organisation 

(AGSO) in 1983. BMR data were initially interpreted by Mathur (1974) and Mathur et 

al. (1977). These studies comprised a number of traverses and were combined with 

some seismic reflection and gravity data for interpretation. The seismic sources for the 

east-west traverse, named ‘geotraverse’ were located in the YC and Perth Basin (Fig. 

1.6). An intercept-time method analysis was carried out and a crustal model comprising 

three constant-velocity layers bounded by planar interfaces was presented. 

Unfortunately the sparse nature of the seismic coverage (25 km average distance 

between stations) and the method of data analysis (inappropriate projection onto a 

single traverse) and display (true time as opposed to reduced time) compromised the 

interpretation (Dentith et al., 2000).  

 

Figure 1.6: Location of the previous seismic refraction traverses and sources in the Yilgarn Craton. 
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Initial processing and analysis of the 1983 AGSO data was presented in 

Mohamed (1985) and Drummond (1988), but it was Dentith et al. (2000) who first 

presented evidence for a high velocity zone (HVZ) in these traverses. Dentith et al. 

(2000) also re-interpreted BMR data and found that a two-layer model is sufficient for 

interpretation of data. 

The two models derived by Dentith et al. (2000), from AGSO data, have 

southwest-northeast (AOB) and northwest-southeast (XOY) orientations, whilst the 

BMR data have east-west orientation (Fig 1.6). Seismic sources for the AGSO data 

were located at ends of each traverse (A, B, X, Y) and at the point of intersection of 

these traverses (O). The AGSO traverses were modelled using a 5.95 – 6.35 km/s upper 

crust and 6.85 – 7.05 km/s lower crust. For the AOB traverse, a HVZ was modelled 

using a 7.8 – 8.1 km/s zone in the lower part of the lower crust and a 7.25 – 7.35 km/s 

zone in the upper part of the lower crust. However, when ray tracing was carried out on 

the BMR data, a simplified model, comprising two layers, was found to be sufficient to 

explain the data.  This was thought to be due to the sparse coverage and the 

interpretation did not exclude the possibility of such a feature. Similarly the New Norcia 

(XOY traverse, source X, Fig 1.6) shot gather also featured a possible HVZ, but it was 

not essential to explain what is also a sparse dataset.  Also potentially significant was 

the change in crustal thickness across the HVZ, being about 38 km in the southwest and 

around 33 km to the northeast.  This was interpreted in terms of the juxtaposition of 

different crustal blocks, c.f. terrane amalgamations proposed on geological grounds.  

The full discussion of modelling of these data and the implication of the results can be 

found in Dentith et al. (2000) and Dentith and Featherstone (2003). 

 

1.7 Receiver function studies of the Yilgarn Craton 

Two receiver function-based studies have been carried out in the YC. Clitheroe et al. 

(2000) and Reading et al. (2003) presented 1D models of velocity variations in the crust 

of the YC. For locations of the receiver function stations and the receiver function 

method, the reader is referred to the above-mentioned papers, however the traverse 

discussed in the latter paper coincides with the BMR seismic refraction traverse (Fig 

1.6), albeit at an increases station spacing. The Moho depth is determined to decrease 

from 44 km near the Darling Fault, in the west of the YC, to 36 km in the Eastern 

Goldfields province (Fig. 1.2), which is comparable to the models suggested by Dentith 

et al. (2000). Note that there is some conjecture to the latter value. Reading et al. (2003) 
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have shown that the Moho is approximately 40 km deep. Nonetheless, the general trend 

of the decrease of the Moho depth to the east is observed in both models. 

 

1.8 Thesis outline 

The contents of each chapter of this thesis are briefly summarised below. 

 

1.8.1 Chapter 2 

Methods of acquisition, enhancement and picking of new delay-fired seismic refraction 

data are discussed in Chapter 2. The acquisition of data is described in detail, from 

planning of the position of the traverses, which depends on the location and state of 

activity of commercial quarries, to the choice of individual seismic recording sites that 

are dependent upon location, soil type and vegetation cover. In addition the method of 

overlapping deployments used to acquire the data is discussed. 

The new seismic data are three-component data, which greatly broaden the 

available methods for data enhancement. Rotation and filtering techniques have been 

applied as the primary methods of signal enhancement. The difference between signals 

recorded at the same location from the same origin, but recorded at different times, has 

been highlighted. This prevented use of deconvolution to enhance the data. However, 

polarisation analysis has been carried out. A brief overview of the method has been 

included. This method has been extended to align data from the various deployments. 

Stacking methods were also tested to enhance the data. 

The final datasets of from the various seismic sources have been picked using a 

combination of manual and automatic methods. A fractal picking procedure was tested 

using the vertical component of the traces. It was then extended to three components. A 

new polarisation method for picking three-component data is presented also. The 

method is based on the calculation of rectilinearity of a seismic trace. Final shot gathers 

with first breaks are presented at the end of the chapter. 

 

1.8.2 Chapter 3 

A summary of methods for forward and inverse modelling as well as the results of 2D 

modelling is presented in Chapter 3. Preliminary models for ray tracing were 

constructed using the intercept time method (Telford et al., 1990). The phase data for 

the North-South and East-West traverses was then modelled using forward ray tracing. 
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The data was first modelled using variations of velocities only in the upper crust within 

accepted velocity limitations. The data was then modelled using variations in the lower 

crust and Moho topography. The resultant model comprises gradational increases in 

velocity wit depth and some zones with anomalous velocity. Final models were inverted 

for velocity and depth to layer boundaries and the results of the inversions are 

displayed. The differences between the forward and the inverted models for either of the 

traverses are not great and are discussed in relevant sections. 

 

1.8.3 Chapter 4 

Chapter 4 contains the overview of the method of 3D inversion of earthquake 

hypocentre data and the results of inversion. It also presents a relative gravity map of 

the study area derived from the velocity block model. Due to the overdetermined nature 

of the inversion problem, the formulae for regularised inversion have been derived. 

Software that utilises this method has been obtained and P-wave velocity inversion was 

carried out only on the well-defined (recorded at four or more stations) seismic events 

from the SWSZ. The initial model for inversion was derived from a simplified model of 

the results of chapter 3. In this model each layer has gradational velocity increases with 

increasing depth, but it did not contain any zones of anomalous velocities within each 

layer. The inversion was carried out in 20 iterations.  The result of inversion confirms 

the findings of Chapter 3. A zone, anomalous when compared to its surroundings, of 

increased velocity is formed by the inversion software. The gravity signature of this 

anomalous zone is also found. The significance of such a zone is discussed in Chapter 5. 

 

1.8.4 Chapter 5 

Discussion of results obtained in Chapters 3 and 4 is presented in chapter 5. Previous 

modelling attempts are discussed in the light of the new data and its interpretation. The 

extent of the original high velocity zone is discussed and the extent of this zone as 

defined by the newly acquired data is presented. It also links the theoretical gravity 

signature to actual Free Air and Bouguer anomaly maps. This significantly strengthens 

the findings of chapters 3 and 4 and the case for presence of the HVZ. A discussion of 

whether the zone comprises crustal or the mantle material is presented along with a 

discussion of modelling of such zone only as variations in Moho topography. A link 

between the high velocity zone and surface features is made. In particular the 

relationship between the Meckering line, Jimperding metamorphic belt and the high 
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velocity zone is stressed. Theo local seismicity is discussed in light of the new findings 

and the models for intra-plate seismicity are considered in turn. Some comments about 

the limitations of this research and the steps to negate this have been included. 

 

1.8.5 Chapter 6 

Concluding remarks summarising to the major outcomes associated with this research 

are presented in chapter 6. The summary of work carried out and the data collected are 

presented along with the results of analysis of these data. A link between the sub-

surface velocity variations identified by the seismic tomography, surface features and 

local seismicity has been established.  

 

1.9 Presentation of this research to the scientific community 

Material in Chapter 2 was presented as a poster by the author at the 2005 European 

Geoscience Union congress in Vienna as: Galybin, K.A. and Dentith, M.C., 2005. 

Compilation and Picking Of 3-Component Seismic Profiles. EGU General Assembly 

2005 CD-ROM. Abstract EGU05-A-02967. 

 

Material in Chapter 3 was presented orally by the author at the 2006 European 

Geoscience Union congress in Vienna as: Galybin, K.A. and Dentith, M.C., 2006. 

Delay-fired Seismic Refraction Survey in the Southwest Of Western Australia. EGU 

General Assembly 2006 CD-ROM. Abstract EGU06-A-05436. 

 

Material in Chapter 4 was presented as a poster by the author at the 2006 European 

Geoscience Union congress in Vienna as: Galybin, K.A. and Dentith, M.C., 2006. 

Velocity inversion of earthquake data in the southwest of Western Australia. EGU 

General Assembly 2006 CD-ROM. Abstract EGU06-A-05440. 



 

 

 

 

 

 

Chapter 2 

 

Data Acquisition, Enhancement and Picking 
 

Mathur (1974, 1977) and Mohamed (1984) have carried out seismic refraction studies in 

the YC. The data used by Mathur cannot be located and only the interpreted data, 

comprising various phase picks, can be obtained. The data presented in Mohamed 

(1983) have been discussed in Drummond (1988) and Dentith, et al. (2000), with some 

interesting results that called for a more detailed study of the region.  The original data 

and travel time picks are available. 

The geometry of the 2D seismic work was dictated by the locations of active 

mines and quarries. The first profile is a north-south profile, on the eastern side of the 

Darling Fault, which in itself is a western margin of the southwest of the YC (Fig 2.1).  

This profile exploits a convenient alignment of potential sources (silica, coal, bauxite 

and roadstone operations) allowing data to be recorded from end and in-line sources. 

The second profile is an east-west profile, perpendicular to the north-south profile, 

crossing the latter in the Perth hills region (Fig 2.1).  It was chosen to take advantage of 

existing travel time information and the expectation that a gold mining operation, at 

Westonia, would be come active during the course of the research.  Unfortunately, 

despite record gold prices at the time, the mine never began operations, resulting in far 

fewer east-to-west recordings than was anticipated. 
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2.1 Data Acquisition 

25 Digital solid-state seismic recorders have been used to acquire three-component data. 

These recorders were constructed by the Australian National University (ANU) in 

collaboration with Geoscience Australia (GA). This equipment was been loaned from 

the Australian National Seismic Imaging Resource (ANSIR). 

The southwest of the YC has many commercial mining operations. The best 

seismic sources are open pit quarries, since underground operations tend to use much 

smaller charge sizes. The majority of quarries are roadstone (road-metal) quarries, 

however coal and silica quarries are also present (Fig 2.1). The list of quarries used in 

this study is presented in Table 1, whilst their locations are shown, along with the 

location of the recording stations, in Figure 2.1. Complete details on the type of quarry, 

times of operation, time duration of the blasting sequence (source wavelet) and 

frequency of blasting are provided in Appendix 1. 

Mathur (1974) and Drummond (1988) showed that the top of the mantle in the 

southwest of WA is at 35 to 40 km depth. Forward modelling using appropriate 

velocities shows that to achieve complete ray-coverage of the crust, the maximum 

offsets within each profile must be at least 250 km and preferably 300 km. It was also 

noted that the crust thins out to the east of the YC. Examples of the basic reduced travel 

time curves are shown in Figures 2.2 and 2.3.  The velocity model for the NS curves 

comprises upper crust of 18 km thickness with 5.98 km/s P-wave velocity; lower crust 

of 20 km thickness of 6.9 km/s P-wave velocity; and mantle with 8.2 km/s P-wave 

velocity. Its reduced travel time curve is shown in Figure 2.2. The EW model for the 

reduced travel time curves (Fig. 2.3) consists of 18.5 km thickness upper crust (6.1 km/s 

P-wave velocity); 14 km thick lower crust (6.8 km/s velocity) and mantle velocity of 

8.3 km/s. These parameters were derived from Mathur (1974), Drummond (1988) and 

Dentith et al. (2000). 

Table 2.1: Quarries and deployments used to record them 

Quarry Type North-south  Profile East-west Profile 
Moora Silica X  
Red Hill Roadstone X X 
The Lakes Roadstone X X 
Orange Grove Roadstone X  
Gosnells Roadstone X  
Byford Pioneer Roadstone X  
Collie Ewington Coal X X 
Collie Premier Coal X X 
Collie Muja Coal X X 
Collie Western Coal X X 
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Figure 2.2: The reduced travel time plot for the NS traverse. Here black curves represent a direct 
arrivals, blue curve represents mid-crustal refractions and red curve represents Moho refractions. 

Note that previously no data has been acquired along the western margin of the YC, 

which constitutes the NS traverse. Previous studies have only covered the southwest of 

the YC in a northwest-southeast direction; hence it is important to acquire new seismic 

data along the NS traverse. It is also important to acquire reversed data, which will 

allow for velocity estimation to be more accurate. In contrast, some data along the EW 

traverse has been acquired in the late 1960s (Mathur, 1974). An example of this old data 

is included in Figure 2.3. The source of this data is situated at Borrabbin (source 13 in 

Fig 2.1). Its sparse nature does not allow detailed analysis of the crust, and is the main 

reason for acquisition of new seismic data along this traverse. 

 

Figure 2.3: The reduced travel time plot for the EW traverse and the original Mathur (1974) data 
from the Borrabbin source. Back stars represent  first breaks and red stars represent later phase 
breaks. 
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2.1.1 Planning 

The north-south and east-west seismic profiles were designed to achieve the maximum 

ray coverage in the southwest of WA, while providing easy interpretation of data. Both 

profiles are as close to linear as possible (Fig. 2.1). The north-south profile starts at the 

southernmost source, the Collie coal mines and follows the boundary of the YC through 

various Perth roadstone quarries. It finishes at the northernmost source, the Moora 

Silica quarry. The length of the profile is 314 km. As noted above, this configuration 

provides sources at each end of the profile and a number of sources in the middle. 

The east-west profile is perpendicular to the north-south profile and 

approximately follows the seismic line utilised in previous refraction studies discussed 

in Mathur (1974). Again, the profile at the western end starts at a major source, the Red 

Hill roadstone quarry, goes through the Lakes roadstone quarry and finishes over 200 

km away. The planned eastern source was the Westonia Gold Mine, but it did not 

become operational as expected. However, due to the profile following the line used in 

Mathur (1974), that data were used to fill in the missing sources, albeit much sparser 

station spacing. This allowed attaining a reversed seismic refraction dataset that 

included end sources as well as two sources inside the line. 

Station spacing was kept at five kilometres through out most deployments. In 

some difficult to access places the station spacing reached seven kilometres. This 

allowed good ray density along the profile, which in turn allowed good resolution of the 

structure along each profile. The east-west profile utilises the phase information from 

Mathur (1974) and as such has a station spacing of approximately 25 km. Despite this 

adequate ray coverage is achieved because the new data stretch far enough to obtain 

arrivals refracted by the Moho. 

Multiple deployments were required to record complete profiles. The 

availability of only 25 seismic recorders allows at best, coverage of 24, five-kilometre 

sections, resulting in an array that is 120 km long. Hence four north-south deployments 

and three east-west deployments were theoretically required to record all possible 

sources (Appendix 2). However, the number of deployments also depends on other 

factors such as reliability of recorders, blasting times, weaker than normal blasts and 

vandalism of recorders. Indeed, failure of two recorders during deployment 11 

(Appendix 2) resulted in a need to establish a new tie in station with deployments 12-14 

(Appendix 2). Also, during these deployments, Orange Grove and Gosnells sources 

were recorded twice to assess the possibility of stacking of data to enhance the signal-

to-noise ratio. A failure of one of the recorders within the vicinity of the crossover point 
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1 (Fig 2.2) during deployment 17 resulted in a need to repeat recording of this 

deployment. However, repeat recordings (deployments 18 and 19, Appendix 2) of the 

Red Hill blast were required because the blasts were far smaller than expected 

(approximately 5 tonnes). Vandalism of 3 recorders along the EW traverse resulted in a 

need to re-record deployment 21 as deployment 23 (Appendix 2). As a result of this 

vandalism only 22 operational GPS antennae were available for a period of time 

resulting in considerable downtime. In fact acquisition did not resume for nine months, 

considerably extending the data acquisition time. Once acquisition was restarted, delay 

of the Red Hill blast resulted in missing the recording this blast altogether during 

deployment 24 and re-recording the same source as deployment 26 (Appendix 2). 

Overall, 20 different fieldtrips were carried out (deployment 18 comprises two field 

trips, and two trips were undertaken to establish contact with the landowners and gain 

permission to access their land). 

The first deployment in each profile was the one with the furthest offset from the 

strongest source. This was done to assess the quality of the data at maximum offsets and 

allow multiple recording of sources for data stacking, an enhancement procedure 

discussed further. Subsequent deployments were progressively closer to the biggest 

source along each profile. 

Compilation of a single profile is one of the major hurdles in this study. A 

number of stations (reference stations) had to be kept unchanged to allow overlap 

between deployments. This allowed the source time to be recorded once and complete 

profiles constructed from neighbouring deployments using the data from reference 

stations. 

 

2.1.2 Choice of Site 

Accessibility of the recording site is of major importance. Due to a variable blasting 

schedule, seismic recorders need to be accessed at short notice. Hence, station locations 

were chosen within few kilometres of major local roads, but away from major state or 

national roads. This allows easy access to a seismically quiet environment. 

Choice of site also depends on vegetation and soil conditions. Vegetation causes 

seismic noise due to root movement in windy condition. Soil also plays a major part in 

choice of site because poor soil-to-geophone coupling results in deteriorated signal 

quality. For example, dry sandy soils and lateritic soils provide poor coupling and hence 

poor data. On the other hand, wet compressed sandy soils and clays provide excellent 
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coupling and hence excellent data. Note that sites with favourable soil conditions were 

not always available and geophones had to be planted in sandy soils. 

High levels of vegetation are undesirable for GPS clock synchronisation. A good 

view of the northern sky is required for GPS satellite lock. This is due to a higher 

density of GPS satellites in the northern hemisphere. Such sites were avoided in the 

northern section of the north-south profile and the east-west profile. The southern 

section of the north-south profile lies in State forest and vegetation-clear sites are rare. 

In these instances, sites with broken tree canopy were used. To nullify the effect of 

vegetation, some sources were recorded more than once and in some cases two seismic 

recorders were set up to run simultaneously at one site.  

Other environmental conditions were considered too. For example, sites with 

disturbed soils were not utilised. Close vicinity to rail tracks has also been avoided. 

Also, to nullify effects of meteorological conditions, which also affect the quality of the 

seismic data, all geophones were buried at least 0.4 metres deep. 

 

2.1.3 Deployments 

Duration of recording time is governed by the amount of data storage and the sampling 

frequency of the recorder. Each data cartridge is capable of continuous recording of up 

to 19 hours with 100 Hz sampling frequency. Each seismic recorder can take two such 

cartridges and hence, 38 hours of continuous recording can be made. 

Figure 2.1 shows all the available sources and seismic stations. Complete 

profiles were constructed using separate deployments. Recording of sources, within 

quarries, was done only once for each source and hence source times were acquired for 

the Moora Silica quarry, Red Hill, Lakes, Gosnells CSR, Orange Grove and Byford 

quarries (Appendix 2). A common source time for the Collie quarries was also obtained. 

The complete list of deployments can be found in Appendix 2, which contains 

the start and end of each deployment as well as the orientation of the recording array 

and which events were recorded. The list of well-recorded events is presented in 

Appendix 3. The list comprises the UTC source time of the event, deployment number 

and its use in this thesis. Note that a number of events have not been listed because of 

their poor quality (small blasts, noisy conditions) or because the tie-in recording station, 

which joins adjacent deployments, had stopped recording and the available data cannot 

be linked to the source time of the event. 
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2.2 Data Enhancement 

Variable recording conditions at each station as well as during different deployments 

and increasing source-receiver offset result in a need to enhance the data on a trace-to-

trace basis. The aim of data enhancement is to achieve the best possible quality data 

without visible deterioration of the data or introduction of artefacts. Easy picking of first 

breaks of the signal have been sought.  

 
2.2.1 Type of Data 

The data comprise three-component digital recordings. Sampling interval was 100 Hz, 

except deployments 12-14, where the sampling interval was 50 Hz. For a particular 

source, the acquired data ( ) ( ) ( )( )tututuM KKK 321=  comprises K traces, where uK1(t), 

uK2(t) and uK3(t) are vertical, longitudinal and transverse components of ground motion. 

Note that only the vertical traces will be displayed in figures, unless otherwise stated, 

and these traces will be marked Zn (n = 1, 2…). The distance from the origin of this 

source for each trace is given by X = xK. The high sampling frequency allows unaliased 

representation of the seismic waveform even at very short source-receiver offsets (0.2 

km). The GPS clock synchronization, performed every 15 minutes, allows 

unprecedented control over instrumental drift and high precision of start-stop recording 

times. 

The recorded data comprise delay-fired, sometimes also called ripple-fired, 

sources. The major concern with such sources is the duration and complexity of the 

source wavelet. Figure 2.4 shows an example of seismograms acquired at the source 

quarries. The duration of the source wavelet varies with each blast and depends on the 

number of holes used for blasting. The amount of explosives, usually an emulsion, also 

may vary per hole. The depth of each individual hole varies too. The combination of 

these factors results in a need to either record the source wavelet of every event or use 

deconvolution methods to estimate the source wavelet of each individual event. The 

former is time consuming, and greatly reduces the speed of data acquisition. The later is 

described in section 2.2.2. 
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Figure 2.4: Seismograms of the spike and delay-fired sources. All seismograms are normalised. 
However, the Collie, Red Hill and The Lakes sources are the strongest. The bauxite source is shown 
as comparison to delay-fired sources. Its extreme duration and poor signal-to-noise prevents its use 
in this study. 

 
2.2.2  Quarry Blasts as Seismic Sources 

Quarry blasts were a popular seismic refraction source in early to mid 20th century, but 

their use declined due to the complexity of the source wavelets and the associated 

problems with processing of such data. Delay-fired data are not minimum delay, so 

standard deconvolution methods, like predictive deconvolution, are not effective.  Other 

deconvolution methods like, wavelet and homomorphic deconvolution can handle the 

delay-fired sources but are complicated and cumbersome to implement. In recent years, 

attempts have been made to again use the quarry blast data to image the upper crust 

(Hawman, 1996; Hawman, 2004; Khalifa and Hawman, 2005). Data processing mostly 

involved minimum-entropy and Wiener deconvolution methods with Wiener filter 

coefficients calculated by slant stacking, Ψ(pi, τi), (Kong et al., 1985), given by 
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where pi is slowness, τj is j-th sample of uKl(t) and l= 1, 2, 3 corresponding to the 

components of motion of uKl(t). 

The focus of data processing in these papers is aimed at enhancement of the 

primary reflections within the data. Here, on the other hand, the major aim is to enhance 

the first break of the signal. The ability to deconvolute the seismic data would greatly 

facilitate first break picking and compilation of adjacent shot gathers into a complete 

shot gather for each source. Unfortunately, the seismic array geometry used in those 

studies differs significantly to the one used here. Khalifa and Hawman (2005) utilised 

spreads that were 0.9 km long, 19 stations at 50-metre spacing, whilst here the 

minimum station spacing is 4 km and the length of the spread is over 300 km. As a 

result slant stacking is ineffective at picking up various group velocities (Fig. 2.5). 

 

Figure 2.5: Slant stack of a Collie blasts. 1-15 Hz bandpass filtered data on the left and a slant stack 
on the right. The P-wave in the given shot gather travels at approximately 6 km/s. This is reflected 
in the slant stack by the red ellipse. 

A part from the large station spacing leading to aliasing, the ineffectiveness of slant 

stacking is due to the regolith (weathered near-surface material) and cover, which alters 

the seismic waveforms and scatters the first arrivals. As a result, the adjacent traces 

rarely look similar, which is in contrast to the examples provided by Kong et al. (1985). 

Such inconsistencies make it difficult to produce Wiener filter coefficients and thus 

enhance secondary arrivals by Wiener deconvolution. Hence only the first breaks of the 

signal may realistically be extracted from data. 

Another area of research that deals with delay-fired quarry blasts is 

discrimination of these events from natural events (Baumgardt and Young, 1990; Pinski 

and Shapira, 1998). However, the major foci of these studies are kinematic differences 
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of natural and controlled seismic events and ways to enhance them. The focus of signal 

processing for this type of analysis is enhancement of surface waves and comparison of 

their amplitudes. 

Finally surface waves generated by either earthquakes or quarry blasts are used 

to study the subsurface structure (Navarro et al., 1997). The data processing techniques 

required for this particular study are limited to anti-aliasing filtering and enhancement 

of surface waves by means of band-pass filtering. 

 

2.2.3 Rotation and Filtering 

The initial enhancement procedures applied to the data recorded in this study are 

rotation and waveform filtering. The northern section of the north-south profile did not 

require rotation because the source-receiver azimuths did not exceed π/180. The data in 

the southern section of the profile did require rotation because the corresponding angles 

reached as much π/15. Rotation about the vertical axis is carried out by means of matrix 

multiplication 

 ( ) ( )
( ) ( )

MM r

















−
=

θθ
θθ

cossin0

sincos0

001

 (2.2) 

Where θ is the angle formed between the north and the source-receiver directions. 

Rotation of the east-west profile has also been carried out with corresponding θ. 

An effective method of noise reduction in seismic recordings is band-pass 

filtering. A filter for each individual trace can be constructed after carrying out the 

frequency analysis of the recorded traces by a short-time Fourier transform (STFT), 

Figure 2.6. This allows visual inspection of the frequencies that make-up the trace, 

which in turn, facilitates the ease of determination of the upper and lower cut-off 

frequencies for the band-pass filter. Generally the seismic signal occupies the 5-30 Hz 

band with noise in the 1-50 Hz band. The geophones have the 4.5 Hz natural frequency. 

In this paper, all filters have length of 100 samples and are Hamming band-pass filters. 
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Figure 2.6: Raw Collie blast data and its shot-time Fourier transforms (top of each diagram). (A) Recorded 5 km away from the source. (B) Recorded 60 km 
from source. (C) Recorded 120 km from source. (D) Recorded 184 km from source. 
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Attenuation is a major factor in the data due to long offsets between the source 

and the receiver. Indeed the frequency composition changes with increasing offsets. As 

a result, progressively lower cut-off frequencies are required to filter the data.  For 

example, a Collie blast recorded 5 km away from the source contains frequencies as 

high as 27 Hz in the P-wave (Fig. 2.6A), whilst at 60 km offset, the maximum 

frequency drops to 12 Hz. The maximum P-wave frequency drops slightly, to 10.5 Hz, 

at 120 km offset, and then further to 8 Hz at 180 km. Hence band-pass filters required to 

adequately filter the data would have decreasing maximum cut-off frequency. It should 

be noted that for every trace, the three components of that trace were filtered using the 

same filter to ensure the coherency of the frequency components. This is important 

because all components of the trace are used in picking. 

Another factor in the frequency make-up of a trace is the source wavelet, and in 

particular the time between individual shots within the single delay-fired event. Most 

quarries (Table 1) produce a quite a long-duration source wavelet, however, bauxite 

operations produce a source wavelet that is at least five times longer than other sources 

in the study area (Fig. 2.4). This is the main reason why these sources have not been 

used. One should also note that the source wavelet for a particular source is rarely the 

same (Fig 2.7), since different blasting patterns are used depending on the area that 

needs to be mined. 

 

Figure 2.7: Various sources recorded 50 km away from their respective source. Polarity is negative 
to the left and positive to the right. 
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Figure 2.7 shows an example of the seismic signal at 50 km offset from different 

sources. There are visible differences between the traces of the two Collie coal mine 

blasts. The source wavelets vary between quarries too. The Collie source traces are 

different to Red Hill and Orange Grove source traces at a similar offset. This 

inconsistency requires filtering to be carried out in a trace-by-trace fashion. 

 

2.2.4 Polarisation Analysis 

Polarisation analysis is a technique that studies the particle motion in a seismic 

wavefield. Feynman et el. (1963) and Marion (1970) have shown, in their respective 

discussions of basic wave concepts and classical mechanics, that the homogeneous 

equation of motion with no body forces can be solved in terms of displacements by 

seeking a solution in terms of two potentials. These potential functions are shown to be 

decoupled from each other. The resultant scalar potential describes the P-wave particle 

motion; and the vector potential describes the S-wave particle motion. P-wave motion is 

compressional and ground motion is parallel to the wave propagation direction. S-wave 

motion is perpendicular to the wave propagation direction. A concise summary of this is 

presented in Stein and Wysession (2003). 

Polarisation of particle motion can be used to enhance data (Montalbetti and 

Kanasewich, 1970). The most straightforward way is to construct a filter that will 

attenuate any motion not in the direction of the P-wave. A further extension of this is to 

measure the degree of polarisation of data and suppress the non-polarised data as well as 

filter according to the direction of motion. A measure of degree of polarisation of data is 

called rectilinearity. 

 

2.2.4.1 Rectilinearity Filters 

Rectilinearity is calculated using principle component analysis of three-component data 

(Jurkevics, 1988). Let uKi(t) be the ith-component (i=1,2,3) of a discrete-time, three-

component trace, where K is a trace index (further on this will indicate the number of 

times the same source has been recorded at the same station; varies between 1 and N). 

Then the covariance matrix at time t, over a discrete time gate s, where s∈(t-δt, t+δt) 

and δt is an integer chosen by hand, is 
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Let us define the corresponding eigenvalues of the covariance matrix MK(t) by 

λ1(t)>λ2(t)>λ3(t). The rectilinearity, LK(t), is defined as 
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Where γ is a sensitivity constant, usually γ=2. 

The orientation, θ, and the dip, φ, of the particle motion can also be calculated 

using the components of the eigenvector v1=(v11, v12, v13) associated with the largest 

eigenvalue, λ1. 
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The rectilinearity function L(t) is dimensionless and varies between 0 (non-polarised 

motion) and 1 (plane-polarised motion), hence it can be used as a simple filter. 

 ( ) ( ) ( )tutLtu KiKKi =∗  (2.5) 

Where u*
Ki(t) is a filtered trace. It should be noted that if the data has originally been 

rotated, so that the source-receiver direction coincides with the direction of wave 

propagation, the orientation angle, θ, would be annulled. The dip, φ, is not a significant 

quantity because non-polarised signals, i.e. noise, may have non-zero dip. Hence, 

neither the orientation nor the dip, have been included in the construction of the filter. 

 

2.2.5 Alignment of Data 

Further enhancement of data is possible by the means of stacking (see section 2.2.6). 

However, for stacking procedures to be accurate, the first breaks of the events, 

originating from the same source but recorded at different times, should be aligned. 

 

2.2.5.1 Alignment of traces using rectilinearity 

One approach is to use rectilinearity of two traces to align them. For delay-fired blasts, 

rectilinearity of the first arrival from the first fired hole is strengthened by the 

subsequent arrivals from the remaining holes, which are also rectilinear. Therefore, 

traces may be aligned by aligning the corresponding rectilinearity functions, LK(t), 

K=1,2. This can be written as minimisation of the following functional D(τ) 

 ( ) ( ) ( )∑
∆

∆−=

−−=
t

tt

tLtLD ττ 21  (2.6) 

Where τ is the lag between the two rectilinearity functions and (-∆t, ∆t) defines a 

window around the first break. 

This method of aligning traces is tested using synthetic seismic traces (Fig. 2.8).  
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Figure 2.8: Alignment of traces using their respective rectilinearities. (A) The 10 Hz signal; (B) Two 
tapering functions; (C) and (D) The resultant three-component traces with added white noise; (E) 
Cross-correlation and rectilinearity of the two synthetic traces; (F) D(t) in the vicinity (1 second) of 
the first break. 

Two pairs of synthetic three-component traces are produced by tapering off the 

same 10 Hz signal (Fig 2.8 A) by two different scaling functions (Fig 2.8 B). The 

maxima of vertical channels are also offset relative to each other by 10 samples. 

Random, uniformly distributed noise (up to 50% of signal amplitude) has been added to 

each trace. The final synthetic three-component traces have been bandpass filtered (Fig 

2.8 C and 2.8 D) with a Hamming 2-12 Hz band pass filter. The first break (at t=5.50 s, 

shifted by 0.50 s due to the causal nature of the band-pass filter) is associated with 

considerable increase of rectilinearity, however, the maxima of each vertical trace is 

offset from the first break by different time lags. Maximum of cross-correlation of the 
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vertical channels is observed at a 10-sample offset (Fig 2.8 E, top). This corresponds to 

alignment of the maxima of the two synthetic traces, but not their first breaks. On the 

other hand, rectilinearity of the two synthetic traces (Fig. 2.8 E, bottom) increases at the 

onset of rectilinear motion, at the first break of the signal. Function D(t) (Fig. 2.8 F) has 

a minimum at zero, showing the correct offset of traces. 

The following (Fig. 2.9) are examples of real data recorded 50 and 300 km away 

from the source. Cross-correlation aligns similar waveforms, however if the source 

wavelets are different, no similar waveforms may exist among traces. Moreover, for 

delay-fired blasts, the P-wave coda of the first hole is contaminated by P-waves from 

the subsequent holes, making cross-correlation simply unreliable. 

 

Figure 2.9: (A) Two traces of the Red Hill source recorded 80 km away at two different times; (B) 
The linearity of the two traces (red and black) and D(t) in blue; (C) Two traces of the Collie source 
recorded 300 km away at two different times; (B) The linearity of the two traces (red and black) 
and D(t) in blue. 

The first example comprises two traces from a Red Hill source recorded 50 km 

away at different times (Fig 2.9 A). In this instance, cross correlation identifies a 0.79 

second offset of the two traces, whilst the actual offset is 0.95 seconds, which is 

reflected by the minimum of D(t) (Fig. 2.9 B). This example is significant because the 

first break pick of trace Z2 is clear, whilst the first break on trace Z1 is not. Hence, the 
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two traces can be stacked accurately. The second example contains two traces of the 

Collie source (Fig. 2.9 C) and shows a 0.1 second shift whereas in reality, the data are 

offset by 2.66 seconds (Fig. 2.9 D). The correct offset is determined using the D(t) 

function described above. Note that in this case, cross-correlation probably identifies a 

secondary P-wave arrival. At 300 km offset, the first break in the models specified in 

section 2.1 is attributed to a signal that has been refracted at the Moho. The signal 

refracted at the mid-crustal boundary would follow the first break with the direct signal 

arriving last, if one ignores the various reflected signals. So in this case, cross-

correlation is a valuable method that identifies secondary phases. 

 

2.2.5.2 XSEMB 

Zelt, et al. (1987) presented a method to pick data by aligning the traces using cross-

correlation, φfg(t):  
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Where f(j) and g(j) are discrete seismic traces, recorded over time jmax and t is discrete 

time lag. However, for delay-fired blasts, cross-correlation is unreliable. Subsequently, 

the aim is to align coherent energy and not just similar waveforms. This can be achieved 

by aligning the coherent energy in the corresponding components of two traces by 

semblance. 

Semblance is defined as a normalised output/input energy ratio (Neidell and 

Taner, 1971). 
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Where tmax is the duration of traces uKi(t). 

For two traces, offset by an unknown time, define XSEMBi(τ), as semblance of 

the i-th component, calculated at various time lags τ, analogous to cross-correlation: 
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Where tmax is as before, the duration of the traces u1i(t) and u2i(t). 

When the two traces are aligned the semblance between them will reach a 

maximum and the location of the maximum of the cross-semblance (XSEMB) function 
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will represent the offset of one of the traces compared to the other. Figure 2.10A shows 

two recordings of the same source, but 12 days apart. In this case cross correlation 

suggests that the top trace is only 0.03 seconds ahead of the bottom trace (Fig. 2.10A, 

bottom), which is clearly not the case. However, the XSEMB function attains a 

maximum at 0.34 seconds (Fig. 2.10B, top), which suggests a 0.34 second offsets of the 

top trace compared to the bottom one. 

 

Figure 2.10: (A) Two traces of the same source recorded at different times; (B) XSEMB and cross-
correlation of the traces in A (note that both are displayed on the relevant domains). 

Having developed methods for aligning traces, these data may now be stacked. 

 

2.2.6 Stacking 

Stacking is a type of data enhancement used to boost the signal-to-noise ratio and phase 

information of seismic traces if a single or repeated event has been recorded at a 

particular station more than once. A single event may be recorded by multiple 

simultaneously deployed recorders, whilst a repeated event may be recorded at a 

particular station at different times, by a single recorder. In both cases, the travel time 

from the source to the recorder or multiple recorders does not change and the recorded 

signals may be added together. In addition to this, in recent years there have been 

advances made that allow enhancement of data by means of pseudo-stacking of multi-

component data that has been recorded only once (Kennett 1987, 2000). Consequently, 

an event maybe recorded once, but in three components, allowing construction of a 

pseudo-stack, that utilises the rectilinear nature of seismic waves 

Despite the obvious advantage of stacking, retrieval of phase information of the 

signal from delay-fired data is problematic. This is due to variable source wavelets of 

delay-fired sources. Even though, the instrument and seismic noise are random, if a 

particular source has been recorded at different times, the P-wave codas of different 
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source wavelets are different (Fig. 2.7) and stacking may introduce features that may be 

erroneously identified as phases of the stacked signal (Fig. 2.11). Nevertheless, stacking 

can be used to enhance the first breaks of the signal. 

 

2.2.6.1 Multiple Recordings 

A myriad of stacking methods can be used for signal enhancement if multiple 

recordings of the same source are present. Linear, Nth-root (Kanasewich, et al., 1973; 

McFadden, et al., 1986), semblance (Kennett, 1987, 2000) and phase-weighted 

(Schimmel and Paulssen, 1997) stacking procedures are some of the possible methods. 

An effective method for enhancement of data is semblance and cross channel 

coherence stacks (Kennett, 1987, 2000). Unlike linear, Nth-root and phase-weighted 

stacking, this method utilises all recorded components of the data. Semblance, as 

defined by Neidell and Taner (1971) has been modified into a function of time. 

Semblance at time t is calculated within a section of the data centred at t. The new 

formulae (Kennett, 2000) have been adjusted such that the diagonal elements of the 3x3 

semblance matrix are semblances (vary between 0 and 1) of individual components at 

time t (Neidell & Taner, 1971) and off diagonal elements are cross channel coherences 

(vary between –1 and 1). Define ( )tvij  and ( )tvi
2  as averages over a discrete time 

gate s, where s∈(t-δt, t+δt) and δt is an integer chosen by hand, as 

 ( ) ( ) ( ) 3,2,1,,
1

11

=














= ∑ ∑∑
+

−= ==

jisusuw
N

tv
tt

tts

N

L
Lj

N

K
Kisij

δ

δ
 (2.10) 

 ( ) ( ) 3,2,1,
1

22 == ∑ ∑
+

−= =
isuwtv

tt

tts

N

K
Kisi

δ

δ
 (2.11) 

Where ws is a smooth weighting function. Then semblance matrix is defined as 
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Note that off-diagonal elements of the semblance matrix represent the coherency 

between components as a function of time, t, and polarised data, like seismic waves, 

have higher coherency than noise and are therefore amplified. Using these formulae a 

set of semblance-weighted stacks, ( )tvSW
i , can be constructed (Kennett, 2000).  
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As noted by Kennett (2000), the semblance-weighted stacks are non-linear and 

hence do not preserve vector properties with respect to coordinate transformation. This 

however, is not a problem if the data have been rotated before and no further coordinate 

transformation is required. 

Note that (2.12) contains a linear component-wise stack of traces. Kennett 

(2000) replaced it by an Nth-root stack (Kanasewich, et al., 1973). 
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Here n is the power of the Nth-root stack and N is the number of traces uLj(t). It should 

also be noted that the n-th root is chosen as real. Thus a semblance weighted Nth-root 

stack would be 

 ( ) ( ) ( ) 3,2,1,
3

1

SWN == ∗

=
∑ ituttv j
j

iji S  (2.15) 

Various methods of stacking were tested using the acquired data. Figure 2.11 

demonstrates a Red Hill blast recording during deployment 11 (Appendix 2), when each 

station contained two seismic recorders set up adjacent to each other. A linear, 

semblance weighted and an 8-th root stack were applied to the data. 

 

Figure 2.11: Two traces of a Red Hill blast and their stacks: linear, (Z1+Z2)/2; 8th-root; and 
semblance weighted, SW. 
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Firstly note that the two signals, Z1 and Z2, are very similar, in fact the 

maximum of (Z1-Z2)/2 is just 6% of either of the signals. As a result, the traces are too 

similar for a linear stack, (Z1+Z2)/2, to be effective. The 8-th root stack is more 

effective, as it brings out the first break at t=6.06s. The semblance-weighted stack is the 

most successful at enhancing the first break, however, it also introduces some noise 

between 2 and 4 seconds, which is due to the coherence of noise between these two 

traces. In fact this was found to be the case for all data acquired during deployment 11. 

Doubling of the number of recorders at any given station was not effective because the 

recording equipment was not far enough (2-5 m) for noise to be random on both traces. 

The next test comprised two traces of a Collie source, recorded on 20/11/2003 

and 2/12/2003 and stacked using a semblance weighted and an 8th-root semblance 

weighted stacks.  

 

Figure 2.12: Two Collie source traces (Z1 and Z2); their semblance-weighted stack (Zsw, pseudo-
vertical trace, v1

SW); and their 8-th root semblance-weighted stack, Zsw8. Red triangles indicate the 
first break of the signal, whilst the blue triangles indicate an erroneous phase break that may be 
identified when signals with different source wavelets are stacked. 

Note that in this case stacking significantly decreased signal between 1.3 and 1.5 

seconds, resulting in a possible secondary phase identified at 1.5 seconds (Fig 2.12, blue 

triangles). However, neither of the original traces Z1 or Z2 are observed to contain a 

secondary phase at t=1.5s. Note also that the semblance-weighted and 8th-root stacks, 
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whilst being very similar, considerably enhanced the signal to noise ratio and 

identification of the first break is easier than on trace Z1. Overall, the 8th-root semblance 

weighted stack is evaluated as the best stacking procedure. 

 An example of the processing technique was carried out on a Red Hill source 

dataset, recorded during deployment 11. The following are the filtered shot gather (Fig 

2.13) and a stacked shot gather (Fig 2.14) with manually identified picks (red and blue). 

 

Figure 2.13: Filtered shot gather of the Red Hill source. Note that trace 4 was shown in Figure 2.11. 

 
Figure 2.14: 8th-root semblance weighted stacked shot gather of the Red Hill source. Red triangles 
indicate the first break of the signal, whilst the blue triangles indicate an erroneous phase breaks. 



CHAPTER 2. DATA ACQUISITION, ENHANCEMENT AND PICKING   42 
 
Note that the enhancement of the signal to noise ratio is not significant for this source. 

In fact, simple bandpass filtering enhances the data enough for manual picking to be 

carried out. Note that the stacked dataset contains other possible phase breaks, which 

may or may not be correct. This ambiguity of these picks results in a need for an 

automated phase picking procedure to be implemented, to identify the first breaks by 

measuring some criteria and hence removing the subjective nature of the manual 

picking procedure. This is further discussed in section 2.3. 

 

2.2.6.2 Single Recording 

Semblance can also be used to stack a multi-component trace of an event recorded only 

once. Formulas (2.10-2.13) can be used to construct a cross-component stack. In such 

case, N=1 in (2.10, 2.11 and 2.13). Hence, diagonal elements of the semblance matrix 

are equal to 1 everywhere, because a semblance of a trace with itself is 1 everywhere. 

The off-diagonal elements of Sii(t) are cross-component coherences varying between –1 

and 1. Using (2.6), for a single recording uLj(t), a set of semblance-weighted stacks, 

( )tvSW
i , can be constructed (Kennett, 2000).  

 ( ) ( ) ( ) 3,2,1,
3

1

SW ==∑
=

ituttv
j

Ljiji S  (2.16) 

An example of this procedure is shown in Figure 2.13. 

 
Figure 2.15: Pseudo-stacking of three-component data. (A) The original vertical trace of the Red 
Hill event, recorded 147 km away from source. (B) The coherence between the vertical, u1(t) and 
longitudinal, u2(t) components of trace in A, S12(t). (C) The semblance weighted pseudo-vertical 
(i=1, formula 16) stack of trace A. Red triangles indicate the first break. 
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This original trace was recorded during deployment 11, when most stations were 

recorded using two seismic recorders. However, some recorders failed and the Red Hill 

event was recorded only once at three sites (traces 1, 3 and 14). Applying the above-

mentioned techniques to enhance the available data resulted in a considerable 

improvement in the data, in particular the 4.5 – 5.5 second window of the trace (Fig. 

2.13 and 2.15). 

 

2.3 Data Picking 

The problem of analysis of seismic refraction data reduces to the problem of analysing 

arrival times of wave phases at various recording stations. Therefore it is imperative to 

correctly identify wave arrivals on seismic traces. 

Due to the complexity of the source wavelet, certain problems arise in picking of 

delay-fired data. Apart from the first break of the P-wave of the signal, there is little 

hope of picking secondary phases. As discussed before (2.2.1), the P-wave coda of the 

first arrival is contaminated by arrivals of P-waves from the rest of the delay-fired blast. 

This practically eliminates the possibility of picking reflections at medium and long 

offsets. Picking of reflections at short offsets is difficult too because of the prominence 

of surface waves that mask reflected arrivals. 

It should be noted that, again, due to the complexity of the source wavelet, the 

picks in the vicinity of the crossover distances do not show both phases involved in the 

crossover. Yet with increasing distance the time difference between these phases 

becomes apparent and these phases can be identified. 

A robust automated picking technique is required to analyse the data. Various 

picking methods (Zelt et al., 1987; Coppens, 1985; Gelchinsky and Shtivelman, 1983; 

Peraldi and Clement, 1972) may be used to identify the first breaks, however the noise 

levels are of major concern and an algorithm capable of handling high noise levels is 

required. A fractal–based algorithm for picking first breaks is capable of detecting a 

correct pick with noise levels up to 80% of the average signal amplitude (Boschetti et 

al., 1996). 

A new method is presented to pick data is presented here. This method involves 

analysis of the rectilinearity functions of traces. Due to the fact that these functions have 

already been calculated for data enhancement, it is convenient to re-use them to pick the 

data. 
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2.3.1 Fractal Methods 

Fractal-based algorithm for detecting first arrivals is described by Turcotte (1992) and 

Boschetti et al. (1996). The original algorithm is designed to work with a single trace, 

measuring the change in the fractal dimension of Hausdorff type (Scholz and 

Mandelbrot, 1989; Kaye, 1989) using the “divider method” (Hayward et al., 1989) of 

calculating the fractal dimension.  

The basis of the original algorithm is the determination of the exponent, 1-D, 

where D is the fractal dimension, in ( ) DrArS −= 1  by approximating the seismic trace by 

straight-line segments of varying length. 

Taking the logarithms of both sides, ( )( ) ( )DrArS −= 1lnln  applying power laws 

and simplifying, results in a linear expression ( )( ) ( ) ( ) ( )ArDrS lnln1ln +−= . The slope 

1-D is the exponent and can be determined by least squares fitting, given that the 

lengths of segments, r, and corresponding lengths of the approximated trace, S(r), are 

known. In the original algorithm, a single trace is used, and the length of the 

approximated trace is a product of length of the step and the number of steps used to 

approximate the trace, rS(r), Figure 2.16. 
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Figure 2.16: The data (solid line) and two approximations (dashed and dotted lines). 

 

2.3.1.1 Extension from 1C to 3C 

This method of picking is now modified to work with three-component data. The first 

break of the seismic signal appears on vertical and radial traces, if recorded in three 

components. This is due to the polarisation of the P-wave (Feynman et al., 1963; Flinn, 

1965; Jurkevics, 1988), which does not have a transverse component of motion. Ideally, 

either of these traces may be used in the original algorithm to identify the first break, 
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however the coherency between the north-south and vertical traces may be exploited to 

identify the first break. It should be noted that S-wave break might be identified too, if 

transverse and vertical components are used. 

The proposed extension to the algorithm concerns a change in the way the length 

of the curve is calculated. The length of the approximated trace will now be calculated 

as the distance between points in the north-south and vertical plane for P-waves; and 

east-west and vertical plane for S-waves, Figure 2.16. 
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Figure 2.17: The 3C method of calculating the fractal dimension. The thick solid line represents the 
data; thin solid lines are the north-south  (N) and vertical (Z) components; the dashed and dotted 
lines are approximations of the data. 

The picking procedure is designed to detect a change in the fractal dimension. A 

more rapid change of the fractal dimension would facilitate a better pick of the first 

break. Figure 2.18 shows an example of how the proposed change to the algorithm 

results in a more rapid change of the fractal dimension. On the left of Figure 2.18, the 

raw data have been picked by the original fractal dimension algorithm, resulting in a 

decrease of the fractal dimension very early, a whole second before a steeper decrease 

of fractal dimension. The right side of Figure 2.18 shows a relatively constant fractal 

dimension up until the first break, when it rapidly decreases. 

Unfortunately this method is calculation intensive and subjective. The method 

requires the operator of the process to identify the sections of the fractal dimension 



CHAPTER 2. DATA ACQUISITION, ENHANCEMENT AND PICKING   46 
 
function to be approximated by linear segments (Boschetti et al., 1996) to identify the 

first break. As a result, uncertainties are introduced, due to this operator input. Its ability 

to handle noise is the main feature and hence it has only been used in traces with 

considerable amounts of noise. Despite the advantage associated with the ability to 

handle poor signal-to-noise ratios, a more robust and quick method is required for data 

with less noise. 

 

 
Figure 2.18: (A) Raw vertical component data with its fractal dimension and the associated first 
break pick (grey square). (B) 8-th root semblance weighted stack (vertical pseudo-component) and 
its fractal dimension and pick (grey square). 

 

2.3.2 Polarization Methods 

A P-wave arrival, as discussed earlier, results in a highly rectilinear particle motion. 

Hence rectilinearity dramatically increases at the first break of the P-wave. Therefore if 

rectilinearity, L(t), of a trace has been calculated, it can be analysed to identify the first 

break. 

 The maximum of linearity may not coincide with the first break. This is due to 

the way rectilinearity is calculated. As the floating time gate s, where s∈(t-δt, t+δt) 

approaches the first break, t0, rectilinearity of the trace starts to increase. At t0, half the 

trace in the window s exhibits rectilinear motion and the rest does not. As the window 

passes the first break the subsequent P-wave arrivals of the delay-fired blast increase the 

rectilinearity of the trace. Rectilinearity starts to decrease after the last of the P-waves 

arrives. Therefore the maximum of rectilinearity may not be used as a pick, for delay-

fired blasts. 

Jurkevics (1988) noted that for purely rectilinear motion only one non-zero 

eigenvalue, λ1(t), exists. Hence for purely rectilinear motion, the sum λ2(t)+ λ3(t) would 

be zero and rectilinearity would be equal to unity. However, in the absence of rectilinear 



CHAPTER 2. DATA ACQUISITION, ENHANCEMENT AND PICKING   47 
 
motion, rectilinearity would be zero everywhere and its derivative would be zero too. In 

fact, one can represent the ideal behaviour of rectilinearity by a Heaviside function, H(t) 
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Its derivative is a Dirac delta function 
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It attains its maximum where the Heaviside function changes its value from 0 to 1. In 

reality none of the eigenvalues are zero (Jurkevics, 1988) and the rectilinearity changes 

from near 0 to near 1. However in a similar way, one can find the instant when 

rectilinear motion begins, by differentiating the rectilinearity. 
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In fact it is observed that the maximum of the derivative of rectilinearity coincides with 

the first break, Figure 2.19. 

 At instances when both, direct and refracted arrivals occur, the direct arrival is 

observed to have a higher rectilinearity and a higher rate of change of rectilinearity than 

a refracted arrival (Fig. 2.19 B). Hence, the maximum of the derivative of rectilinearity 

may identify an erroneous pick associated with subsequent P-wave arrivals (Fig. 2.19). 

This, however, is not a major problem, but rather a welcome occurrence because the 

first break may still be identified and any subsequent arrivals enhance the resultant set 

of picks. 
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Figure 2.19: Rectilinearity, L(t), and relation of its derivative L’ (t) to the first break of the signal. 
(A) A trace recorded close to its source. The maximum of L’ (t) identifies the first break. (B) A trace 
recorded 175 km from its source. The maximum of L’ (t) identifies the erroneous first break, which 
is in fact an arrival of the mid-crustal refraction.  The first break is associated with the local 
maximum at an earlier time. 

 

2.3.3 Results 

The presented methods of data collection, enhancement and picking have been applied 

to six datasets. The Collie, Orange Grove, Red Hill and Moora traverses are presented 

in Figures 2.20-2.23. These data are on NS traverse (Fig. 2.1). The Red Hill (Fig. 2.24) 

and The Lakes (Fig. 2.25) data make up the EW traverses. Here the data are presented 

in reduced time, with a reduction velocity of 7 km/s. 

All profiles exhibit direct arrivals. The mid-crust refractions are present on 

Collie, both of the Red Hill and The Lakes profiles. The Moho refractions can be seen 

on the Collie profile and the east-west Red Hill profile. These data are modelled in 

Chapter 3. The discussion of results of the modelling is presented in Chapter 5. The 

complete first arrival travel time data can be found in Appendix 4. 
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Figure 2.20: Collie source shot gather on the NS traverse. Compiled from five different shot gathers acquired during deployments 10, 11, 13, 19 and 20. 
Displayed with reducing velocity of 7 km/s. 



C
H

A
P

T
E

R
 2

. D
A

T
A

 A
C

Q
U

IS
IT

IO
N

, E
N

H
A

N
C

E
M

E
N

T
 A

N
D

 P
IC

K
IN

G
 

 
 

50 
    

 

 

Figure 2.21: Orange Grove source shot gather on the NS traverse. Compiled from two different shot gathers acquired during deployments 13 and 19. Displayed 
with reducing velocity of 7 km/s. 
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Figure 2.22: Red Hill source shot gather on the NS traverse. Compiled from five different shot gathers acquired during deployments 11, 12, 15, 17 and 19. 
Displayed with reducing velocity of 7 km/s. 
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Figure 2.23: Moora source shot gather on the NS traverse. Compiled from two different shot gathers acquired during deployments 10 and 11. Displayed with 
reducing velocity of 7 km/s. 
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Figure 2.24: Red Hill source shot gather on the EW traverse. Compiled from three different shot gathers acquired during deployments 4, 22 and 26. Displayed 
with reducing velocity of 7 km/s. 
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Figure 2.25: The Lakes source shot gather on the EW traverse. Compiled from four different shot gathers acquired during deployments 4, 21, 23 and 25. 
Displayed with reducing velocity of 7 km/s. 



 

 

 

 

 

Chapter 3 

 

Seismic Modelling 
 

The phase data obtained in chapter two are modelled using a ray tracing technique. The 

methods for forward modelling using zero-order asymptotic ray theory and inversion 

using damped least squares approach are summarised and applied to the data. A number 

of models including surface features, shallow anomalous velocity zones, deep 

anomalous velocity zones and Moho topography have been tested. The results of these 

tests are crustal P-wave velocity models for the North-South and East-West traverses. 

 

 
3.1 Modelling Method 

The model for ray tracing is made up of trapezoids and a P-wave velocity is specified at 

each vertex of the trapezoid. The velocity is then linearly interpolated within each 

trapezoid to produce the velocity model, v=v(x,z) and its partial derivatives. The rays are 

traced through each trapezoid using zero-order asymptotic ray theory (Červený, et al., 

1977). A brief summary of this theory is outlined below. 

Propagation of seismic waves in a half space, with velocity ( )ixvv = , is 

described by the acoustic wave equation (Červený, et al., 1977; Červený, 2001). 

 ( ) 2

2

2
2 1

t

p

xv
p

i ∂
∂=∇  (3.1) 

where∇2  is the Laplacian. If one seeks a solution in the following form 

 ( ) ( ) ( )( )ixTti
ii exPtxp −ω−=,  (3.2) 

and uses the identity baabba
vvv

⋅∇+∇⋅=⋅∇ , one arrives at 
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which, for high frequency solutions, can only be satisfied if the leading terms, with ω2 

and with ω, are identically equal to zero. In fact 

 ( )
2

2 1

v
T =∇  (3.4) 

is the eikonal equation, governing the travel time estimation of the acoustic wave, whilst 

the second term of (3.3) is the transport equation. Solution of the eikonal equation may 

be found by ray tracing. Indeed by applying the method of characteristics to (3.4), one 

arrives at the following six expressions (Kline and Kay, 1965; Červený, et al., 1977; 

Bleistein, 1984) for the ray tracing system 

 
( )( )

3,2,1,
ln

,2 =
∂

∂== i
x

xv

d

dp
pv

d

dx

i

ii
i

i

ττ
 (3.5) 

where { } { }ii xpT ∂∂==∇ τ  for i=1,2,3 is the slowness vector of the wave. Representing 

the slowness in polar coordinates with 0<θ<π and 0<φ<2π 
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replacing x1 ,x2, x3 with x, y, z, one obtains the following ray tracing system 
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where zvvyvvxvv zyx ∂∂=∂∂=∂∂= ,, . The initial conditions for this system are 

simplified by considering a 2D system, where slowness along y-direction is zero 

(p2=v2=0) and the angle φ=0 

 0000 ,,:for θθττ ==== zzxx  (3.8) 

The number of equations in system (3.7) is reduced to three because vy and cosφ vanish. 

Making use of the chain rule the ray tracing system is reduced to a pair of first-order 

ordinary differential equations 
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With initial conditions 

 000 ,, θθ === zzxx  (3.10) 

Here, θ is the angle between the tangent to the ray (that in general is curvilinear) and the 

vertical z-axes. Note that pair (3.9a) is for near horizontal ray paths and pair (3.9b) is for 

near vertical ray paths. The appropriate pair is solved numerically using the Runge-

Kutta method with error control (Sheriff and Geldart, 1982-3), complemented with 

Snell’s law at layer boundaries. 

The outlined method has been implemented by Zelt and Smith (1992). The 

formulae have been coded in FORTRAN 77 with the graphical user interface developed 

by Song and ten Brink (2004). The software was installed on a Red Hat Linux 9 

(Enterprise edition) machine and tested to comply with the provided examples. 

The software allows the user to specify multiple layers within the model with P-

wave velocities identified at used specified locations, called nodes (Zelt and Smith, 

1992). Any four adjacent nodes identify a homogeneous trapezoid where the system 

(3.9) is solved using a Runge-Kutta technique. The initial conditions for each trapezoid 

are specified by the starting angle of the ray and its location. The path and traveltime of 

the ray are then calculated and the final location of the ray and its incident angle on the 

boundary to the adjacent trapezoid are determined. If a velocity contrast is encountered 

on the boundary between the trapezoids, Snell’s Law is applied to identify the 

relationship between the incident and refracted ray angles, if not, the initial ray angle for 

the bounding trapezoid is taken to be the same as the incident angle of the ray in the ray-

traced trapezoid. A ray-shooting technique is utilised to trace rays through layers. Rays 

start at 0 at the source and incrementally increase their angle to a maximum of π/2.The 

ray type (refracted, reflected or head wave) and the number of rays (and consequently 

the ray angle increment) are chosen by the operator. Any combinations of rays are 

allowed. 

 

3.2 New Seismic Refraction Data 

New seismic refraction data were collected over a number of deployments, along two 

orthogonal traverses in 2002 – 2004. The north-south traverse extends from Collie to 

Moora on the eastern side of the Darling fault (Fig. 2.1). The east-west traverse extends 

from Mundaring to the east of Perth, to Merredin via the site of the Hines Hill blasts of 

the late 1960s, complementing the BMR data (Fig. 2.1). From hereon, the north-south 

profile will be referred to as the NS profile and the east-west profile, the EW profile. In 
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all ray-tracing diagrams red markers correspond to the Pg phase (direct arrivals), green 

markers correspond to the Pc phase (arrivals refracted at the mid-crust boundary) and 

blue markers correspond to the Pn phase (Moho refracted arrivals). The picking errors 

are shown by the marker heights. Also, henceforth the P-wave velocity modelling 

presented here will be referred to as velocity modelling. 

 

 

3.2.1 Modelling of the North-South Traverse 

A preliminary, two-layer over Moho, model was made using the flat layer method 

(Telford et al., 1976; Stein and Wysession, 2003), using the Collie profile (Fig. 2.20) 

and constant velocities in each layer. The uppermost layer was determined to have a 

6.03 km/s velocity and the lower layer a 6.98 km/s velocity. The mantle velocity was 

determined to be 8.25 km/s. The initial model for ray tracing was constructed from the 

preliminary two-layer model, described above, by supplementing it with linear velocity 

gradients for each layer based on Dentith et al. (2000). 

The velocity model was divided into eight layers of variable thickness: four in 

the upper crust, three in the lower crust and one for the Moho. This allows for greater 

control of the velocity gradient (related to depth) and lateral changes in velocity should 

these be required to model the data. Velocity discontinuities are present only across the 

upper/lower crust boundary, Moho/lower crust boundary and boundaries of the upper 

crust with the Proterozoic rock in the north and the Collie Basin in the south. There is 

no velocity contrast in all other cases. The four sources for the traverse are located at the 

north and south ends, Moora and Collie respectively, as well as, two in the middle, Red 

Hill and Orange Grove, giving good ray coverage for the upper crust. Ray tracing, 

carried out using the RAYINVR algorithm described by Zelt and Smith (1992), through 

the initial model is displayed in Figure 3.1. Further on, the model was refined using a 

RayGUI2 interface (Song and ten Brink 2004), where all the blasts were taken into 

account. In most instances the traced rays match the observations well, however, there is 

some misfit and in some places the theoretical travel times have been “threaded 

through” the phase data. This is applicable to all recognised phases. 
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Figure 3.1. Top: the initial model for the NS traverse and the ray paths through this model. 
Bottom: theoretical and actual travel times. 

 

3.2.1.1 Upper crust 

Reliable velocity modelling of the upper crust is achieved because of the reasonable ray 

coverage by the four sources along the NS traverse (Fig. 3.2). Some of the spread of the 

first arrivals, and consequent misfit by the ray tracing, is due to the presence of regolith, 

whilst some is due to the structure within the crust.  The regolith could be modelled as a 

separate layer if its exact extent and the amount of weathering are known. However, the 

data do not contain evidence of velocity contrasts in the uppermost crust. Indeed the 

change, between the regolith and the unweathered granitoids of the upper crust of the 

Yilgarn Craton, is thought to be gradual. Geologically, the NS traverse twice crosses the 

boundary between the metasediments of the Balingup terrane and its granitoids (Fig. 

1.3). This results in lateral velocity changes with the NS traverse. The presence of mafic 

dykes throughout the Yilgarn Craton also adds to its heterogeneous structure. The initial 

model was refined until a satisfactory fit of theoretical and observed travel times was 

achieved. The contribution of each quarry to the refined model is considered separately. 
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Figure 3.2. Top: the initial model for the NS traverse and the ray paths through the upper crust of 
this model. Bottom: theoretical and actual travel times. 

 

Collie Quarries 

Coal mining at Collie occurs at four separate locations: Ewington, Premier, Muja and 

Western (Fig. 2.1). They are the major coal producing mines in WA and large blasts 

occur frequently (Appendix 1). First breaks are clear up to 230 km north of the source, 

and their identification is not troublesome. The Collie shot gather is shown in Figure 

2.20. The calculated travel times for the upper crust match well when traced using the 

initial model (Fig. 3.3). These define the velocity structure up to 160 km from the 

source. No Pg arrivals from the Collie source were identified past 160 km on the NS 

traverse, whilst Pc and Pn refractions are present. These arrivals exhibit some scatter 

(between 240 km and 265 km, Fig. 3.3) and an attempt to model this is made when 

considering sources closer to the anomalous data, i.e. Red Hill and Moora sources. It 

also should be noted that the southernmost section of the traverse is in the Collie Basin, 

which is a succession of Permian to Holocene sedimentary rocks, and hence some 

delayed arrivals are present. These arrivals have not been accounted for in the modelling 

because the data provide no real constraint for the Collie basin. The upper crust was 

determined to have P-wave velocity gradient of 0.03 km/s/km, within the achieved ray 

coverage. The thickness of the upper crust was found to be 18 – 20 km in this part of the 

NS traverse (Fig. 3.3). 
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Figure 3.3. Top: the initial model for the NS traverse and the ray paths from the Collie source 
through this model. Bottom: theoretical and actual travel times. 

 

Orange Grove Quarry 

The Orange Grove quarry is located close to residential areas in the Darling Range area, 

southeast of Perth, WA (Fig. 2.1). As a result of the close proximity to residential areas, 

the shot sizes are small and consequently data from this quarry are poor (Figs.: 3.4, 2.21 

(shot gather)) and have been picked up to 80 km offset to the north and south. However, 

this quarry has been used to better identify the P-wave velocity structure of the upper 

crust between 70 km and 220 km of the NS traverse. The model for these data has a 

velocity gradient of 0.03 km/s/km, which is consistent with the model for the data 

provided by the Collie sources in the south of the traverse. In fact the initial model fits 

the data well and there are no obvious velocity anomalies in the 1D P-wave velocity 

structure of the model. 
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Figure 3.4. Top: the initial model for the NS traverse and the ray paths from the Orange Grove 
source through the innitial model. Bottom: theoretical and actual travel times. 

 

Red Hill Quarry (NS traverse) 

The Red Hill quarry is a road metal (road stone) quarry, located in the hills, east of 

Perth (Fig. 2.1). Granite road base is mined, hence medium-sized blasts occur frequently 

(once a fortnight) and can be picked up to 150 km offset to the north and south, 

covering the whole of the NS traverse (Fig. 3.5A). The seismic shot gather is shown in 

Figure 2.22. Manual picking is used to identify arrivals at less than 80 km offset and 

linearity and fractal methods (Boschetti et al., 1996) are used at larger offsets. The data 

show a velocity gradient in the upper crust of 0.03 km/s/km throughout most of the 

traverse. This again is consistent with previous data. However, a part of the northern 

section of the data shows an unusual increase of velocity. It occurs 90 km north of the 

source. The data have been modelled with a 6.45–6.65 km/s zone, within the lower part 

of the upper crust (Fig. 3.5B). Note that this section of the data is adjacent, but not in the 

same location as some anomalously early Moho arrivals in the Collie data. 
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Figure 3.5. A, top: the initial model for the NS traverse and the ray paths from the Red Hill source 
through the initial model. A, bottom: theoretical and actual travel times. Note the misfit of the 
theoretical times and the actual observations. B, top: adjusted model and the ray paths through it. 
B, bottom: theoretical and actual travel times. The theoretical times fit the actual observations. 

 

Moora Silica Quarry 

The Moora Silica quarry is located 150 km north of Perth, WA. It is the northernmost 

source on the NS traverse (Fig. 2.1). It is a seasonal quarry and the shot sizes are small. 

As a result, the data from this quarry are poor (Fig. 2.23) and have been picked up to a 

100 km offset to the south of the source. Data from this quarry are used to identify the 

velocity structure of the upper crust in the northern section of the NS traverse. This 
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northern section of the traverse contains some earlier-than-anticipated Pn arrivals from 

Collie quarries and some anomalous Pg arrivals from the Red Hill source and hence is 

an integral part of the survey. The data show a velocity gradient in the upper crust of 

0.03 km/s/km and a presence of a slower Proterozoic rocks in the very north of the 

profile. The slower metasedimentary Proterozoic rocks in this area form the 

westernmost part of the JMB (Fig. 1.3). Their presence results in slightly delayed travel 

times from the Moora source (at 314 km) to the 300 km mark on the NS traverse (Fig. 

3.6). The increased velocity zone defined by the Red Hill blasts is confirmed (Fig. 3.6), 

whilst the earlier-than-anticipated Pn arrivals (Moho refractions) from the Collie source 

are considered further. 

 

Figure 3.6. Top: adjusted model and the ray paths through it. Bottom: theoretical and actual travel 
times. 

Early Pn Arrivals 

There are three ways to model earlier-than-anticipated Pn arrivals: (a) modelling the 

arrivals using a surface feature; (b) modelling the arrivals using anomalous velocity 

zone within the whole of the crust; and (c) modelling the arrivals using Moho 

topography. The latter two involve discussion of the structure of the lower crust and 

Moho topography and will be discussed in subsequent sections. The following is a 

discussion of the first method. 

Modelling of these earlier-than-anticipated Pn arrivals using a surface feature is 

shown in Figure 3.7a. The most striking attribute of this model is presence of unrealistic 

(8 km/s) velocities on the surface and (7 km/s) within the top of the upper crust. 
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Moreover, this model contradicts the model for the Red Hill and Moora sources by 

prohibiting the traced rays from reaching recorders in this region, Figure 3.7b. Hence, in 

this case, modelling earlier-than-anticipated Moho arrivals using a surface feature is 

erroneous. 

 

Figure 3.7. A, top: surface feature model for the NS traverse and the ray paths from the Collie 
source through this model. A, bottom: theoretical and actual travel times. B, top: surface feature 
model and the ray paths from the Red Hill and Moora sources through it. B, bottom: theoretical 
and actual travel times for the Red Hill and Moora sources. Note that the large velocity gradient 
near the surface feature ‘turns’ rays away from the surface, making ray tracing impossible. 
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3.2.1.2 Lower Crust 

Due to the small coverage of Orange Grove and Moora blasts, as well as traverse 

limitations in recording of the Red Hill blasts, information about the lower crust has not 

been obtained from these sources. 

 

Collie Quarries 

The thickness of the upper crust was determined using the Pc arrivals (refractions from 

the top of the lower crust) that have been identified on the Collie profile between 130 

km and 200 km along the NS traverse (Fig. 2.20). This corresponds to the lower crust 

defined between the 45 km and 190 km along the NS traverse. Thickness of the lower 

crust is defined by Pn arrivals. It is, on average, 20 km thick. The Pc arrivals are uniform 

and do not show any anomalous scatter. The velocity gradient was found to be 0.01 

km/s/km, with the top of the lower crust having velocity of 6.85 km/s and the bottom, 

7.05 km/s (Fig. 3.8). 

 

Figure 3.8. Top: the adjusted velocity model with an increase on velocity in the upper crust and the 
ray paths from the Collie source through it. Bottom: theoretical and actual travel times. Note that 
the velocity anomaly in the upper crust is not enough to better fit the theoretical travel times to the 
observations. 

Recall that one of the ways to model the anomalously early Moho refractions of 

the Collie profile is to include a high velocity zone within the lower crust. If one now 

considers the ray coverage of the Moho refractions and the lower crustal refractions, the 

top of the high velocity zone (HVZ) could be defined. Extending this zone into the 

lower part of the lower crust, one defines the complete HVZ. The fit of Moho 
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refractions is very good and this model does not contradict the models for the upper 

crust (Fig. 3.9). 

The HVZ is modelled as an anomalous body with gradational velocity increase 

from its edge to the core. The 8.1 km/s velocity was used in the core, whilst most of the 

HVZ boundary has velocity of 7.45 km/s. It is located 220 km north of the Collie 

source, at a depth of 35 km. 

 

Figure 3.9. Top: final forward model and the ray paths from the Collie source thought the model. 
Bottom: theoretical and actual travel times. Note that the presence of the HVZ in the lower crust 
allows good fitting of the theoretical travel times to the observations. 

 

3.2.1.3 Moho 

Due to the small size of Moora blasts, and complications with identifying arrivals other 

than the Pg arrivals, the information about the Moho has been obtained from a single 

source location. 

 

Collie Quarries 

The Moho topography has been determined from the Moho refractions identified on the 

Collie profile between 200 and 314 km. On average the mantle velocity is 8.25 km/s. 

The Pn arrivals include some anomalously early arrivals that have been modelled in the 

previous section. Despite this, another way to model these arrivals is model them as a 

variation in the topography of the Moho. An attempt to do so is presented in Figure 

3.10. The main feature of this model is an anomalously shallow Moho, which at 20 km, 

would be the shallowest Moho in continental regions. Geophysically, a positive gravity 
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anomaly would be evident in the data for the southwest of the Yilgarn Craton, which is 

not the case (Fraser et al., 1976). 

 

Figure 3.10. Top: shallow Moho topography model and the ray paths from the Collie source. 
Bottom: theoretical and actual travel times. Note that due to limitations of the ray tracing software 
the refracted Moho rays do not travel through the anomaly. Head waves were used to simulate 
seismic waves travelling through the area of the shallow Moho. In parts, other than the 
anomalously shallow Moho, there is no observable difference between the travel times of the head 
and refracted waves. 

Whilst this model does not contradict the models for the upper crust, it is 

rejected on two grounds: the anomalously shallow Moho which is geologically 

unrealistic and the lack of the expected gravity response. The match, between the 

theoretical and observed travel times, is not satisfactory. The Moho needs to be 

shallower than 20 km for the theoretical times to be closer to the observed travel times. 

However, this would mean that the lower crust is segmented and the Moho protrudes 

the upper crust, which is unrealistic. Despite this, the Moho is well defined by the Collie 

source between 50 km and the 314 km on the NS traverse. 

 

3.2.1.4 The final model for NS traverse 

The final model for the NS traverse is displayed in Figure 3.11. The model comprises 

two crustal layers overlying the mantle. The upper crust has a P-wave velocity in the 

5.98 – 6.35 km/s range. The lower crust has P-wave velocity in the 6.85 – 7.05 km/s 

range. The mantle was found to have P-wave velocity of 8.25 km/s. The topography of 

the boundaries between layers is mostly horizontal. Some deepening of the lower/upper 

crust boundary is found in the south and the very north of the traverse. Also, some 
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thinning of the crust is found in the north of the NS traverse. Evidence for a HVZ within 

the lower and partially upper crust is found. This anomalous zone was modelled with 

gradational boundaries and P-wave velocities in the 7.45 – 8.1 km/s range. 
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Figure 3.11. Top: final forward model and the ray paths, from all sources on the NS traverse, thought the model. Bottom: theoretical and actual travel. 



CHAPTER 3. SEISMIC MODELLING 71 
 
 

3.2.2 Modelling of the East-West Traverse 

A preliminary two-layer over mantle model for the EW traverse (Fig. 3.12) was made 

using the same method as for the NS traverse. The upper crust was determined to have 

an average velocity of 6.01 km/s and the lower crust, a 6.95 km/s velocity. The mantle 

velocity was determined, as 8.25 km/s. One should note that only historical seismic 

sources, Borrabbin, Shot A and Hines Hill, were used to make the preliminary model. 

Linear velocity gradients have been used to generate the initial model for ray tracing. 

The western margin of the Yilgarn part of the EW traverse was fixed to the model 

parameters of the NS traverse at the point of intersection of the two traverses and the 

model for the EW traverse was then refined using the RAYINVR algorithm (Zelt and 

Smith 1992). 

 

Figure 3.12. Top and middle: the initial model for the EW traverse and the ray paths through this 
model. Bottom: theoretical and actual travel times from historical sources used for derivation of the 
initial model. 

The original velocity model for ray tracing was divided into eight layers of 

variable thickness, in the same manner as for the NS traverse. The source shots used for 
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the modelling are the Red Hill (the westernmost source) and The Lakes (30 km east of 

Red Hill) quarries. Older BMR data have been re-interpreted because the EW traverse 

overlies the ‘geotraverse’ described by Mathur (1974). The Yilgarn sources for the 

BMR data are Hines Hill (middle of the EW traverse) and Borrabbin (east end of the 

traverse) blasts. An additional source in the Perth basin, Shot A, has also been re-

interpreted. One should note that the actual seismic traces of the BMR data have not 

been preserved and only the phase picks are available for interpretation. 

 

3.2.2.1 Upper Crust 

Contemporary and historic seismic sources provide good ray coverage for the upper 

crust within the EW traverse (Fig. 3.13). The contemporary sources were recorded with 

5 km station spacing for 210 km of the 500 km EW traverse; the remainder was covered 

by the BMR data that had 50 km station spacing. The westernmost 100 km of the EW 

traverse represent the Perth basin and have been included here to utilise the Pc and Pn 

arrivals produced by Shot A.  The easternmost 200 km of the EW traverse are to the east 

of all known intraplate seismic activity, hence not requiring as much attention as the 

central part of the traverse. 

 

Figure 3.13. Top: the initial model and the ray coverage achieved by all sources for the upper crust. 
Bottom: theoretical and actual travel times for Pg arrivals. 
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Red Hill Quarry (EW traverse) 

Manual picking is used to identify arrivals at less than 80 km offset and linearity is used 

at larger offsets (Fig. 2.24). The data quality varies significantly because the 

westernmost 30 km were recorded in 2002 for a different project (Howman, 2002), 

when the quarry produced bigger blasts, whilst the rest was recorded in 2003-2005. 

Data show a velocity gradient in the upper crust of 0.03 km/s/km, which is consistent 

with the NS traverse. The thickness of the upper crust here is calculated using the Pc 

arrivals and is 18 km with P-wave velocity, determined using the Pg arrivals, in the 

5.89-6.35km/s range (Fig. 3.14). 

 

Figure 3.14. Top: the initial model and the ray paths from the Red Hill source. Bottom: theoretical 
and actual travel times. Note a slight misfit of the Pc arrivals past the 250 km mark. 

 

The Lakes Quarry 

The Lakes quarry is, like the Red Hill quarry, a road metal quarry, located 30 km east of 

the Darling Fault (Fig.2.1). Due to its more remote location, than Red Hill or Orange 

Grove quarries, extremely large blasts occur frequently and can be picked at offsets in 

excess of 200 km. Manual picking is used to identify arrivals at less than 120 km offset 

and linearity at larger offsets (Fig. 2.25). The data confirm the velocity structure 

interpreted from the Red Hill data (Figs.: 3.14 and 3.15). 
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Figure 3.15. Top: the initial model and the ray paths from The Lakes source. Bottom: theoretical 
and actual travel times. Note the misfit of the Pc arrivals past the 275 km mark. 

 

An area of increased velocity is required to thread the theoretical times through a 

section of the observed Pn arrivals, past the 275 km mark of the EW traverse. An 

attempt to do so is shown in Figure 3.16A. This model contains a section with a P-wave 

velocity of 7 km/s on the surface, which is unrealistic. Moreover this model does not 

allow good fitting to the Hines Hill data (Fig. 3.16B). Hence this surface feature is 

rejected and will be modelled as a zone of increased velocity at a greater depth. 

 

Re-interpreted BMR data 

Hines Hill blasts1 are results of surface charges carried out in 1969. The resultant data 

provide limited information about the detailed structure of the Yilgarn Craton. Despite 

this, the data provide reversal for the EW traverse and the Red Hill and The Lakes 

source data. It is used to constrain the perturbations of the initial model to allow better 

fitting of theoretical travel times to observations. These data may also be used to model 

general traits in the structure. Indeed, a change in the thickness of the upper crust, from 

18 km to 20 km, is observed in these data (Fig. 3.17). This change is further highlighted 

by the Borrabbin blasts. 

                                                 
1 Hines Hill blasts comprise eight surface shots, spread over 25 km, perpendicular to the recording line. 
They have been grouped together to construct a single shot gather. 
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Figure 3.16. A. Top: the adjusted model, containing a surface feature and the ray paths from The 
Lakes source. Bottom: theoretical and actual travel times. B. Top: the adjusted model and the ray 
paths from Hines Hill source. Bottom: theoretical and actual travel times. Note the misfit of the Pg 
arrivals. 

Borrabbin blasts2 are also surface charges that were carried out in 1969. The 

long offset distance makes these blasts ideal for study of the lower crust and the Moho. 

However, interpretation of Pc arrivals show that the upper crust thickens to 21 km, 

                                                 
2 Borrabbin blasts comprise nine surface shots. Previously Dentith, et al. (2000) grouped these blasts into 
two groups. Hence simple cluster analysis, using built-in MATLAB 6 functions, was carried out to 
determine whether the blasts should be grouped into one, two or three groups. It was found that either 
three groups or one group should be used, but not two. It was also found that the distance between the 
geometric centres of each of the three groups are closer than the spread of the Hines Hill Blasts. Hence, 
the Borrabbin blasts were arranged into one group. 
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whilst the velocity gradient remains the same and the P-wave velocity on the surface 

increases to 6.05 km/s (Fig. 3.18). 

 

Figure 3.17. Top: the initial model and the ray paths from the Hines Hill source. Bottom: 
theoretical and actual travel times. Note the misfit of the Pc and Pn arrivals to the west of the source 
and a good fit of the Pg arrivals to the east. 

 

Figure 3.18. Top: the initial model and the ray paths from the Borrabbin source. Bottom: 
theoretical and actual travel times. 

Shot A data are the result of charges set off in the Indian ocean, just off the coast 

of Perth, Australia. The data fit the initial model up to the 250 km mark of the EW 

traverse. Yet, the Pc arrivals and theoretical travel times diverge after that (Fig. 3.19). 

Modelling this as a surface anomaly would result in an extensive area of increased 
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velocity and would affect the data from other blasts in the same way as described before 

(Fig. 3.16). 

 

Figure 3.19. Top: the initial model and the ray paths from the Shot A source. Bottom: theoretical 
and actual travel times. Note the misfit of the Pc arrivals beyond 250 km. 

Note that the data are very poorly constrained west of the Darling fault (100 km 

mark on the EW traverse, Figs: 3.12-3.25). A 10 km thick section in the west of the EW 

traverse is a simplified representation of the Perth basin. 

 

3.2.2.2 Lower Crust 

The thickness of the lower crust is defined by the Moho refractions, whilst the velocity 

structure is defined by mid-crustal as well as Moho refractions that penetrate the lower 

crust. 

 

Red Hill Quarry (EW traverse) 

This source defines the lower crust between 140 and 300 km on the EW traverse. On 

average the lower crust has P-wave velocity in the 6.85-7.05 km/s range, defined by the 

Pc arrivals, similar to the NS traverse (Fig. 3.14). Theoretical times fit well up to the 

200 km mark; then a slight increase of velocity, to 7.20 km/s, is required to fit the data 

(Fig. 3.20). Unfortunately due to the complexity of the source wavelet described in 

chapter 2 and weakness of the shot, identification of Pn arrivals before the 280 km mark 

and after the 300 km mark is difficult. Despite this an increased velocity zone (extended 

to the bottom of the lower crust with a velocity gradient of 0.05 km/s/km, similar to the 
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HVZ in the NS traverse) in the lower crust provides a good fit of Moho refractions 

traced through the refined model to the observed travel times (Fig. 3.20). 

 

Figure 3.20. Top: the adjusted model, containing a zone of increased velocity at the bottom of the 
upper crust and the top of the lower crust, and the ray paths from Red Hill source. Bottom: 
theoretical and actual travel times. Note the better fit of the Pc arrivals past the 275 km mark and 
an excellent fit of the Pn arrivals. 

The Lakes Quarry 

The data from this source reaffirm the model used for the Red Hill blasts. Some earlier-

than-anticipated Pc (mid-crust refractions) arrivals, when traced through the initial 

model (Fig. 3.15), and can be explained by a zone of increased velocity in the new, 

adjusted model. 

The zone of increased velocity contains a 7.20 km/s zone within the top of the 

lower crust as well as a 6.40 km/s zone in the bottom of the upper crust (Fig. 3.21). This 

results in good fitting of the Pg and Pc arrivals. Moho refractions, Pn arrivals, have not 

been identified because they are outside the limits of the recorded profile. 

 

Re-interpreted BMR data 

The Hines Hill source data do not fit the initial model. The Pc and Pn arrivals are 

delayed by as much as one second (Fig. 3.17). However the model derived using Red 

Hill and The Lakes data improves the fit of the Pc arrivals (Fig. 3.22). 
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Figure 3.21. Top: the adjusted model and the ray paths from The Lakes source. Bottom: theoretical 
and actual travel times. 

 

 

Figure 3.22. Top: the adjusted model and the ray paths from the Hines Hill source. Bottom: 
theoretical and actual travel times. 

Shot A data exhibit diverging theoretical and observed Pc travel times when 

traced using the initial model (Fig. 3.19). On the other hand, the model with a zone of 

increased velocity fits the data well (Fig. 3.23). The same occurs for the Borrabbin data. 

It should be noted that interpretation of the latter data, results in a thinning of the lower 

crust and decreasing Moho depth, from 40 km to 32 km (Fig. 3.24). 
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Figure 3.23. Top: the adjusted model and the ray paths from Shot A source. Bottom: theoretical 
and actual travel times. Note the good fit of the Pc and Pn arrivals throughout the model. 

 

Figure 3.24. Top: the adjusted model and the ray paths from Borrabbin source. Bottom: theoretical 
and actual travel times. 

 

3.2.2.3 Moho 

Unlike the NS traverse, the EW traverse exhibits a significant Moho depth variation. 

This variation occurs smoothly over 350 km. Three historic seismic sections as well as 

the Red Hill blasts provide the depth to the Moho. 
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Red Hill Quarry (EW traverse) 

The Pn arrivals (Moho refractions) are not as well defined as Pg arrivals or even the Pc 

arrivals. The data become noisy at 180 km offset (280 km mark of the EW traverse) 

where some possible Pn arrivals may have been identified (Fig. 2.17). The Moho is 

defined at depth of 40 km between 140 and 260 km marks on the EW traverse, with P-

wave velocity of 8.35 km/s (Fig. 3.20). Data become noisy at longer offsets and hence 

no Pn arrivals have been identified at larger offsets. An increase in the number of the 

rays traced through the lower crust does not improve the modelling and hence does not 

provide any definitive information about its structure. 

 

Re-interpreted BMR data 

The data from the Hines Hill blast define the Moho at 39 km depth to the west of the 

shot, whilst interpretation of the Shot A data show that the western end of the EW 

traverse has Moho at 41 km depth. This dipping structure of the Moho is further 

strengthened by interpretation of the Borrabbin data that show Moho at 32 km depth 

(Fig. 3.12). 

 

3.2.2.4 The final model for EW traverse 

The final model for the EW traverse comprised two layers, corresponding to the upper 

and lower crusts, over increasingly shallow Moho (Fig. 3.25). The upper crust has P-

wave velocity in the 6.01-6.35km/s range. The lower crust exhibits P-wave velocities of 

6.85-7.05 km/s. The model also contains a high velocity zone (HVZ) within the lower 

crust. This zone is significantly smaller than the similar feature in the NS traverse. 

Nonetheless the P-wave velocity parameters of these two HVZs are similar, 7.25 –8.1 

km/s. 
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Figure 3.25. Top: final forward model and the ray paths, from Red Hill and Hines Hill sources on the EW traverse, thought the model. Only these 
sources were shown because display of rays traced though this model from other sources would clatter the image and not contribut any significant 
information about the model. Bottom: theoretical and actual travel times. 
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3.3 Inversion 

The accuracy of the models achieved by forward modelling is good, but these models 

can be further refined, by inversion. Here, the inversion procedure was used to refine 

and optimise the models obtained by forward modelling (Figs,: 3.11 and 3.25). 

 

3.3.1 Method 

Inversion software was supplied in a package RayGUI2 (Song and ten Brink, 2003), and 

comprises a part of the FORTRAN code provided in RAYINVR by Zelt and Smith 

(1992). A short summary of the method is provided below. The exact travel time from 

the source to a receiver may be written in the following manner 
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where ti is the observed travel time to the i-th receiver, ti
0 is a theoretical time calculated 

by forward ray tracing, ∆zl is adjustment to the depth of the l-th layer and ∆vk is the 

correction to the k-th parameter of the velocity model. Neglecting the higher order 

terms, ∆0i and combining the vectors of corrections one arrives to the following 

relationship 

 mA∆∆t =  (3.12) 

where ∆∆∆∆t is the time residual ti - ti
0, A is a matrix of partial derivatives and ∆∆∆∆m is the 

model adjustment vector. 

The partial derivatives of velocity are calculated during forward ray tracing 

using the Fermat’s principle (Lutter et al., 1990) 
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where L is the ray travel path, v is the unperturbed velocity and kvv ∂∂ is the change in 

velocity at a point selected for inversion along the ray and s∂  is the arc length along the 

unperturbed ray.  

The layer boundary partial derivatives have been derived by simple geometrical 

considerations by Spence et al. (1985) and Zelt and Smith (1992) and are 
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where θ1 is the angle of incidence, θ2 is the angle of refraction, v1 is the velocity above 

the node boundary and v2 is the velocity below the node boundary, ∆xl=x-x1 for the right 

endpoint, ∆xl= x2-x for the left endpoint, ∆X=x2-x1 and angle α, shown in Figure 3.26. 

δz 

x1 x x2 

x 

z α 

δl  
δh  

α v1 

v2 

 

Figure 3.26. Redrawn from Zelt and Smith (1992). The variables in the derivation of the dt/dz. The 
thick black line represents the boundary in question. 

 Due to the inverse problem being overdetermined a damped least-squares (Aki 

and Richards, 1980) approach is used to solve for ∆∆∆∆m 

 ( ) ∆tCACACA∆m 1
t

T11
m

1
t

T −−−− += D  (3.15) 

where Ct and Cm are estimated and model covariance matrices (diagonal matrices 

comprising standard deviations of model parameters, m, and estimated travel times, t) 

and D is the damping parameter. For more detail see Zelt and Smith (1992), Spence et 

al. (1985), Lutter et al. (1990), Aki and Richards (1980). 

 

3.3.2 Results 

The following is an account of the results of inversion carried out using the RAYINVR 

and RayGUI2 packages. 

 

3.3.2.1 NS traverse 

The number of nodes that make up the final forward models is very large. The NS 

traverse consists of 208 nodes and with three parameters at each node (the node depth, 

velocity above and velocity below), the over number of variables is 624. This number is 

much bigger than the number of available observations (143 travel times from four 

quarries), hence a reduction of model parameters used in inversion is required. As a 
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result only the parameters within close proximity to the HVZ have been chosen to vary, 

identified by black dots in Figure 3.27 (top). The result of inversion is shown in Figure 

3.27 (middle).  

 

Figure 3.27. Top: the final forward model for the NS traverse with the nodes selected for inversion 
(black dots). The parameters selected are velocity at the top and bottom of the node and its depth. 
Middle: the result of inversion with the rays traced through the inverted model. Bottom: theoretical 
and actual travel times. 

The inversion was successfully carried out on the NS profile. Based on the 

quality of the fit between the theoretical and actual travel times, 37 nodes (111 

parameters) were selected for inversion. No marked improvement in the fit between the 

theoretical and actual travel times is visible and the HVZ remains in its original 

position, however, there is some variation in velocities and depths. The major result to 

come out of inversion is the decrease of depth of the mid-crustal boundary above the 

HVZ. This is considered as extension of the HVZ into the upper crust. Whether the zone 

is part of the mantle or lower crust is discussed in Chapter 5. 
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3.3.2.2 EW traverse 

The EW traverse consists of 211 nodes making the overall number of variables 633. 

This number is too, much bigger than the number of available observations (133 travel 

times from five sources). Similarly to the NS traverse, the parameters within close 

proximity to the HVZ have been chosen to vary. However, apart from those parameters, 

the Moho boundary was chosen for inversion. This was carried out in hope of better 

fitting the Hines Hill blast data to the model. The input model and the result of inversion 

are presented in Figure 3.28. 

 

Figure 3.28. Top: the final forward model for the EW traverse with the nodes selected for inversion 
(black dots). The parameters selected are velocity at the top and bottom of the node and its depth. 
Middle: the result of inversion with the rays from the Red Hill and Hines Hill sources, traced 
through the inverted model. Bottom: theoretical and actual travel times. 

33 nodes were selected for inversion (Fig. 3.27). No significant improvement in 

the fit between the theoretical and actual travel times has been obtained and the HVZ 

remains in its original position. As with the NS traverse inversion, some variation in 

velocities and depths are observed. The major difference between the final forward 

model and the inverted model is the decrease of depth of the Moho boundary in the west 
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of the traverse. This provides a better fit for the Hines Hill data, however the ray 

coverage in the section of the traverse is sparse and hence this decrease in depth is 

ambiguous. The HVZ is further discussed in Chapter 5. 



 

 

 

 

 

Chapter 4 

 

Inversion of Earthquake Data 

 

The southwest of Western Australia, in particular the southwest of the Yilgarn Craton, 

contains a zone of intra-plate seismicity referred to as the South West Seismic Zone. 

Earthquakes are frequent, but rarely of large magnitude. Events at Meckering (ML 6.9, 

1968), Calingiri (ML 5.9, 1970) and Cadoux (ML 6.1, 1979) caused large surface 

faulting and resulted in extensive damage (Denham et al., 1980). Recently, on the 12th 

of June 2005, ML 4.3 and 4.5 earthquakes occurred southwest of Cadoux and west of 

Burakin respectively and on the 22nd of September 2005, a ML 4.1 earthquake occurred 

NE of Kalannie. Overall, over three thousand seismic events occurred between 1960 

and 2003 in the southwest of Western Australia (Fig. 4.1), of those, 28 were ML 4.0 or 

more. The hypocentre location data for these events have been obtained from the 

Geoscience Australia database. 

The high level of considerable seismic activity of the SWSZ has led to the 

installation of permanent seismic recording stations within the region. Mundaring, 

Ballidu, Kellerberrin, Rocky Gully, Morawa and Narrogin are Geoscience Australia 

stations in the southwest of WA, (Fig. 4.2). Apart from these, a number of temporary 

stations have also been deployed there between 1990 and 2003. Overall 31 permanent 

and temporary Geoscience Australia stations within the SWSZ have recorded events 

originating from the SWSZ. 
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Figure 4.1: All recorded events between 1960 and 2003 in the southwest of Western Australia 
(Geoscience Australia EQLOCL database). 

The recordings of the earthquakes at the permanent seismic stations provide another 

source of information about the local seismic velocity.   These data have been combined 

with the data used in the construction of the NS and EW traverses, plus the earlier AOB 

and XOY traverses (Dentith et al., 2000), in the 3D P-wave velocity inversion. 

 
Figure 4.2: All seismic stations used in 3D inversion. 
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4.1 Method 

The method used to analyse the earthquake data is based on that of Benz and Smith 

(1984). It has been modified to include Joint Hypocentre Determination (Pujol, 1988) 

techniques. The full details of the method may be found in the above-cited papers; here 

a compact summary of the method is presented. 

 

4.1.1 The forward problem 

The exact traveltime of the wave from the earthquake source to a receiver may be 

written in the following manner 
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where Tij is the observed travel time from the i-th event recorded at the j-th station, Tij
0 

is a theoretical time calculated by forward ray tracing, ∆xi, ∆yi, ∆zi and ∆0i are 

adjustments to the source location and ∆vk is the correction to the k-th parameter of the 

velocity model and N is the number of blocks in the velocity model used for forward ray 

tracing. For all events, this can be written in matrix form 

 vh
rrr ∆+∆= BAγ  (4.2) 

where γr  is the time residual Tij - Tij
0, A is a matrix of hypocentral partial derivatives 

and B is the matrix of velocity partial derivatives that can be calculated during the ray 

tracing stage. 

 

4.1.2 Inversion 

For the i-th event, recorded at d stations. 

 vh iii

rrr
∆+∆= BAγ  (4.3) 

Note that the problem (4.3) is both overdetermined (for matrix Ai) and underdetermined 

(for matrix Bi). The reason it is overdetermined for A i is that if event i has been 

recorded at more than four stations, then there are more than four equations in four 

unknowns. It is underdetermined for Bi because the number of parameters in the model, 

N, may be larger then the number of observations (four or more). To remove the effect 

of the overdetermined system Ai, decompose Ai into a product of U, which is a d×d 
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matrix of orthogonal eigenvectors of AA T, Λ is a d×p matrix of singular values of A; 

and V, a p×p matrix of four orthogonal eigenvectors of ATA. 

 TVUΛA =i  (4.4) 

Now partition U as U=[U2 U1 U0], where U2 is the first r columns of U, corresponding 

to the r singular values of A, U1 is the p-r columns of U and U0 – the remaining d-p 

columns of U. 

Now operate on 4.3 by U0
T and U1

T 
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similarly for U1
T 
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Now the two systems can be augmented to each other to form a single system. Pujol 

(1988) noted that even though the model corrections are decoupled from the location 

correction, they are not unrelated; hence U0 and U1 have been kept in the system. Due to 

the iterative nature of inversion, the location corrections depend on the model 

corrections computed in the previous iteration. Therefore the new system is 

 vΗ
r∆′= B  (4.7) 

where ( )TTT UU iiΗ γγ rr
10= , ( )TTT BUBUB ii 10=′ . 

The approximate solution of 4.7 is 

 ( ) Hv iii
TT BBB '''

1−
=∆r

 (4.8) 

but its stability can be manually monitored if a damped least squares method is used. 

The matrix B'  can be decomposed using a singular value decomposition technique  

 T
BBB VΛUB ='  (4.9) 

Then the inverse operator for equation (4.7) is 

 ( )( ) T
B

T
B UIΛΛΛVB

121'
−− += θ  (4.10) 

where θ 2 is a damping factor. By decreasing this damping factor after each iteration, 

stability is achieved for the model parameters, and the velocity corrections are realistic. 

The solution of 4.7 is 
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 Hv B′=∆r

 (4.11) 

Now one can solve for the hypocentre corrections by solving the following equation by 

the least squares method. 

 vh iii

rrr
∆−=∆ BA γ  (4.12) 

Henceforth, an iterative procedure is established to invert the earthquake data for 

velocity corrections v
r∆ . The hypocentral corrections, h

r
∆ , are recomputed iteratively 

 ( )( )vh iiii

rrr
∆−=∆ BAA T γ  (4.13) 

This process is terminated when some cut-off criterion has been achieved. This cut-off 

criterion could be either the number of iterations or non-improvement of the RMS travel 

times. 

 

4.2 Data 

The data used in inversion comprises both natural and controlled seismic sources. Here, 

the earthquake and quarry blast data have been used. 

 

4.2.1 Earthquake data 

The data used in inversion was acquired from Geoscience Australia (GA) in 2004. It 

comprises P-wave and, to a lesser extent, S-wave picks for over twelve thousand events 

from all around the world, recorded by all Australian seismic stations. It is in the format 

used by the EQLOCL software, a computer package used by GA to locate events in the 

SWSZ. The crustal model used for location of events is WA2 (Dent, 1989). A new 

computer package has been developed to filter out the events and stations outside the 

SWSZ (Fig. 4.1). This code also removed events that have been recorded at less than 

four stations. This procedure was carried out to remove data that does not contribute to 

the inversion. An event recorded at three or less stations may not be accurately located 

unless P- and S-waves are used. Due to the software using the P-waves only, such 

events were excluded. Overall, 242 natural seismic events have been recorded on 31 

permanent and temporary seismic recording stations within the SWSZ. 

One should note that the majority of these events are in the vicinity of the 

Jimperding Metamorphic Belt (JMB), and so close to the boundary between the Lake 

Grace and Boddington terranes. Locations of these events define the SWSZ as shown 

on Figure 1.4. Previously it has been hypothesised that the cause of the seismicity is a 

‘rift-pillow’, a mafic intrusion that formed during a failed rifting event, similar to the 
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New Madrid Seismic Zone (Grana and Richardson, 1996; Dentith et al. 2000). 

However, recent research indicates that reactivation of an east-dipping suture zone 

between the Boddington and the Lake Grace terranes (Wilde et al., 1996; Dentith and 

Featherstone, 2003) is the primary control on the seismicity. It is thought that the latter 

has been thrust onto the Boddington terrane (Wilde et al., 1996). One of the secondary 

controls on the seismicity in the SWSZ is thought to be concentration of stresses caused 

by accommodation of movements along major faults (Dentith and Featherstone, 2003; 

and Talwani, 1999).  

 

Figure 4.3: The relationship between earthquakes used in inversion, JMB and terrane boundaries. 

 

4.2.2 Controlled source seismic data 

In addition to the earthquake hypocentre data described above, quarry blasts from the 

two seismic refraction surveys have been included in inversion. These quarry data 

comprise the AGSO data from 1983; and the contemporary data acquired for the NS 

and EW traverses. Both datasets have been filtered to only include the first breaks of the 

signal. The locations of the recording stations are shown in Figure 4.2. 

 

4.3 Inversion 

Inversion was carried out using TOMO software developed by Benz (Benz and Smith, 

1984) with some minor modifications by Chen (1990). The complete C++ code, 

augmented by the exact joint hypocentral determination (Pujol, 1988), has been 
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obtained from professor Jose Pujol, of Memphis University, USA. It was installed on a 

PC (Red Hat Linux 9) and tested to comply with the known specifications and a 

sensitivity tests were carried out to determine the reliability of inversion. 

 A sensitivity analysis of tomographic inversion is an important indication of the 

scale of features and their relative positions that can be resolved using the particular 

code and the inversion parameters involved. The scale information obtained from these 

tests (Figures 4.4 and 4.5) is used to identify which of the identified anomalies can be 

interpreted as anomalous bodies and which are artefacts of the inversion process. These 

tests, along with the ray coverage diagrams (Figure4.6) also show the extent of reliable 

inversion. The test model is constructed using WA2 model in the area of highest ray 

coverage (Figure 4.6) with 50×50×10 km anomalous blocks of increased velocity (8 

km/s) within the upper crust in a pattern shown in Figure 4.4. 

 

Figure 4.4: The original test pattern used in sensitivity analysis. The forward ray tracing is carried 
out using this model. 

 The forward ray tracing is carried out by the TOMO code. The inversion model 

comprises blocks of 10×10×2 km size. The results of forward ray tracing are then fed 

back into the software for inversion. The result of inversion is shown in Figure 4.5. The 

recovery of the westernmost part of the area is very good. The relative positions of the 

low and highs of the recovered data coincide with the sought after model. This is also 

evident along and south of the EW line (32° S). These phenomena are due to high 

density of recording stations along these lines. The areas to the north of the EW line are 

less well defined, however the relative highs and lows of the sought after model can be 
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identified. The algorithm appears to fall down in the northeast corner of the incersion 

area (Figure 4.5). However this is due to a high concentration of events (Burakin 

swarm, Leonard, 2003) on the boundary between low and high model blocks (Figure 

4.4). In this particular case the algorithm found the average value between those two 

cells. Overall, the code is able to identify relative positions of the highs and lows of the 

sought after model. Hence, the code is admitted for inversion of earthquake and quarry 

blast travel time data with condition that the result is only reliable in the area of 

reasonable ray coverage (Figure 4.6). Note that it is the relative position of the low and 

highs that are sought in the inversion. The actual P-wave velocity parameters of the 

HVZ are determined from the 2D inversion along the NS and EW lines. 

 

Figure 4.5: The recovered model for the sensitivity analysis. 

The input data contains earthquake hypocentre data (1986 – 2005) and quarry 

blast data from 1983 and 2002-2005. For each event only the P-wave picks have been 

used. For earthquake data, each pick was assigned a weight from a Geoscience Australia 

hypocentre location program, EQLOCL. For quarry blasts data a weight of 1 was 

assigned throughout. 

 

4.3.1 Initial model 

The origin of the model was set at 29oS and 116oE. The model covers 350 km east and 

560 km south of the origin. Its depth is 42 km. This covers the southwestern part of the 

Yilgarn Craton. The flat, two-layer model for the algorithm has linear velocity gradients 
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(Table 4.1) within each layer and discontinuities at 20 km, representing the upper/lower 

crust boundary, and at 34 km, representing a lower crust/mantle boundary.  

Table 4.1: The initial velocity model for inversion 

Layer Depth (km) Upper P-Wave Velocity 
(km/s) 

Lower P-Wave 
Velocity (km/s) 

Upper Crust 0 5.94 6.35 

Lower Crust 20 6.85 7.05 

Mantle 34 8.25 8.31 

 

As above, the model was subdivided into rectangular blocks of 10×10×2 km 

size. Fourteen iterations have been carried out to invert the data, with progressively 

smoother modelling parameters. Figure 4.6 shows the ray coverage achieved by the 

events used in inversion. The ray coverage is greatly influenced by the number and 

location of seismic events. Indeed, for hypocentre and velocity inversion to be accurate 

the subject area should be well covered by the rays with different directions and offsets 

(connecting the hypocentres to the recording stations). The majority of the seismic 

events used here are located between four permanent stations: Ballidu, Mundaring, 

Narrogin and Kellerberrin. However, only the triangular area formed by Ballidu, 

Mundaring, and Kellerberrin stations is considered reliable. This is due to the non-

intersecting ray paths of the events recorded in the vicinity of the Narrogin seismic 

station (Fig 4.6). To increase the area of reliability of inversion the seismic refraction 

data, modelled in Chapter 3, is used here as well. In addition to these data, the refraction 

data from the 1983 AGSO experiments are utilised too. Overall four seismic refraction 

traverses are used. There are at least three sources along each traverse. The hypocentre 

location for each source is taken as the coordinates of the quarry blasts and zero depth. 

The origin time for each quarry blast is zeros seconds. Due to the high density of 

stations along these traverses, the ray coverage from these available sources along each 

traverse is more than adequate. The ray travel paths along each traverse intersect most 

of the ray travel paths from each seismic event, thus giving good ray coverage for the 

area defined by NBYS, Fig 4.6D. The final inversion area and the area of high inversion 

reliability are shown in Figure 4.6. 
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Figure 4.6: Ray coverage achieved by earthquakes used in inversion. (A) Coverage of the upper 
crust. (B) Coverage of the lower crust. (C) Coverage of the Moho. (D) The reliability of inversion 
and all recording stations used in inversion. 

 
4.3.2 Quality control 

The most successful fit of the model to the earthquake data was achieved during the 10th 

iteration (Fig. 4.7). The model used in this iteration is the final model shown in Figures 

4.8-4.15. The initial RMS1, INV=1.69 was reduced to RMS10, INV=1.05, which is a 38% 

improvement of the fit of the model to the data. Note that the initial RMS1 is still better 

than the RMS1, WA2=1.85 of the WA2 model, used to locate the earthquakes by 

Geoscience Australia. 
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Figure 4.7: The RMS residual of the earthquake and quarry travel times. 

Note that lower RMS residual is possible if the damping and smoothness of the model 

are not as constricted as they are in these results.  However, that results in: reduction of 

total number events used to less than one hundred and a non-smooth model. The general 

traits of the HVZ, presented in Figures 4.8-4.15, are preserved but a number of areas 

with increased velocity appear at the locations of the most commonly used recording 

stations (Ballidu, Mundaring, Kellerberrin, Narrogin) and also the quarry sources (A 

and B, Fig. 4.2)). There, the surface P-wave velocities increase from 6 km/s to 6.5 km/s, 

which is not consistent with previous models for the upper crust (Dentith et al., 2000). 

 

4.3.3 Result of inversion 

The result of inversion is a 3D block model that defines the P-wave velocity structure 

within the southwest of the Yilgarn Craton. Figures 4.4-4.7 show the depth slices and 

velocities at those depths. The most interesting feature of the inversion result is a 

presence of a volume defined by the 7.25 – 8.15 km/s velocity range (Fig. 4.10), which 

shall be called the High Velocity Zone, HVZ. The initial model did not contain a 

velocity layer with these anomalous specifications. Hence this feature is independently 

produced by the inversion procedure. The significance of this volume will be discussed 

in detail in Chapter 5; however, one should note that such a zone has previously been 

seen on a single cross section (Dentith et al., 2000) as well as the traverses described in 

Chapter 3, but this is the first time it has been mapped in 3D. The northern boundary of 

the anomaly is well defined due to a large number of events in this area. In contrast, the 

southern extent of this anomaly is unclear due to lack of data along the BY and SY lines 

(Fig. 4.6). 
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A  

B  

Figure 4.8: Depth slices and the P-wave velocities at depths: (A) 5 km depth; (B) 10 km depth. 
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Figure 4.9: Depth slices and the P-wave velocities at depths: (A) 15 km depth; (B) 20 km depth. 
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Figure 4.10: Depth slices and the P-wave velocities at depths: (A) 25 km depth; (B) 30 km depth. 
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A  
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Figure 4.11: Depth slices and the P-wave velocities at depths: (A) 35 km depth; (B) 40 km depth. 
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Figure 4.12: The High Velocity Zone and its relation to the NS (blue) and EW (red) traverses. 

The size of the anomaly in Figures 4.10 and 4.11 varies with depth from 60 km to over 

150 km. This is larger than the anomalies correctly reproduced in the test inversion (Fig. 

4.4 and 4.5). The anomaly is also within the reliable inversion area also defined by the 

sensitivity tests. This anomaly is therefore admitted as a result and not an artefact of 

inversion. This is further supported in the comparisons made in Chapter 5. 

The secondary result of the inversion process is the mapping of the upper/lower 

crust and lower crust/ Moho boundaries by contouring the depths to relevant velocity 

ranges and considering their velocity profiles. These velocity profiles at location V (Fig. 

4.6D) are shown in Figure 4.13. Note that three profiles exhibit the same traits: an 

increase of velocity from 6.35 km/s to 6.85 km/s; and an increase from 7.05 km/s to 

8.25 km/s; whilst the fourth, WA2 model is comprehensively different. The first sharp 

change in velocity is consistent with the upper/lower crust boundary; whist the latter is 

consistent with the Moho. A complete discussion of these velocity profiles is presented 

in Chapter 5 (section 5.2.3).  Now one can carry out the mapping of the boundaries. The 

top of the upper crust coincides with the topography of the region and is not shown; 

however, top of the lower crust (velocities between 6.85 km/s and 7.05 km/s) is shown 

in Figure 4.14. It is interesting to note that the upper crust thins out considerably, from 

18 km to less than 10km, in the west of the region. If the Moho is taken as the velocities 

more than 8.25 km/s then the average Moho depth for the inversion model does not vary 
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from 36 km. However if one considers the HVZ and the Moho together, a decrease in 

depth is observed to the northwest of the model. The boundary of the HVZ and Moho 

together and the terranes of the Yilgarn Craton are shown in Figure 4.15. 

 

Figure 4.13: The velocity profiles of the starting (green), final inversion models (red), the 2D 
tomography from Chapter 3 (blue) and the WA2 model used by GA to locate earthquakes in the 
SWSZ (black). 

 
Figure 4.14: Depth of the upper crust (top of the lower crust) determined by the 5.95 – 6.35 km/s 
velocity slice. 
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Figure 4.15: HVZ and Moho depths, determined by the 7.25 – 8.35 km/s velocity slice, and terrane 

boundaries. 

 

4.3.4 Comparison between the inversion and receiver function models 

As it was noted earlier, some receiver function models were derived for the Yilgarn 

Craton and Australian plate in general (Clitheroe et al., 2000; Reading et al., 2003; 

Collins et al., 2003). The latter study in particular identifies the Moho at the 36 km 

depth with velocities of 8.2 – 8.4 km/s. The former two studies present models where 

the Moho changes from 44 km depth beneath the Darling Fault to 35 km in the east of 

the craton, also with velocities in the 8.2 – 8.4 km/s range. Here, the model derived by 

inversion has the average depth of the Moho of 36 km (Fig 4.15). This is in agreement 

with the above-mentioned papers. Note that the variation of Moho depth cannot be 

assessed using the model derived by the inversion due to poor ray coverage in the 

eastern part of the model. 
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4.4 Gravity Modeling 

To independently verify the presence of the HVZ, a simple gravity modelling routine 

has been implemented utilising the method described by Telford et al. (1990). The 

velocity block model was transformed into a density block model using the relations 

presented in Barton (1986). To allow calculation of the relative gravity signature, the 

boundaries of the block model were extended beyond their actual location by copying 

the boundary values. Figure 4.16 shows the resultant relative gravity map for the area 

underlain by the velocity/density block model. 

 
Figure 4.16: The relative gravity anomaly map of the study area.  

Note that the major feature found in this figure is a relative gravity high at 116oE 

and 31oS. This is a significant finding, as a gravity high (both free-air and Bouguer) 

similar to this one is found in the west of the YC (see chapter 1). The implication of this 

feature will be further discussed in chapter 5. 



 

 

 

 

 

Chapter 5 

 

Discussion 

 

The High Velocity Zone within the southwest of the Yilgarn Craton (YC), is a feature 

that has only been clearly seen on one refraction profile before. This feature has now 

been identified within two more refraction profiles, as well as by the 3D velocity model 

produced primarily from earthquake data. However, its full extent is yet to be accurately 

defined. 

 

5.1 Previous modelling attempts 
Prior to the current study, the southwest of the YC was the focus of two major seismic 

refraction studies. However, these earlier studies failed to identify any significant 

structure within the craton. It was not until 2000, that Dentith et al. (2000) identified a 

possible anomaly within the data. 

 

5.1.1 Recognition in the data 

It could be argued that the model for the southwest presented by Mathur in 1974 

partially recognised presence of the HVZ. The velocity characteristics of each 

individual layer, within the three-layer over mantle model presented in that paper, are 

consistent with the upper and lower crusts as well as the anomalous zone. However, the 

anomalous zone was not recognises as such, but rather as a layer, extending throughout 

the YC. 
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The three-layer model is simple enough, but it was later shown (Mohamed, 1985 

and Drummond, 1988) that a two-layer model is applicable; hence the simpler model 

became accepted. The rigorous interpretation of the AGSO data by Dentith et al. (2000) 

has reinforced this two-layer model, but also raised a question about the presence of the 

HVZ. 

Six AGSO seismic refraction profiles have been studied by Dentith et al. (2000) 

but only on one of these was there strong evidence for the HVZ.  The northeastern end-

located source on the AOB profile, Koolyanobbing, had strong first breaks throughout 

the profile. These data contained two sets of Moho arrivals. More importantly, one of 

these sets has significantly earlier first arrivals than the other and modelling of these 

data required an anomalous, high velocity zone to be present within the lower crust. The 

central shot on this profile (Corrigin,O) confirmed the presence of the HVZ from the 

asymmetry of the T-x curves recorded in opposite directions. 

 

5.1.2 Extent of the initial HVZ model 

Initially, the HVZ was identified at one location, the intersection of the AOB and the 

XOY lines (Fig. 1.5). However, the XOY traverses do not contain refracted arrivals 

from the Moho that did not come from anomalous zones (Figure 12 in Dentith et al., 

2000). In fact the only Moho arrivals on the XOY traverse are on the New Norcia 

profile and these come from the HVZ. Therefore, theoretically it is possible to extend 

the HVZ in either or both directions along the XOY profile. This may not be carried out 

on the AOB profile because the Koolyanobbing and Corrigin data (sources at locations 

O and B, Figure 4.3D) constrain the location of the HVZ. Hence, these data do not 

constrain the extent and orientation of the HVZ, other than it crosses the AOB profile 

once (Figure 4.3D). 

 

5.2 Extent of the HVZ 
The old and the new data, as well as the earthquake tomography data provide enough 

information to delineate the extent of the HVZ in the northern part of the southwest of 

the YC in a preliminary fashion. 

 

5.2.1 Linking the old and new refraction data 

The locations of all seismic refraction traverses are shown in Figure 4.2. The new and 

old traverses intersect at a number of locations. Generally, the new and old data contain 
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similar P-wave velocity characteristics for the upper and lower crusts and the mantle. 

Intersections of the XOY, NS and EW profiles define the location of the HVZ within 

the study area. Intersections of the EW and NS profiles with the AOB traverse are 

insignificant with respect to the delineation of the HVZ. Consider first the intersection 

of the NS and XOY traverses. 

The NS and XOY profiles complement each other to define the location of the 

HVZ in the vicinity of their intersection. Whilst the NS and XOY traverses do no 

actually share recording stations, the projected intersection of these two profiles would 

occur approximately 40 km south of the Moora source on the NS profile. The 2D ray 

tracing along the NS traverse identified a HVZ 70 km south of the Moora source. Ray 

tracing along the XOY traverse identified a HVZ 150 km southeast of the New Norcia 

source. Whilst this might seem contradictory, it is not. This is due to ambiguity of the 

interpretation of the New Norcia data and as a consequence, ability to extend the HVZ 

zone along the XOY traverse in the northwesterly direction without affecting the fit of 

the XOY first break picks. 

Another explanation for the location of the HVZ identified on the XOY traverse 

may be that the HVZ is not actually located in the vertical plane that forms the XOY 

traverse. The HVZ may be located to the southwest or the northeast of the XOY 

traverse. Thus some of the actual ray paths of the New Norcia (Moho arrivals) shot may 

be out of the vertical plane that forms the XOY traverse. If the HVZ is to the southwest 

then its location is confirmed by the NS traverse. If, it is to the northeast, then there is a 

possibility of multiple HVZs. 

Consider now the intersection of the EW and XOY traverses, which share a 

common recording station. The intersection occurs 120 km east of the Red Hill source 

on the EW profile and 175 km southeast of the New Norcia source on the XOY profile 

(Figure 4.1). Ray tracing along both profiles identifies a HVZ at this location and is in 

accordance with previous suggestion that the HVZ extends northwesterly along the 

XOY profile. 

 

5.2.2 Earthquake data 

The study area is predisposed to 3D seismic tomography due to presence of intraplate 

seismic activity in the South West Seismic Zone in the southwest of the YC and 

considerable mining activity, resulting in large quarry blasts. A moderate volume of 

earthquake data has been collected over the last 20 years. These data have been filtered 
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to contain well-recorded earthquakes and supplemented by the quarry data, used in 2D 

ray tracing described before. Figure 4.3 shows the ray coverage achieved by the data. 

Unfortunately the data do not provide enough information about the southeastern part of 

the study area, triangle AOY, formed by source locations of the 1983 AGSO study. It 

does, however provide reasonable ray coverage in the ABX triangle, which contains 

most of the earthquake activity (Figure 4.2). 

 

5.2.3 Linking Earthquake and refraction data 

It is interesting to compare the velocity models derived from the 2D and 3D 

interpretations, although it should be remembered that the 2D models for NS and EW 

traverses are contained within the 3D model produced by inversion of earthquake 

hypocentres.  

 

5.2.3.1 NS traverse in 3D tomography 

An alternative model for the NS traverse is obtained from the 3D model by considering 

its westernmost slice. A slice is a 2D plot of velocities along any given direction on the 

surface of the 3D model. In this case the direction of the slice is the NS traverse, which 

is fully contained within the 3D model. The 2D tomography model and this alternative 

model are shown in Figure 5.1. Significantly, there are a similarities as well as 

differences between these two models. 

 
Figure 5.1: P-wave velocity model for the NS traverse. (A) From 2D tomography. (B) From 3D 
tomography. 
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The HVZ is present in both models. Its location within the upper crust is 

identical; confirming the presence of the HVZ within the southwest of the Yilgarn. 

Despite this, there are some differences in the models. 

The Moho is shallower in the alternate model (34 km) than in the 2D model (40 

km). The HVZ is also much broader in the alternative model. However, the most 

significant feature of the alternative model is absence of the high velocity core of the 

HVZ. Whilst the first difference is due to the design of the initial model, which 

contained the average depths to the upper/lower crust and Moho boundaries, the second 

and the third differences are artefacts of the 3D inversion process caused by the poor ray 

coverage along the NS traverse and limitation of the software. Indeed, only two natural 

sources and one controlled source provide the Moho ray coverage along the western 

side of the inversion area (Figure 4.3C). On the other hand, ray coverage of the upper 

and lower crusts comprises four controlled sources with high density of stations. 

Inversion process fits the upper crust data well, but a slight misfit of Moho data is 

unused due to the regularisation process in inversion. The inversion process also 

controls the amount of velocity increase within each block, making sure that the 

resultant model is smooth. This constrains the amount of velocity variation within the 

model. However, this can be easily done in 2D inversion. Indeed, a 2D model with the 

HVZ in the upper crust and no HVZ in the lower crust has been tested in chapter 3 

(Figure 3.8) and it was found that it is insufficient to model the refraction data. Also 

note that the two models do not contradict each other in areas where they are most 

reliable. In fact if one considers only the upper crusts, the models are similar and 

complement each other. 

 

5.2.3.2 EW traverse in 3D tomography 

An alternative model for the EW traverse may be obtained in the same fashion as the 

alternative NS traverse model. There are a number of similarities between these models 

(Figure 5.2). The depth to the upper/lower crust boundary increases in both models and 

the location (225 km along the traverse, 34 km depth) and size of the HVZ are almost 

identical in both models. This is due to good ray coverage along the traverse. Note that 

in contrast to the alternative NS model, the lower crust along the EW traverse is densely 

covered by the off-line source, which is perpendicular to the traverse (the Collie 

source). This provides unprecedented ray coverage across the EW traverse. In this case 

the inversion ray paths are independent of each other and are more reliable. 
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Figure 5.2: P-wave velocity model for the EW traverse. (A) From 2D tomography. (B) From 3D 
tomography. 

The major difference in the two models is the absence of the high velocity core 

of the HVZ. This is due to the limitation imposed by the inversion software on the 

amount of variation of velocity within each model. Apart from this the models 

complement each other. 

 

5.2.3.3 Linking the seismic, earthquake and gravity data 

The volume shown in Figure 4.10 is characterized by anomalous velocities not included 

in the initial 3D model defined prior to running the inversion. These anomalous 

velocities are thus, a result of inversion. Such a zone has previously been seen at 

intersection of the AOB and XOY traverses, but this is the first time it has been mapped 

in 3D. In fact, the three loci of the HVZ found by intersecting the AOB traverse with 

NS and EW traverses coincide with the volume defined by the tomographic inversion 

(Figure 4.8). The HVZ is also present at the intersection of the AOB and XOY 

traverses, which is the result of the initial interpretation by Dentith et al. (2000).  

 Existence of the HVZ is validated by its gravity signature. The result of the 

forward modelling of the velocity block model shown in Figure 4.14 can be correlated 

with the actual gravity data measurements shown in Figure 1.4. In fact both figures 

show a distinct gravity anomaly near 116.25oE and 31.25oS. Moreover the general 
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southeast trend of the increases gravity signature in Figure 4.14 follows the actual 

gravity trend (Fig. 1.4). 

 

5.2.4 Limitations of the data 

The extent of the HVZ is defined only in the west and the northwest of the study area. 

Despite the abundance of the data in the ABX triangle the ABY triangle lacks both 

well-recorded earthquakes and refraction data (Fig. 4.4D). The use of the AGSO data in 

the tomographic inversion would have improved the situation had the Lake Magenta 

shot in the southeast of the XOY traverse not been so poor (Dentith et al., 2000). More 

importantly, the off-line Collie and Koolyanobbing shots were not recorded on the XOY 

traverse. This would have provided a set of data that comes from an off-line source, thus 

covering the whole of the AXBY rectangle. Hence the southeastern extent of the HVZ 

is not defined well by seismic methods. Gravity methods might be used to delineate the 

extent of the HVZ in the ABY triangle, but that is beyond the scope of this study. The 

methods for correcting this situation will be discussed further in the text. 

 

5.3 Mantle or crust? 
The lateral extent of the HVZ is shown in Figures 4.10 and 4.13. However, this 

anomalous feature has varying thickness and extent. The zone itself lies directly above 

the crust/mantle boundary, occupying the 25-40 km depth range. The HVZ is modelled 

to have a P-wave velocity range of 7.3 km/s - 8.1 km/s in its core. It is more prominent 

in the northwestern part of the study area, where it has a 20 km thickness, than in its 

central part, where it has a 15 km thickness. This is observed in Figures 3.27 and 3.28. 

The average P-wave velocities observed within the zone (7.45 km/s) are considerably 

higher (on average, by approximately 5.5%) than the surrounding lower crust velocities, 

however they are lower (on average, by approximately 10.7%) than the mantle 

velocities. Hence there is ambiguity which part of the HVZ is part of the mantle and 

which is part of the crust. 

 

5.3.1 Modelling as a boundary 

An attempt to model the structure along the NS traverse as a boundary anomaly is 

presented in Figure 3.10. In this case the mantle velocities were “upward continued” 

with respect to the velocity gradient, whilst the lower crust velocities remained the 

same. This approach has been utilised in Section 3.2.1.3 and was shown to result in 
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anomalously shallow Moho of 20 km.  Such Moho depths are unrealistic. Moreover, ray 

tracing through this model does not produce a good enough fit of the theoretical travel 

times to the actual picks. Gradational changes within the lower crust are required to 

realistically model the data. 

 Despite this the question of whether the anomaly is part of the mantle or crust 

remains open. The certainty is in the presence of an anomalous body just above the 

supposed crust/mantle boundary. 

 

5.3.2 Modelling as a crustal anomaly 

This approach of modelling the responses in terms of a crustal anomaly has been 

adopted throughout Chapter three. The main difference between this approach and 

modelling the anomaly as a boundary is that it includes gradational changes in velocity 

of the anomaly (Figures 3.9, 3.11, 3.20-3.25). These changes account for the vertical 

velocity gradient within the crust. Also, this approach does not require extremely 

shallow Moho (Fig. 3.10) and hence is more realistic. 

 

5.4 High velocity zone and surface features 

The presence of an anomalous body, HVZ - defined as parts of the 3D model that 

contain velocities in the 7.25-8.1 km/s range, within the vicinity of the mantle/crust 

boundary is thought to have influenced surface features within the study area. Indeed, 

there are a number of features that may be linked with presence of the HVZ. For 

example, presence of a metamorphic belt, within the southwest of the YC, and 

considerable intraplate seismicity may be the result of existence of the HVZ. 

 

5.4.1 Terrane boundaries 

The geology of the southwest of the YC has been discussed in Chapter one. Figure 1.3 

shows the subdivision of the southwest of the YC into three terranes, the Balingup, 

Boddington and Lake Grace terranes. These terranes make up the Western Gneiss 

province of the YC (Wilde et al., 1996). However, the exact locations of the boundaries 

of these terranes are not very well constrained due to poor outcrop and lack of 

geological mapping. Despite this, it is interesting to note that the HVZ underlies the 

northern part of the Boddington and Lake Grace terranes (Figure 1.3). 

The Boddington terrane is very narrow in the north and wide in the south, 

stretching in the south-south-easterly direction from the Darling Fault in the west of the 
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YC to the Albany-Fraser Orogen in the south. The same could be said about the Lake 

Grace terrane, to the east of the Boddington terrane. Wilde et al. (1996) associated the 

northern part of the boundary between these two terranes with a set of well layered 

gneisses called the Jimperding Metamorphic Belt (JMB). The rest of the boundary 

coincides with the Meckering line, a geomorphological feature discussed in Mulcahy 

(1967, 1973) and the Yandanooka - Cape Riche lineament, a gravity feature defined by 

Everingham (1966). It has also been shown that during formation of the YC, the Lake 

Grace terrane has probably been thrust onto the Boddington terrane (Wilde et al., 1996; 

Dentith and Featherstone, 2003). If one now considers the location and shape of the 

HVZ and the JMB, one sees that the JMB is slightly offsets from the HVZ in the 

southwesterly direction, but their shapes are similar. This southwesterly offset is 

consistent with Lake Grace terrane being thrust onto the Boddington terrane (Figure 

5.3).  

Another interesting feature of Figure 5.3 is the location of the westernmost part 

of the HVZ, within the area of reliable inversion. This section of the HVZ is located 

beneath the boundary between the Balingup and Boddington terranes. Also recall Figure 

5.1, where the HVZ extends in to the upper crust, to the north of its high velocity core. 

This correlates with the location of the Chittering metamorphic belt (CMB, Fig. 5.5).  

Hence it is possible that the HVZ and metamorphic belts within the western YC define 

two terrane boundaries. This correlation is important in context of the distribution of 

earthquakes in the SWSZ. 
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Figure 5.3: High velocity zone (HVZ) and its relation to the Jimperding (JMB) and Chittering 
(CMB) metamorphic belts and the terranes of the Yilgarn Craton. 

 

5.4.2 Implications for local seismicity 

A correlation, between intraplate earthquakes and ancient continental rift zones, has 

been identified previously (Basham, 1989; Johnston, 1989) and cited as evidence for th 

zone of weakness model for the seismicity.  However, faults and sutures within the rift 

zone are only one type of zones of weakness and other such zones should not be 

discounted. 

In recent years there have been a number of attempts to model the stress 

distribution within areas of intraplate seismicity. Zoback and Richardson (1996) have 

produced a rigorous model to explain the seismic activity in the Paleozoic Amazonas 

rift in Brazil and the New Madrid Seismic Zone (NMSZ). Pollitz et al. (2001) presented 

a geodynamic model the NMSZ. Some of these ideas may be applied to the SWSZ. 

 

5.4.2.1 Supported anomalous body 

The models presented by Zoback and Richardson (1996) contain a dense rift 

pillow at an angle to the maximum horizontal stress. Its presence is the means for 

rotation of stress in its vicinity and subsequent reactivation of faults. Earthquake and 
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quarry blast tomography in the southwest of the YC indicate presence of anomalous 

bodies in the SWSZ, similar to the NMSZ and the Amazonas rift. Modelling of stress 

trajectories for the whole of the Australian continent (Fig. 5 in Coblentz et al., 1995; 

Fig. 11 in Galybin and Mukhamediev, 2004), based on the data in the www.world-

stress-map.org (Reinecker et al., 2005), indicates general east-west major horizontal 

stress orientation within the southwest of Western Australia. This is a first order trait 

and local variations are present. There is a 23° change in the azimuth of the maximum 

horizontal stress between the YC stress data and the stress data from the Perth Basin 

(Reynolds and Hillis, 2000). Therefore some rotation of the maximum horizontal stress 

is observed (Fig. 5.4) and the supported anomalous body model may be applied here. 

Whether this rotation is due to the HVZ or the boundary between the Perth basin and 

the YC is not known because most of the stress data come from the Boddington – Lake 

Grace terrane boundary and the Perth Basin. 

 
Figure 5.4: Rotation of major horizontal stress in the vicinity of the High Velocity Zone, sourced 
from Reinecker et al., 2005. 

 

5.4.2.2 Strength of Lithosphere 

Zoback and Richardson (1996) have noted that the difference between the abundant 

seismic activity of the New Madrid Seismic Zone and the almost non-existent activity in 

the Midcontinent rift system of USA is probably due to a much stronger lithosphere 
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associated with its temperature. However, thermal weakening has already been shown 

not to correlate with the distribution of seismicity in the SWSZ (Cull, 1982). The 

relation between the age of rift zones and their seismicity levels cannot be applied here 

either. This is because Behrendt et al. (1988) claim that the Midcontinent rift system is 

Keweenawan (1100 Ma), whilst the Amazonas rift is Paleozoic (505 – 245 Ma) and the 

NMSZ is mostly late Cambrian, so the Archaean YC should be even more stable and 

have even less seismic activity than the Midcontinent rift zone. This, however, is not the 

case. Hence, these models are not applicable to description of the strength of lithosphere 

in the SWSZ. 

 

5.4.2.3 Zone of Uplift 

Talwani (1988) has noted that the stress concentration in the vicinity of major faults was 

due to a space accommodation problem associated with movements along these faults. 

An intersecting fault model was proposed to describe the earthquake distribution in 

some regions of intraplate seismicity. Based on these studies, Dentith and Featherstone 

(2003) compared the fault orientation, uplift and earthquake locations of SWSZ to three 

other zones of intraplate seismicity: New Madrid seismic zone; Haicheng, China; and 

Middleton Place-Somerville seismic zone; and found that the model proposed for these 

three regions by Talwani (1999) is applicable to the SWSZ. Note that this model 

describes the epicentre distribution found in the SWSZ, but does not provide a first 

order control on the seismicity. This model is supported by evidence of recent uplift in 

parts of the SWSZ. Wellman and Tracy (1987) presented evidence that an 8 mm/year 

uplift rate is present in parts of the SWSZ. Such uplift would put this area 8 km above 

sea level in one million years. No such rates of uplift have been observed, but the 

evidence for uplift on a much smaller scale is available. The drainage pattern of the 

Avon River does indicate that the there is increase in elevation in the Mawson uplift 

area (Fig. 6 in Dentith and Featherstone, 2003). Evidence of uplift in the YC is 

consistent with modelling carried out by Talwani (1999). 

 

5.5 Seismicity model 

Any geological/tectonic model for the intraplate seismicity of the SWSZ should contain 

the primary causes for failure along major faults and models for epicentre distribution. It 

should also provide explanation for presence of surface features. 
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Geological evidence of a major change in crustal structure in the southwest of 

the YC has been available for a long time (Everingham, 1965). However, the terrane 

model for the YC has been derived comparatively recently (Wilde et al., 1996). The 

geophysical evidence of possible terrane boundaries was originally presented by Dentith 

et al. (2000). Here, the extent of the HVZ has been better defined within the northern 

part of the SWSZ. Its location beneath the main belt of seismic activity and lack of 

evidence for subsidence suggests that the supported anomalous body model of Zoback 

and Richardson (1996) is the main model for stress concentration in the YC. 

The origin of the HVZ is speculative. The HVZ may have formed during rifting 

that occurred in the YC. If this was the case, rifting occurred before 2411 Ma, which is 

the age of the east-west Wigemooltha dyke suite (Fletcher et al., 1987) that penetrates, 

among other YC terranes, the Lake Grace and Boddington terranes.  

Another possible interpretation of the HVZ is that it is old oceanic crust, wedged 

between the Boddington and Lake Grace terranes during assembly of the YC. 

Geological evidence presented by Gee et al. (1986) and Wilde et al. (1996) suggests 

that the JMB is a set of highly metamorphosed shelf sediments. Its spatial relation to the 

HVZ has been discusses earlier, however, the apparent northeasterly dip of the HVZ is 

consistent with research that indicates that the Lake Grace terrane was thrust onto the 

Boddington terrane during the formation of the YC (Wilde et al., 1996). Supporting this 

hypothesis is presence of ultra-mafic rocks in the vicinity of the Lake Grace/Boddington 

terrane boundary (Wilde and Low, 1978).  

The boundary between the Boddington and Lake Grace terranes forms the zone 

of weakness, which in the northern part of the SWSZ is underlain by the HVZ. The 

scenario depicted in the supported anomalous body model is applicable to that area. 

Movement along major faults occurs in that area. Existence of the Narrogin seismic gap 

(NSG) is then explained by the absence of stresses that can reactivate the zone of 

weakness in the NSG. This is due to the absence of the HVZ in that area, which is 

evident from Figure 5.3. On the other hand, the boundary between the Balingup and 

Boddington terranes is not favourable oriented for rotation of horizontal stresses, which 

could explain the absence of seismic activity near the CMB. 
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5.6 The next step 

The results of this research indicate that a HVZ exists in the lower crust of the YC. Its 

boundaries in the North are clear. The southern extent of the zone is yet to be defined. 

This task is important as it can prove or disprove some of the theories presented above. 

 

5.6.1 New seismic data 

The next step in data acquisition should be oriented at identifying the southern extent of 

the HVZ. A new east-west seismic refraction line should be acquired from Collie to 

Lake Grace (AY, Fig. 4.4D). Currently, the Collie coalmines are operational and no 

other sources are known to exist in that area. Hence an approximately north-south line 

through the Westonia gold deposit and Lake Grace area should supplement the east-

west line. Also, a longer deployment time of the recorders may result in acquisition of 

new earthquake data. This would provide adequate ray coverage for the 2D modelling 

and earthquake tomography. 

Further delineation of the northern part of the anomaly requires another east-

west traverse to be acquired along the XB line (Fig. 4.4D). This traverse would provide 

across-line ray coverage from the Collie source and the possible Westonia gold mine 

source (at approximately location B, Fig. 4.4D). The northern part of the NS traverse 

should also be re-acquired if the Westonia gold mine source becomes active. This also 

would provide across-line ray coverage. 

 

5.6.1 Gravity studies 

Gravity studies play an important role in delineating various boundaries between 

structures. In fact the Lake Grace and Boddington terrane boundary is defined by a 

change in the gravity signature. A more detailed study of this region may reveal the 

extent of the HVZ in the southern part of the study area. 

 



 

 

 

 

 

Chapter 6 

 

Conclusions 

 

The major outcome of this study is an improved P-wave velocity model for the 

southwest of the Yilgarn Craton. To achieve this goal, a set of new seismic refraction 

data has been acquired along two perpendicular traverses. The data, comprising 

recordings of delay-fired blasts produced by commercial quarries, have been processed, 

picked and modelled to produce two P-wave velocity models of the two perpendicular 

traverses. 3D tomography, using arrival time data and the earthquake hypocentre 

location data, was utilised to complete this model. 

Processing of delay-fired blasts is challenging due to the complexity of the 

source wavelets. This is because it depends on the number of shots within a blast, the 

amount of explosive in each shot hole and relative delay between each hole. A number 

of methods have been examined to determine the most efficient way to enhance such 

data. It was found that methods based on principal component analysis of particle 

movement in a wave field are the most efficient. These methods were extended from 

data enhancement to picking of the first breaks. An automated picking procedure has 

been developed and utilised to produce a set of picks used in modelling of the travel 

times in the southwest of the Yilgarn Craton. 

The phase data along two perpendicular traverses have been modelled using a 

ray tracing technique, using software developed by Zelt and Smith (1992). A number of 

different models were produced for both traverses, using forward modelling, and the 
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simplest and most realistic two were selected for refinement using inverse modelling. 

The most important features of these models are 

• The crust of the Yilgarn craton may be modelled using two layers, the upper and 

lower crusts. 

• Upper crust is approximately 18-20 km thick; its P-wave velocities are in the 

5.89 – 6.35 km/s range and increase with depth. 

• Lower crust has a variable thickness between 12 km, in the east, and 22 km in 

the west of the Yilgarn Craton. P-wave velocities are in the 6.85 – 7.05 km/s 

range and increase with depth. 

• A high velocity zone is present in both traverses within the lower part of the 

lower crust. The depth to the top of this zone is approximately 20 km. P-wave 

velocities are in the 7.25 – 8.1 km/s range. It has a southeasterly strike and slight 

dip to the northeast. 

• The Moho has 8.25 – 8.45 km/s P-wave velocities. It is considerably shallower 

in the east (32 km) of the Yilgarn Craton then in the west (40 km). The Moho 

depths are consistent with previous research, which indicates similar depths. 

 

The southwest of the Yilgarn Craton contains the South West Seismic Zone, one 

of the world’s most active zones of intra-plate seismicity. The arrival time and 

earthquake hypocentre location data have been used in 3D tomographic inversion. The 

resultant data confirm the results of 2D tomography and supplement the velocity model 

with more detail. For the first time a 3D image of the high velocity zone, within the 

lower crust of the Yilgarn Craton has been produced.  

The relationship between the high velocity zone and various surface features has 

been discussed. The existence of the zone has been verified by gravity modeling of the 

study area. It was noted that the location of the major body of this zone coincides with 

the Jimperding metamorphic belt and the Yandanooka – Cape Riche lineament. The 

former lies between the Lake Grace and Boddington terranes.  The latter is a line, which 

marks a distinctive change in the gravity signature of the region. A part of the high 

velocity zone also correlates with the Chittering metamorphic belt. It is proposed that 

these features are parts of Archaean terrane boundaries formed at the time of the 

assembly of the southwest of the Yilgarn Craton from Balingup, Boddington and Lake 

Grace terranes. 
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Based on spatial coincidence and previous modelling attempts of similar 

features in zones of intraplate seismicity, the local intraplate seismicity and the high 

velocity zone are also thought to be related. It is observed that most of the seismic 

activity occurs directly above the high velocity zone. The zone itself partially extends 

into the upper crust and has links with surface features. It is thought that the seismicity 

is triggered by rotation of maximum horizontal stress to support the high velocity zone, 

which in turn reactivates the suture zone between the Boddington and Lake Grace 

terrane. This is the primary control on the seismicity in the SWSZ. A number of higher 

order controls for distribution of intraplate seismicity have been discussed in relation to 

the available data. The most likely scenario is accommodation of movements along 

major faults, in the suture zone between the Boddington and Lake Grace terranes. 
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Appendix 3 

 
A list of all events recorded by the seismic arrays during various deployments. 
 
Source Type Hour Min Date Deployment Comments 
 
Collie  
Red Hill  
The Lakes 

Coal 
Agg 
Agg 

8 
8 
5 

51 
15 
1 

29/04/2002 
30/04/2002 
6/05/2002 

4 
4 
4 

USED in 3D tomography 
USED 
USED in 3D tomography 

       
Earthquake N/A 5 38 3/07/2003 10  
Collie Coal 7 34 3/07/2003 10  
Moora Silica 9 12 3/07/2003 10 USED Source time 
Collie - Ewington Coal 3 47 4/07/2003 10  
Byford WA Blue Metals Agg 6 34 4/07/2003 10  
Collie - Muja Coal 6 57 4/07/2003 10 USED 
Collie Coal 8 48 4/07/2003 10  
Earthquake N/A 11 0 4/07/2003 10   
       
Collie Coal 5 48 28/07/2003 11  
Collie - Ewington Coal 6 28 28/07/2003 11  
Moora Silica 9 4 28/07/2003 11 USED 
UNKNOWN  16 14 28/07/2003 11  
UNKNOWN  16 19 28/07/2003 11  
The Lakes Agg 4 58 29/07/2003 11 USED in 3D tomography 
Collie - Wesfarmers Coal 5 54 29/07/2003 11  
Collie - Ewington Coal 8 36 29/07/2003 11  
Earthquake N/A 15 36 29/07/2003 11  
Gosnells Ready Mix Agg 7 3 30/07/2003 11  
Collie - Ewington Coal 7 32 30/07/2003 11  
Collie - Muja Coal 9 34 30/07/2003 11 USED 
Three Springs Talc 9 35 30/07/2003 11  
Red Hill Agg 5 55 31/07/2003 11 USED 
Moora Silica 9 1 31/07/2003 11   
       
Earthquake N/A 0 4 17/09/2003 12  
Collie Coal 5 33 17/09/2003 12 USED 
Earthquake N/A   17/09/2003 12  
Collie Coal 9 18 17/09/2003 12  
Red Hill Agg 5 11 18/09/2003 12 USED 
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Collie Coal 5 53 18/09/2003 12  
Earthquake N/A 0 41 19/09/2003 12  
Byford WA Blue Metals Agg 6 32 19/09/2003 12  
The Lakes Agg 7 1 19/09/2003 12 USED in 3D tomography 
Collie Coal 7 17 19/09/2003 12   
       
Earthquake N/A 3 3 24/09/2003 13 Balidu 
Orange Grove Agg 4 34 24/09/2003 13 USED 
Collie Coal 2 46 25/09/2003 13  
Collie Coal 6 58 25/09/2003 13  
Earthquake N/A 9 28 25/09/2003 13 Unconfirmed 
Collie Coal 9 36 25/09/2003 13  
Collie Coal 2 48 26/09/2003 13  
Earthquake N/A 3 48 26/09/2003 13 Unconfirmed 
Collie Coal 8 55 26/09/2003 13  
Collie Coal 9 15 26/09/2003 13   
       
Roadstone Agg 4 30 8/10/2003 14 UNKNOWN 
Collie Coal 5 54 8/10/2003 14  
Gosnells Agg 7 3 8/10/2003 14 Source time - USED 
Roadstone Agg 5 8 9/10/2003 14 UNKNOWN 
Collie Coal 6 46 9/10/2003 14  
Collie Coal 8 50 9/10/2003 14  
Earthquake N/A 3 40 10/10/2003 14  
Collie Coal 8 32 10/10/2003 14  
Collie Coal 9 34 10/10/2003 14   
       
       
Collie Coal 4 2 14/10/2003 15 USED, tie points 

Red Hill Agg 7 6 15/10/2003 15 
USED, Source time and 
tie points 

       

The Lakes Agg 6 58 17/10/2003 16 
USED, Source time and 
tie points 

Collie   5 19 18/10/2003 16 USED, tie points 
       

Byford Pioneer Agg 4 31 22/10/2003 17 
Source time - unused 
due to 

      
synchronisation 
problems 

Collie Coal 5 19 22/10/2003 17 USED 
Red Hill Agg 7 39 22/10/2003 17 USED 
Collie Coal 8 34 22/10/2003 17  
Collie Coal 9 25 22/10/2003 17  
Collie Coal 8 34 23/10/2003 17  
Gosnells Agg 7 2 23/10/2003 17  
Collie Coal 6 39 23/10/2003 17  
Collie Coal 9 8 24/10/2003 17  
Collie Coal 2 31 25/10/2003 17  
Earthquake N/A 4 16 25/10/2003 17   
       
UNKNOWN  4 30 18/11/2003 18  
Collie Coal 6 5 18/11/2003 18  
The Lakes Agg 7 57 18/11/2003 18 USED in 3D tomography 
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Up North  17 22 19/11/2003 18  
Collie Coal 3 58 19/11/2003 18  
Collie Coal 5 21 19/11/2003 18  
Up North  2 10 20/11/2003 18  

Red Hill Agg 5 4 20/11/2003 18 
Unused - due to poor 
signal 

Collie Coal 5 15 20/11/2003 18  
Collie Coal 7 51 21/11/2003 18   
       
Red Hill Agg 7 34 1/12/2003 19 USED 
Collie Coal 5 48 1/12/2003 19  

Bauxite 
Alumini
um 6 48 1/12/2003 19 

Unused - due to poor 
signal 

Collie Coal 2 34 2/12/2003 19  
Collie Coal 3 22 2/12/2003 19  
Earthquake N/A 4 48 2/12/2003 19  

Bauxite 
Alumini
um 6 31 2/12/2003 19 

Unused - due to poor 
signal 

Collie Coal 6 35 2/12/2003 19 USED - Source time 

Bauxite 
Alumini
um 7 31 2/12/2003 19 

Unused - due to poor 
signal 

Collie Coal 9 17 2/12/2003 19  
Orange Grove Agg 3 32 2/12/2003 19 USED 
       
Collie  3 20 9/12/2003 20  
Bauxite Bauxite 4 10 9/12/2003 20  
Collie  4 12 9/12/2003 20  
Bauxite Bauxite 4 18 9/12/2003 20  

Byford Agg 4 29 9/12/2003 20 
Unused due to source 
time problems 

Collie  4 33 9/12/2003 20  
UNKNOWN  6 59 9/12/2003 20  
Earthquake  7 36 9/12/2003 20  
Collie  8 36 9/12/2003 20  
Bauxite Bauxite 8 40 9/12/2003 20  
Collie  9 16 9/12/2003 20 USED 
Collie  2 29 10/12/2003 20  
Collie  7 10 10/12/2003 20  
Collie   8 41 10/12/2003 20   
       
Collie Coal 2 33 6/04/2004 21 USED 
Collie Coal 4 19 6/04/2004 21  

The Lakes Agg 7 0 6/04/2004 21 
USED in 2D and 3D 
tomography 

UNKNOWN  11 57 6/04/2004 21  
Collie Coal 1 9 7/04/2004 21  
Collie Coal 3 40 7/04/2004 21  
UNKNOWN  4 25 7/04/2004 21  
Collie Coal 9 28 7/04/2004 21   
       
Collie Coal 6 7 22/04/2004 22 USED in 3D tomography 
Unknown  1 58 23/04/2004 22  
Unknown  4 27 23/04/2004 22  
Red Hill Agg 4 29 23/04/2004 22 USED 
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UNKNOWN   8 2 23/04/2004 22   
       
UNKNOWN  1 34 10/05/2004 23  
UNKNOWN  2 25 10/05/2004 23  

The Lakes Agg 3 59 10/05/2004 23 
USED in 2D and 3D 
tomography 

UNKNOWN  7 56 10/05/2004 23  
Collie Coal 6 23 11/05/2004 23  
UNKNOWN  8 18 11/05/2004 23  
Collie Coal 10 6 11/05/2004 23 USED in 3D tomography 
UNKNOWN   10 9 11/05/2004 23   
       

Red Hill Agg 4 1 18/02/2005 24 
USED, link to 04 and 21-
23 

Collie Coal 7 27 18/02/2005 24  
Sulawesi eqk N/A 0 10 19/02/2005 24  
Collie Coal 8 46 19/02/2005 24  
Collie Coal 9 28 19/02/2005 24   
       

Red Hill Agg 3 57 23/03/2005 25 
USED, link to 04 and 21-
23 

Collie Coal 9 2 23/03/2005 25   
       

The Lakes Agg 6 58 28/02/2005 26 
USED, link to 04 and 21-
23 

Collie Coal 9 54 28/02/2005 26 USED in 3D tomography 
 
 
Note: 

Agg. – Aggregate material mined, mostly granite for road base. 

Complete deployment charts have not been kept during deployment 4 and some events 

might be missing. These data have been recorded for a different project (Howman, 

2002). 
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Appendix 4 

 
The following is a list of first arrival travel time data from all events recorded by the 
seismic arrays during various deployments and used for forward and inverse modelling 
in Chapter 3 and 3D earthquake tomography in Chapter 4. In two cases multiple phases 
(Pg and Pc) were identified and are listed (separated by commas). 
 
North-South Traverse 

Collie Origin    
Latitude Longitude    
-33.3409 116.217    

     
Latitude Longitude Offset (km) P Travel Time (s) Uncertainty (s) 
-33.3536 116.2738 -5.4609 0.515 0.01 
-33.2857 116.281 8.5387 1.385 0.01 
-33.1596 116.246 20.3391 3.955 0.01 
-33.1086 116.2357 25.8849 4.905 0.01 
-33.0673 116.1698 30.7318 6.005 0.01 
-32.9448 116.1657 44.3043 7.835 0.04 
-32.9043 116.2126 48.5453 8.505 0.02 
-32.8563 116.1673 54.0861 9.465 0.04 
-32.8136 116.1623 58.8571 10.245 0.01 
-32.7504 116.1176 66.3104 11.505 0.04 
-32.6944 116.0898 72.8555 12.575 0.04 
-32.585 116.0599 85.3209 14.745 0.04 
-32.4879 116.0666 95.8867 16.275 0.01 
-32.4385 116.0578 101.4395 17.175 0.01 
-32.3781 116.0381 108.3518 18.335 0.02 
-32.2808 116.0531 118.8658 20.105 0.02 
-32.2808 116.0532 118.8695 20.105 0.02 
-32.2325 116.0279 124.5143 20.935 0.01 
-32.172 116.0312 131.1308 22.045 0.02 
-32.1435 116.0333 134.2456 22.675 0.01 
-32.0826 116.03 141.0055 23.725 0.02 
-31.9445 116.0435 156.1143 25.905, 26.355 0.04, 0.01 
-31.8669 116.0624 164.538 26.865, 27.715 0.01, 0.01 
-31.7827 116.0555 173.9224 28.205 0.02 
-31.736 116.0511 179.134 29.005 0.01 
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-31.672 116.0678 186.0958 29.945 0.02 
-31.6521 116.0656 188.3157 30.365 0.02 
-31.5921 116.0697 194.9493 31.325 0.06 
-31.5198 116.0518 203.0836 31.975 0.04 
-31.4833 116.0562 207.1031 32.925 0.02 
-31.417 116.0556 214.4578 33.775 0.02 
-31.3678 116.0547 219.9238 34.305 0.01 
-31.3678 116.0547 219.9248 34.305 0.02 
-31.2854 116.0529 229.0827 35.425 0.06 
-31.2144 116.0387 237.0499 36.155 0.02 
-31.1553 116.0939 243.2981 36.705 0.02 
-31.1063 116.0785 248.8121 37.415 0.01 
-31.0544 116.0597 254.6807 38.285 0.02 
-30.9766 116.0756 263.2326 39.515 0.02 
-30.9089 116.0644 270.8009 40.465 0.02 
-30.8571 116.0594 276.585 41.395 0.02 
-30.7894 116.0578 284.1062 42.195 0.02 
-30.7358 116.0632 290.0388 42.975 0.02 
-30.6877 116.0778 295.3096 43.485 0.02 
-30.5456 116.0527 311.2098 45.305 0.02 
 

Orange Grove Origin    
Latitude Longitude    
-32.0386 116.029    

     
Latitude Longitude Offset (km) P Travel Time 1 (s) Uncertainty 1 (s) 
-32.8136 116.1623 87.0705 14.37 0.04 
-32.6944 116.0898 73.1424 12 0.02 
-32.5465 116.11 56.9852 9.48 0.02 
-32.4879 116.0666 50.0746 8.23 0.02 
-32.4385 116.0578 44.5409 7.38 0.02 
-32.3781 116.0381 37.757 6.26 0.01 
-32.2808 116.0531 27.0234 4.49 0.01 
-32.2325 116.0279 21.5501 3.57 0.01 
-32.0826 116.03 4.8877 0.79 0.01 
-31.9445 116.0435 10.5526 1.74 0.01 
-31.9164 116.0786 14.3718 3.21 0.01 
-31.8212 116.056 24.307 4.07 0.01 
-31.7827 116.0555 28.5709 4.73 0.01 
-31.736 116.0511 33.7203 5.62 0.02 
-31.672 116.0678 40.9308 6.65 0.01 
-31.5921 116.0697 49.8048 8.19 0.01 
-31.5451 116.0611 54.964 9.11 0.02 
-31.4833 116.0562 61.8039 10.38 0.02 
-31.417 116.0556 69.1535 11.54 0.02 
-31.3678 116.0547 74.6327 12.44 0.02 
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Red Hill Origin    
Latitude Longitude    
-31.8302 116.0701    

     
Latitude Longitude Offset (km) P Travel Time (s) Uncertainty (s) 
-32.9448 116.1657 124.2635 20.31 0.05 
-32.8563 116.1673 114.4621 18.77 0.01 
-32.8136 116.1623 109.6916 18.02 0.02 
-32.6944 116.0898 96.1188 15.78 0.02 
-32.585 116.0599 83.9378 13.79 0.01 
-32.5465 116.11 79.7449 13.35 0.05 
-32.4879 116.0666 73.1323 12.13 0.03 
-32.4385 116.0578 67.6502 11.27 0.02 
-32.3781 116.0381 61.0037 10.11 0.01 
-32.341 116.0545 56.8157 9.5 0.02 
-32.2808 116.0531 50.1349 8.43 0.02 
-32.2808 116.0532 50.1305 8.43 0.01 
-32.2325 116.0279 44.9085 7.44 0.01 
-32.1435 116.0333 35.0145 5.9 0.01 
-32.0826 116.03 28.3224 4.69 0.04 
-31.9445 116.0435 12.9643 2.28 0.01 
-31.8669 116.0624 4.1481 0.77 0.01 
-31.8213 116.056 1.6594 0.46 0.01 
-31.7827 116.0555 5.454 0.93 0.01 
-31.7356 116.0447 10.7861 1.9 0.01 
-31.672 116.0678 17.5857 2.83 0.01 
-31.6521 116.0656 19.7995 3.38 0.01 
-31.5921 116.0697 26.4741 4.39 0.01 
-31.5448 116.0524 31.7753 5.33 0.01 
-31.4755 116.0758 39.4361 6.52 0.01 
-31.4132 116.0444 46.43 7.75 0.02 
-31.3678 116.0547 51.4307 8.42 0.02 
-31.2854 116.0529 60.6002 9.92 0.02 
-31.2144 116.0387 68.5365 11.29 0.02 
-31.1553 116.0939 75.0722 12.32 0.1 
-31.1063 116.0785 80.4902 13.18 0.02 
-31.0544 116.0597 86.2713 14.05 0.02 
-30.9766 116.0756 94.9128 15.38 0.02 
-30.9089 116.0644 102.4361 16.61 0.02 
-30.8571 116.0594 108.2066 17.49 0.02 
-30.7894 116.0578 115.7313 18.76 0.02 
-30.7355 116.0631 121.7254 19.71 0.02 
-30.6877 116.0778 127.0355 20.56 0.02 
-30.6105 116.0628 135.6192 21.93 0.02 
-30.5455 116.0527 142.8555 23.21 0.02 
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Moora Origin    
Latitude Longitude    
-30.5162 116.0365    

     
Latitude Longitude Offset (km) P Travel Time (s) Uncertainty (s) 
-31.3843 116.06 96.5619 15.81 0.03 
-31.2854 116.0529 85.5461 13.97 0.1 
-31.2398 116.0553 80.487 13.12 0.03 
-31.2121 116.0418 77.3863 12.59 0.03 
-31.1743 116.0668 73.2442 12 0.03 
-31.1063 116.0785 65.7469 10.8 0.03 
-30.9766 116.0756 51.3354 8.51 0.05 
-30.8571 116.0594 37.9721 6.39 0.03 
-30.7894 116.0578 30.4536 5.1 0.01 
-30.7355 116.0631 24.5194 4.12 0.01 
-30.6877 116.0778 19.4829 3.31 0.01 
-30.6557 116.0597 15.6733 2.69 0.01 
-30.6105 116.0628 10.791 1.85 0.03 
-30.5674 116.0527 5.9054 1.09 0.01 
-30.5456 116.0527 3.6225 0.72 0.01 
-30.5455 116.0527 3.616 0.72 0.01 

 

East-West Traverse 

Red Hill Origin    
Latitude Longitude    
-31.8302 116.0701    

     
Latitude Longitude Offset (km) P Travel Time (s) Uncertainty (s) 
-31.8395 116.1261 5.3967 0.83 0.01 
-31.841 116.17 9.5163 1.61 0.01 
-31.853 116.27 19.0551 3.3 0.01 
-31.863 116.32 23.8876 4.02 0.01 
-31.8624 116.4073 32.0582 5.43 0.01 
-31.8527 116.4491 35.8919 6.08 0.01 
-31.8421 116.5176 42.2932 7.1 0.01 
-31.8285 116.6532 55.091 9.18 0.01 
-31.7987 116.7741 66.6157 11.04 0.01 
-31.7768 116.9013 78.7716 13.01 0.01 
-31.7703 116.9648 84.8124 13.91 0.01 
-31.7565 117.034 91.4695 15 0.03 
-31.7483 117.0759 95.4991 15.59 0.03 
-31.7311 117.1536 103.0062 16.74 0.03 
-31.7311 117.1536 103.0053 16.74 0.03 
-31.7261 117.1977 107.2145 17.42 0.02 
-31.7127 117.2481 112.1272 18.23 0.02 
-31.7078 117.2976 116.8419 18.97 0.02 
-31.6869 117.3928 126.0655 20.57 0.02 
-31.6775 117.4749 133.9055 21.61 0.02 
-31.6632 117.5232 138.6551 22.3 0.02 
-31.6739 117.5774 143.5803 23.07 0.02 



APPENDIX 4: TRAVEL TIME DATA   A11 
 
-31.6937 117.6368 148.8978 23.81 0.02 
-31.6651 117.6987 155.0864 24.73 0.02 
-31.6516 117.7528 160.3606 25.38 0.02 
-31.654 117.8724 171.5569 27.15 0.02 
-31.6528 117.9301 176.9938 28.08 0.02 
-31.6572 117.9912 182.6795 28.84 0.02 
-31.6654 118.0455 187.6822 29.38 0.04 
-31.6578 118.0904 191.9983 29.89 0.04 
-31.6326 118.1368 196.6859 30.59 0.04 
-31.5955 118.1938 202.5711 31.21 0.04 
 
The Lakes Origin    
Latitude Longitude    
-31.8663 116.3576    

     
Latitude Longitude Offset (km) P Travel Time (s) Uncertainty (s) 
-31.8263 116.0518 29.2179 4.99 0.01 
-31.8394 116.1262 22.0584 3.81 0.01 
-31.8412 116.1717 17.7768 3.12 0.01 
-31.8492 116.2164 13.4675 2.4 0.01 
-31.8527 116.2727 8.1593 1.53 0.01 
-31.8633 116.3188 3.6705 0.7 0.01 
-31.8624 116.4026 4.2738 0.89 0.01 
-31.8602 116.4088 4.8859 0.95 0.01 
-31.8523 116.4492 8.7885 1.66 0.01 
-31.8416 116.5169 15.2971 2.72 0.01 
-31.8315 116.5814 21.492 3.72 0.01 
-31.821 116.647 27.8026 4.78 0.01 
-31.821 116.6516 28.2271 4.87 0.01 

-31.8133 116.6993 32.8165 5.62 0.01 
-31.8002 116.7761 40.2141 6.82 0.01 
-31.7886 116.8425 46.6227 7.86 0.01 
-31.7829 116.8865 50.8253 8.51 0.01 
-31.774 116.9255 54.6346 8.74 0.01 

-31.7673 116.9629 58.246 9.75 0.01 
-31.7592 116.9939 61.2956 10.31 0.01 
-31.7564 117.0339 65.0675 10.98 0.03 
-31.7472 117.0753 69.1059 11.67 0.01 
-31.7311 117.1535 76.7115 12.9 0.01 
-31.7262 117.1977 80.9106 13.56 0.02 
-31.7126 117.2481 85.8887 14.35 0.02 
-31.7078 117.2976 90.5803 15.09 0.02 
-31.6948 117.3508 95.8045 15.92 0.02 
-31.6869 117.3794 98.6321 16.36 0.02 
-31.6775 117.4749 107.6867 17.75 0.02 
-31.6916 117.5232 111.8796 18.36 0.02 
-31.6739 117.5774 117.2828 19.35 0.02 
-31.6937 117.6368 122.4308 20.1 0.02 
-31.6651 117.6987 128.7429 21.11 0.02 
-31.6516 117.7528 134.0579 21.9 0.02 
-31.651 117.8084 139.2382 22.79 0.02 

-31.6539 117.8724 145.1492 23.56 0.02 
-31.6529 117.9301 150.5549 24.33 0.02 



APPENDIX 4: TRAVEL TIME DATA   A12 
 
-31.6572 117.9913 156.193 25.13 0.02 
-31.6654 118.0455 161.1269 25.84 0.02 
-31.6578 118.0903 165.4505 26.48 0.02 
-31.6326 118.1367 170.2235 27.11 0.02 
-31.5957 118.1938 176.2421 27.87 0.02 
-31.574 118.2327 180.3112 28.5 0.02 

-31.5479 118.2752 184.8233 29.19 0.02 
-31.5108 118.3145 189.3284 29.82 0.02 
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