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SUMMARY 

This thesis contains twenty-nine published papers relevant to a 

greater understanding of lithospheric structure in central and eastern 

Australia and in Papua New Guinea. Most of the papers contain research 

involving the application of explosion seismic methods to the determination 

of structures down to depths not greater than 100 km from the Earths 

surface, and.the subsequent interpretation of these structures in terms of 

the known geology of the various geological provinces. 

No attempt has been made to summarise separately the results of the 

the papers. because such reviews are contained in some of the papers 

submitted. 	The papers collectively make a significant contribution 

to knowledge of the deep geology and lithospheric structure of continental 

Australia and its outer margins to the northeast, adjacent to the Pacific 

lithospheric plate. 

All the papers have been subject to the normal refereeing proceedures 

of the Bureau of Mineral Resources, Geology and Geophysics and of the 

journals within which they have been published. 
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INTRODUCTION 

The continental crust in the Australian region has some of the oldest 

known rocks on Earth near Mount Narryer in the West Australian Shield 

where zircons dated at 4200 m.y. old have been found (Compston,1983), 

and some of the youngest in the active volcanic arcs of the Papua New Guinea 

region (,Johnson, 1976). 	Any study aimed at contributing significantly to 

the examination of lithospheric structure of continental Australia must 

recognise therefore that it is attempting to describe structures resulting 

from evolutionary and dynamic processes which have operated for over 90% 

of the Earth's existence. 

Geophysical methods must play an important role in any attempt to 

examine the three-dimensional structure of a continent. 	Prior to 1965 

only isolated attempts had been made to characterise the Australian 

continental lithosphere using gravity, magnetic and seismic methods. 

However, since 1965 there has been a considerable effort on the part of 

Australian earth scientists to conduct a systematic research program aimed 

at determining the deep structure of the continent. 	A major role has been 

played by the research and survey work of the Bureau of Mineral Resources, 

Geology and Geophysics, Canberra. 

This thesis presents twenty-nine published papers which contribute 

significantly to the study of the lithospheric structure of continental 

Australia. 	One paper represents a major accomplishment in the field of 

geomagnetism with the establishment of the first 1st-order network of 

regional magnetic stations in the region and the compilation of iso-magnetic 

maps for the epoch 1970.0 based on data from that network. 	The remaining 

twenty-eight papers are based largely on explosion seismic investigations 

of the continental crust and upper mantle throughout central/eastern 

Australia and Papua New Guinea. 

Geology 

Plumb(1979) has described the tectonic evolution of Australia and 

Papua New Guinea, derived from surface geology, in texts of major crustal 

blocks, each of which has its own history and tectonic style. 	These are 

shown in Fig. 1. 	Generally, the tectonic development of the continent has 



Fig. 1 	ajor crustal subdivisions of continental 
Australia (from Plumh,1979) 
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progressed from west to east. 	The Archaean Pilbara and Yilgarn blocks were 

cratonised more than 2500 m.y.B.P. and are overlain in places by the early 

Proterozoic West Australian Platform Cover. 	Stratigraphic equivalents are 

thought to underlie much, if not all, of the younger North Australian and 

Gawler Cratons. 

The early Proterozoic North Australian Craton has been relatively 

stable since 1700 m.y.B.P. and is overlain by elements of the mid-Proterozoic 

North Australian Platform Cover and the late Proterozoic Centel Australian 

Platform Cover. 	The Northeast Orogens developed at the edge of the North 

Australian Craton concurrent with the deposition of the North Australian 

Platform Cover. 	They may be considered as the youngest component of the 

North Australian Orogenic Province which resulted in the North Australian 

Craton. 

The Central Australian Orogenic Province has a long history of tectonic 

development throughout the Proterozoic culminating in the deposition of the 

Central Australian Platform Cover. 	The Gawler and Curnamona Blocks were 

cratonised by about 1450 m.y.B.P. but tectonic activity continued within 

the Central Australian Mobile Belts. 	These were successively cratonised 

from about 1400 to 900 m.y.B.P. 	The concealed Nullarbor Flock is identified 

from its gravity expression and its tectonic history is still uncertain. 

The Australian Precambrian craton assumed its final form by about 

900 m.y.E.P. 	The Palaeozoic Tasman Fold Belt and the New Guinea Orogen, 

beginning in the Mesozoic-Tertiary and still active, may be considered 

marginal to the Precambrian craton. 

Plumb(1979) considers there are significant parallels in the 

tectonic processes which operated during Precambrian and Phanerozoic tunes. 

In both he sees elements of a progression from geosynOlinal deposition and 

orogenesis (precratonic tectonism), through transitional tectonism to 

cratonisation and deposition of platform cover. 

Rutland(1982) envisages the development of the present continental 

structure being the result of global thermal (chelogenic) cycles during 

which large areas of continental crust were stabilised as shield areas. 

At 2400 and 1000 m.y.B.P. cratonic areas were at their maximum extent; 

these were remobilised and reached their minimum during peaks 

of geothermal flux from the mantle at 1900-1700 and 400-200 m.y.B.P., 
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analogous to Palaeozoic Hercynotype development in Europe. 	The present- 

day continental crust is seen as developing through a multi-stage process 

of deformation and plutonic episodes in pre-existing continental crust. 

Underplating of the crust from basaltic sources in the mantle is also 

seen as contributing to the present-day continental structure (Ewart et al., 

1980; Wass & Hollis,1963). 

Elements of crustal evolution in Phanerozoic Australian have been 

described in terms of plate tectonic models for the currently active, 

western Pacific region (Crook,1980). 	Crook recognises-many of the 

elements of western Pacific tectonics in ten arc terrains which he sees as 

having been successively accreted onto the margin of the Australian 

Precambrian craton or continental fragments. 	However, the dating of the 

older components of S-type granites as being 1100 m.y. old (Compston & 

Chappell,1979) indicates that reworking of older cratonic fragments is a 

major factor in the present-day lithospheric structure of eastern Australia. 

The convergence of the Australian and Pacific lithospheric plates in 

the Papua New Guinea region has resulted in the youngest additions of 

continental material. 	The collision zone is not simple but comprises a 

broad area of interacting micro-plates, each of which has identifiable 

boundaries as spreading centres, transform faults or as subduction zones 

(Dow,1977; Jo}mson,1979). 	The collision of continental Australia with the 

island arc and oceanic terrains of the New Guinea region has resulted in 

crustal shortening and thickening along the main island of New Guinea. The 

deformation has resulted in the spectacular mountains of the main island, 

but, despite this, the original tectonic relationships of the various 

rock assemblages can still be identified. 	The history of this region 

emphasises the relatively short time span over which some tectonic episodes 

can occur (a few tens of millions of years). 	The tectonic history of 

continental Australia must undoubtedly contain many such episodes in a 

complex history involving reworking of old terrains and convergent tectonics. 

Seismic Investigations of the Australian Crust 

and Upper Mantle prior to 1965 

Seismic methods of investigating the structure of the crust and upper 

mantle, because of the relatively short wavelengths involved, generally 

provide a better image of deep geology than other geophysical methods. 

Hence their widespread use for such investigations (Prodehl,1983). 	Prior 



to 1965 there were a few isolated attempts to estimate the gross structure 

of various parts of the continent using both earthquake and explosive 

sources. 	Cleary(1973) described some of the results in a paper presented 

at the 1971 IUGG General Assembly in Moscow and Dooley(1970) summarised 

results at the 1970  Second Symposium on the Upper Mantle Project in Hyderabad. 

In southeastern Australia, large explosions associated with the Snowy 

Mountains hydro-electric dam project were recorded during 1956-57 at a 

number of widely spaced seismic stations (Doyle et al.,1959). 	During 1953-56 

atomic explosions detonated at Maralinga and Emu were recorded towards the 

west and southeast (Doyle,1957; Bolt et al.,1958; Doyle & Everingham,1964) 

and during 1959 Bolt(1962) used quarry blasts neat Sydney to determine local 

crustal velocities. 

A number of papers were written based on the seismic observatory 

recordings of both earthquakes and atomic explosions at teleseismic distances 

(Doyle & Webb,1963; Cleary,1966; Sutton & White,1966; Eolt,1959). 	These 

studies sought to determine travel-time differences from the standard 

Jeffreys-Bullen tables and thus detect relative velocity/structural 

differences across the continent. 	This data was used mostly to determine 

models for locating continental earthquakes, which were then recognised as 

being a hazard to the cities of Adelaide and Sydney and the Snowy Mountains 

hydro-electric scheme. 

Surface waves were also used to estimate the gross velocity features 

of the crust and upper mantle of continental Australia (De .Jersey,1946; 

Officer,1955; Bolt,1957,1959; Bolt & Niazi,1964; Cooney,1962). 	However, 

the resulting surface wave models could only provide, at best, an image of 

the crust overlying a mantle averaged over large tracts of Australia. 

Thus, seismic studies, prior to 1965, gave indications of continental 

structure in only the most general terms and could not be used to describe 

the detail required in a study of deep geology. Since 1965 

there has been a systematic research program to apply explosion seismic 

methods to the determination of the structure of the continental 

lithosphere in all the major crustal sub-divisions described earlier by 

Plumb(1979). 	The author (DMF) is pivileged to have played a role in most 

of these surveys. 

5 



Seismic Techniques 

The majority of the published papers submitted in this thesis use 

explosion seismic techniques as the basis for determining the deep structure 

of the continent. 	It is appropriate, therefore, to comment on the reasons 

behind the use of these techniques. 

The theoretical basis for seismic investigations is set out in many 

texts (Aki & Richards,1980; Pilant,1979). 	The key to the application of 

seismic methods to the detailed exploration of the continent is the use of 

seismic phases which can be reliably recorded and have wavelengths 

comparable with the dimensions of the geological structures being 

investigated. 	In explosion seismology, the frequences of the seismic waves 

generated at the source and recorded to any great distance are usually in 

the range 1 to 50 Hz. 	Taking the crustal P-wave velocities to be in the 

range 2.5 to 7 km/s, the wavelengths of the P-waves will be in the range 

50 m to 7 km, comparable with the dimensions of major geological features 

observed at the surface and expected to be common also in sub-surface 

geology. 

It is a desireable goal in explosion seismology to include as many 

phases as possible in the data set to be interpreted so that models derived 

by different methods can be cross-checked. 	However, this goal has been 

limited by the types of recorders which have been available for field use 

and the ability of interpretation and modelling techniques to image the 

continental crust in geological terms. 

Giese et al. (1976), Olsen(1983) and Prodehl(1983) have given summaries 

of the techniques used in the development of seismic refraction recording 

and interpretation. 	Seismic vertical reflection recording is also coming 

into more widespread use in the determination of the deep structure of 

continents (Oliver et al.,1983) as developments in recording and data 

processing techniques improve. 	It is now recognised that a merging of the 

two techniques is highly desireable to achieve a more complete image of deep 

lithospheric processes and structures. 	This strategy is evident in some of 

the more recent papers submitted in this thesis. 

However, the interpretations of most seismic data in this thesis are 



largely based on the analysis of the following phases, illustrated 

diagrainatically in a reduced travel-time plot in Fig. 2. 

Ps 	 - P-waves refracted through near-surface low-velocity 

sediments. 	The fine structural detail in these 

sedimentary layers is better defined by seismic vertical 

incidence recording. 

Pg 	 - P-waves refracted •through the upper crustal basement and 

usually having an apparent velocity of about 6 km/s. 

Pc or P - Refracted (diving) waves observed from upper or middle 

crustal depths where there are prominent increases in 

velocity. There apparent velocity is commonly in the 

range 6.4 to 7.2 kin/s. 

Pn 	 - P-waves critically refracted at the crust/mantle boundary 

and usually having an apparent velocity of 7.8 to 8.3 km/s. 

This phases is sometimes followed by larger amplitude 

diving waves which result from structure below the crust/ 

mantle boundary. 	Their prominence is also affected by the 

velocity/depth structure at this latter boundary. 

P7P or PxP - Sub- and super-critical reflections from horizons within 

the crust and their travel-time branches are asymptotic 

to those for Pc(P*)  phases at the critical refraction 

distance. 

PmP 	- Sub- and super-critical reflections from the crust/mantle 

boundary; their travel-time branch is asymptotic to 

that of Pn phases at the critical refraction distance. 

The ability to record these phases on portable instruments in the 

remote areas of Australia and Papua New Guinea is crucial to any systematic 

investigation of deep geology. 	It is for this reason that the first 

published paper submitted in this thesis deals with equipment. 

In the period 1965 to 1970 the projects in which the author was 

involved in southeastern Australia (Underwood,1969), in southwestern Australia 

(Nathur,1974), in New Britain - New Ireland (Finlayson et al.,1972) and 

northeastern Australia (Finlayson,1968) all used a large variety of portable 

recording systems. 	These ranged from engineering refraction spreads, 

through ad hoc paper recorders, to photographic drum recorders. Few of the 

systems were calibrated and none recorded in a medium which could be used for 

post-survey processing of data. 	An operator was usually required at the 

7 
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recording site. 

This poor equipment situation was recognised and rectified in the period 

1970-72 with the development of the BNR remote seismic tape recording systems 

for explosion seismology. 	The half-inch tape recording systems were first 

put into the field by the author during 1971 for an investigation of upper 

mantle structure using a 500 t blast at the site of the Ord River Dam 

(Denham et al.,1972). 	The quarter-inch tape recording systems were 

subsequently developed and first used in the field during 1973  in the Bowen 

Basin (Collins,1978). 

The limitations inherent in using only P-waves in the interpretations 

is recognised. 	S-waves, although evident on some vertical component 

recordings, are more difficult to detect precisely within the coda of 

explosion seismic records. 	Hence, although surveys in many countries have 

made the effort to record horizontal as well as vertical components, there 

are relatively few interpretations which determined a detailed 8-wave 

structure (Prodehl,1983). 

Submitted Papers 

Twenty-nine published papers are submitted in this thesis. 	They are 

not arranged in chronological order of publication but are mostly grouped 

according to the geological provinces which have been the subject of research. 

As indicated earlier in this Introduction, paper 1 describes the 

equipment developed for explosion seismic investigations of deep geology. 

Papers 2 to 10 are all related to the structure and tectonics of Papua New 

Guinea. 	Papers numbered 11 and 12 relate to the seismic structure 

of the upper mantle of continental Australia and papers 13 to 16 

examine the structure and tectonics of southeastern Australia. 	Papers 

numbered 17 to 20 are relevant to the structure of the Precambrian craton. 

Papers numbered 21 to 25 stern from research into the deep structure 

under the Eromanga Basin in eastern Australia and papers 26 and 27 

are comparative studies into the seismic structure of the lithosphere in 

Australia. 	Paper 28 is a contribution to the IASPEI Commission on 

Controlled Source Seismology 1983 Symposium and paper number 29 is a 

compilation of geomagnetic data into the first iso-magnetic maps of Australia 

controlled by 1st-order regional magnetic stations. 	Three papers (Nos. 10, 



19 and 24)  are abstracts submitted to symposia but have been included because 

they have contributed to reviews of regional seismic structure or have 

contained ideas which have been subsequently developed in full papers. 
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Current methods of interpreting seismic data from earth-
quake or explosion sources in terms of geological structures 
use both the kinematic and dynamic information in the 

data. This requires that the characteristics of the systems 
used for recording and analysing ground motion be well 
known, and in recent years this requirement has been allied 
with the many developments in electronic engineering and 
tape recording to produce a generation of field equipment 
which is both portable and rugged Dibble, 1964: Mereu & 
Kovach, 1970; Muirhead & Simpson, 1972; Crowe, 1973; 
Long, 1974). Most of this equipment has been designed 

and built by research groups and therefore was not easily 
available for purchase. Those systems which were available 
commercially were generally very expensive for the tasks 
required of them. 

About 1970 therefore, the Bureau of Mineral Resources, 
Geology and Geophysics (BMR) decided to produce a 
system for its own purposes. The general requirement was 
for a seismic recording system which was portable, rugged, 
and would have an unattended endurance of about one 
week on an intermittent basis. The recording system had to 
be capable of use in any of the climatic conditions likely 
to be encountered in Australia and Papua New Guinea, 
The systems had to produce high quality recordings of 
ground motion which could subsequently be digitised and 
accessed to a digital data storage and retrieval system. 

Twenty one sets of seismic tape recording equipment were 
subsequently built by BMR, each containing a seismometer, 
amplifier, modulator, calibrator, crystal clock, radio time 
signal receiver, and four-track tape deck. The systematics 

of the recording and playback facilities are illustrated in 
Figure 1 and the field recording equipment is shown in 
Figure 2. This Technical Note briefly describes the charac-
teristics required by the seismologist for field operation and 
interpretation of ground motion, but does not attempt to 
describe the electronic design and circuitry. 

Since 1971 these seismograph systems have been used 

extensively on explosion seismic surveys in the Australian 
region (Denham & others, 1972; Finlayson & others, 1974, 
1977, 1979, 1980: Collins, 1978; Drummond, 1979). The 
ability to maintain essentially the same characteristics in all 

recording systems, coupled with the frequency modulated 
tape recording system, enables the recovery of reliable 
ground motion data from widely separate locations. This is 
essential for any interpretation involving the relative 

amplitudes along recording station lines which may be 
300-500 km in length. 

Seismometers and amplifier 

Willmore Mk II or Mk I IA short-period seismometers are 
used with the free period adjusted to 0.7 5. A calibration 
coil and magnet have been fitted to the indicator rod of 
each Mk II seismometer; a calibration coil wound con• 
centrically with the signal coil is used on the Mk lilA 
seismometers. 

The seismometer amplifier is a BMR type TAM5 very low 

frequency AC coupled amplifier with a maximum gain of 
120 dB (106

) switchable in 6 dB steps from 48 dB to 
120 dB, The amplifier has two outputs, the high-gain 
as selected and the low-gain 24 dB below the selected level. 
Five switched bandpass filter settings are available: (1.01'0,2 
Hz, 0.01-20.0 Hz, 0.1'10 Hz, 1.0-5.0 Hz, and 1.0'100.0 Hz. 
For explosion seismic recording the bandpass filter is 
usually set in the range 0.01•20,0 Hz. 

The frequency responses of the TAM5 amplifier itself, and 
of the seismometer plus amplifier system, are shown 'in 
Figure 3. The displacement magnification of the seismo 
meter plus amplifier as a function of frequency is shown in 
Figure 4, The average sensitivity of the Mk Ii seismometers 
is 5,7 V per mci  and for the Mk lilA seismometers is 
5_05 V per mi t  - The damping factor of the seismometer 
is typically 0.52. At 7.5 Hz, the predominant frequ&y 
in quarry blast signals, the displacement magnification is 
2.6 x 10' volts per metre for a TAM5 set at 72 dB with a 

bandpass filter setting of 0.01-20.0 Hz and a Willmore Mk 
II seismometer, The system performance in the field can 
be assessed using pulses from a BMR type SSC-1 calibrator 
applied to the seismometer. 

Modulation and recording 

The two gain levels from the TAM5 amplifiers are frequency 

modulated (fm) for recording on slow-speed tape recorders. 
Two types of recorders are used: highly modified Akai 
'A-inch tape recorders, and Precision Instrument (Fl) 
type 5107 V2-inch tape recorders. Both types record at a 

tape speed of 1.488 mm/s 151256 in/s) with a fm centre 
frequency of 105$ Hz. A maximum frequency deviation 
of ± 40% is produced with a signal of ± 1.4 V to the modu. 
lator input. The frequency response of the.modulation- 
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record-demodulation system is flat within the range DC 

19.5 Hz, The rnodifiedAkai recorders use BMR type TMF-2 

modulators; the P1 recorders use modulators built in by the 

manufacturers. 

Crystal Clock 

A BMR type NCE-1 crystal controlled clock is incorporated 

in each set of equipment, and an 1810 serial time code is 

recorded on a third tape channel. The frequency standard is 

derived from a Vectron temperature compensated crystal 

oscillator (TCXOI. and this provides a 50 Hz carrier fre-

quency far tape recording; the time code is an amplitude-

modulated signal superimposed on the carrier. An accuracy 
of ± one part in 10' it 8 ms per day) in the temperature 

range 0-50° C is typical for the clock. An LEO display, 

in addition to showing days, hours, minutes, and seconds, 

also shows the difference between the clock time code and 

a radio derived time signal. Clock time can be synchronised 

with the radio time-signal using advance and retard buttons. 

The clock can also be programmed to switch on and off the 

recorder and radio to extend the endurance of field recor-

ding. This facility is used when survey staff either detonate 

their own shots or know the time periods within which 

quarries fire shots. 

Radio time-signal receiver 

The fourth recorder channel is used to record a standard 

radio time-signal transmitted on 4.5, 7.5, and 12.0 MHz 

by station VNG operated by Telecom Australia from 

Lyndhurst in southeast Australia (Australian Post Office, 

1973). The signal is received by a modified Labtronics 

type 21 B time-signal receiver which is crystal locked to the 

selected frequency. 

Power requirements 

The power for the systems is provided from 1 2V lead-acid 

batteries. The equipment which uses the modified Akai 

tape deck requires a current of 0.6 A when only the clock 

is functioning, and an additional 0.4 A when recording is in 

progress. Thus, when two 80 Ah batteries and a 548 m 

(1800 ft) tape are used, the endurance for recording 12 

hours per day is about 8.3 days. Planned improvements 

to the clock and tape drive systems should reduce power 

consumption to about 15% of its present level. 

Playback system 

Playback of the '/.-inch tapes is achieved through BMR 

design playback equipment. Playback tape speed is possible 

at 4, 8, 16, and 32 times the recording tape speed and can 

be locked to the 50 Hz clock signal on the tape to make 

allowance for small variations in recording speeds. The 

clock time code on tape is continuously decoded and dis-

played through a BMR type NTD1 decoding unit. Signals 

from tape are amplified, the seismic channels are demodu-

lated, and all channels are fed to a patch-panel and hence 

to a Siemens Oscillomink 1 2-channel analogue chart recor.  

der (Fig. 1). Tape jitter on recorders can be eliminated by 

subtracting the low gainseismic signal from the high gain 

signal. Signals can also be filtered using a bank of Rockland 

Model 452 dual HI/LO variable filters. The playback of 

4-inch tapes is achieved at 4 times the nominal recording 

speed through a Racal Thermionics type T8300 tape 

reproducer, and signals are fed to the patch panel men-

tioned above. 

One seismic channel from the patch panel can be fed through 

an anti.aliasing filter to an analogue-to-digital converter and 

hence to a BMR data acquisition system incorporating an 

HP 21 MX computer. Data files are created for each event 

being interpreted, each file containing a header which. 

incorporates all relevant survey information about shot 

number, recorder number, distance, gain, etc. With '/. inch 

recordings, playback speed is commonly 8 times record 

speed, and usually about 3 minutes of record is digitised 

with a sampling interval of 2 ms. A suite of programs 

exists to edit data files and compile seismic record sections. 
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Swnmary 

The initial interpretation of deep seismic refraction data in the New 
Britain-New Ireland region has resulted in generalized crustal cross-
sections in six areas being defined. In the south-east Bismarck Sea a single 
layer crust with a F seismic velocity of 6•9km C' overlies SM km s 
mantle at 20 km depth. The crust thickens under the Gazelle Peninsula to 
32 km in a two-layer crustal model and this thickness is maintained out to 
the islands east of New Ireland. In central New Britain a two-layer crust 
29 km thick at the Solomon Sea margin thins to 25 km under Central New 
Britain with high crustal seismic velocities indicating a high density crust. 
Further examination of the large amount of data now available in the 
region is under way and should reveal detailed structure in the upper crust. 

Introduction 

'The Melanesian archipelago is generally conceded to be the most complicated 
tectonic province bordering the Pacific basin' (Hayes & Ewing 1970) and for this 
reason has been the focus of a number of geophysical and geological investigations 
in recent years. The Australian Bureau of Mineral Resources (BMR) has taken an 
active part in promoting such surveys in the New Guinea region and this paper gives 
an account of the 1967 and 1969 crustal surveys in the New Britain-New Ireland 
region and presents preliminary results. 

The major geophysical studies conducted during 1967 and 1969 consisted of 
seismic refraction and regional gravity surveys (Brooks 1971; Finlayson 1972). 
Associated work included a geological survey of New Britain and New Ireland and 
marine sparker and.magnetic profiling in surrounding waters. The success of these 
surveys was assisted greatly by the active support of the University of Queensland, 
the Hawaii Institute of Geophysics, the Australian National University and the staff 
of the Rabaul Vulcanoldgical Observatory. 

The tectonic setting of the survey area has been outlined by a number of authors - 
(Denham 1969, 1971; Johnson & Molnar 1972; Krause 1972) all of whom use the 
concept of plate tectonics to account for seismicity and earthquake focal mechanism 
data from the area (Fig. 1). Their investigations necessitate the existence of three 
small sub-plates (Solomon Sea plate, South Bismarck plate and North Bismarck 
plate) interacting between the major Indian-Australian and Pacific plates. 

Other geophysical investigations which add considerably towards our knowledge 
of crustal structures in the survey area are the marine surveys conducted by BMt 
and the Hawaii Institute of Geophysics (Willcox 1971; Brooks et al. 1971; Rose, 
Woollard & Malahoff 1968; Furumoto et at 1970; Brown & Webb 1971). 

Received in original form 1972 March 6. 
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Fic. 1. Seismicity of the Bismarck Sea-Solomon Sea region to December 1970 
(Denham 1971) 

1967-1969 seismic refraction surveys 

Against a background of continuing active tectonic evolution the problems 
involved in conducting and interpreting a seismic refraction survey to define crustal 
boundaries are clearly considerable. 

The pattern of shots and stations for the combined 1967 and 1969 survey work is 
indicated in Fig. 2. The 1967 programme involved recording 44 shots at 26 stations 
(Finlayson 1972). In 1969, 54 shots were recorded at 47 stations over a larger range' 
of distances than during the 1967 survey (Brooks 1971). Both surveys were shot in a 
number of stages, the recording stations being moved during the course of the survey 
in order to give wider coverage of New Britain and New Ireland. 

Explosive charges varied in size up to I ton of TNT, and were detonated electrically 
at depths down to 107 m from a shooting ship positioned by Decca Hi-fix in some 
areas and by radar bearings /distances and land sightings in the remaining areas. 

Recordings were made at distances up to 300 km on a variety of photographic 
and pen recording instruments coupled to 1-0-4-514z  geophones or seismometers 
(Fig. 3). Timing was derived uniformly from signals transmitted from Rabaul 
Volcanological Observatory. Station co-ordinates were generally derived to accuracies 
better than 100 m. 

All original records, after being checked in the field, were re-read by two or 
three observers in BMR Canberra and an accuracy category and subjective quality 
were assigned to each arrival. The resulting travel times were computer plotted to 
give various configurations of time-distance plots with times adjusted to substitute 
a 40 km s' layer for the depth of water. Complete listings of time-distance data 
are given in Brooks (1971) and Finlayson (1972), and copies of the time-distance 
plots are available from BMR on request. 
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Refractor identification 

It is by no means obvious from the comprehensive time-distance plots what 
refractors can be identified. Steinhart & Meyer (1961) and Bott (1971), among others, 
have pointed out some of the subjective implications in identifying seismic arrivals 
with particular refractors, and the task in the New Britain-New Ireland region is not 
made any easier by the variety of apparent velocities on common shot and common 
station time-distance plots. The positive identification of second and subsequent 
seismic arrivals is not at all to be relied upon when one considers the further compli-
cating factors of possible sub- and super-critical reflections and the bifurcation and 
triplication of time-distance plots. 

Drake & Nafe (1968) have pointed out the 'increase in diversity of structure from 
ocean basins to young orogenic belts'. In their examination of world wide crustal 
and upper mantle velocities, they divided the measured velocities into four groups: 
(1) 4-5-65 km - ', (2) 65-72 km (3) 72-77 km C' and (4) 79-85 km C'. 
The group (3) velocities, in particular, were identified with young orogenic belts and 
it was suggested that the materials with such velocities were of a transient nature 
associated with the build-up of continental type crust. 

As the first step in the 1967 and 1969 survey data analysis, an examination of first 
arrivals only was made for all reduced time-distance plots on an individual common 
shot and common station basis. It is important to identify all refractors correctly in 
order to determine accurate crustal sections. Dowling (1970) has shown that, although 
uncertainties in upper crust velocities do not propagate very strongly downwardsthi 
seismic refraction calculations, if dips are present the uncertainties may significantly 
increase, and this is likely to be the case in the present interpretation. 

A large proportion of the arrivals identified were for shots at distances between 
10 and 100 km. Thus, it is possible to determine with a fair degree of accuracy the 
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velocities in the upper crust. The apparent velocities were determined by approximat-
ing the data by straight line segments, using least squares methods. Weights were 
attached to points in the ratios 5:3:1 according to the subjective qualities 'good, fair 
and poor 'assigned to the seismic arrivals during reading of the original records. 

Only in a few cases were combinations of various shot or station plots useful in 
indicating velocities, but for a number of stations it was possible to group arrivals 
into various azimuth windows, and in other cases, to consider the shot-station 
distribution as a reversed profile. - - 

The problem of determining the true velocities at greater depths was much more 
difficult because of the larger distances over which seismic energy must travel to be 
recorded as a fitst arrival from deep refractors, with the consequent reduction in the 
quality of data. Estimates of apparent velocities for deeper refractors were made in 
two ways, (a) be weighted least squares methods, as applied at distances 10-100 km, 
and (b) by fitting straight line segments by eye with no weighting. - 

In all, 171 time–distance plots were examined in an attempt to obtain typical 
refractor velocities and to assess regional variations in the parameters. The following 
are representative examples: (Figs 4 and 5). 

RABAUL NETWORK from shots to the east of New Ireland and in the 
Bismarck Sea:—this demonstrates the relatively high crustal apparent velocities in 
the Bismarck Sea and suggests that intercepts for the refractor of velocity close to 
8 k C' are significantly less in the Bismarck Sea area than in the region to the east 
of New Ireland (Fig. 4(a)). 

RABAUL NETWORK observations of shots in the Solomon Sea region—
evidence for upper crustal apparent velocities of approximately 63 km 	and a 
sub-Moho velocity close to 8 k C' (Fig. 4(b)). 
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Fic;. 5. (a) Reduced time-distance plot, Warangoi; (b) Reduced time-distance 
plot, Namatanai; (c) Reduced time-distance plot, Shot 16 (1967); (d) Reduced 

time-distance plot, Iilamona; (e) Reduced time-distance plot, Shot 14 (1969). 

DOILENE observations of shots to the west across the Bismarck Sea and 
east of New Ireland:— demonstrates the high apparent velocities in the upper crust 
in the Bismarck Sea region and indicates that intercepts for the deeper refractor are 
smaller for the Bismarck Sea than for the region to the east of New Ireland (Fig. 
4(c)). 

WARANGOJ from shots to the north across St Georges Channel and New 
Ireland:— illustrates upper crustal velocities close to 6 km s 	in the northern 
Gazelle Peninsula, and a deeper refractor with apparent velocity of approximately 
8 km ç1  (Fig. 5(a)). 

NAMATANI from shots to the south:— indicates apparent velocities of 
62 km s and 76 km s (Fig. 5(b)). 

SHOT 16 (1967) observed to the west and to the east along the northern 
Gazelle Peninsula:— demonstrates the presence of an upper crustal layer with apparent 
velocities near 6 k s, and indicates that intercepts are smaller towards the sest 
than to the east (Fig. 5(c)). 

ULAMONA from shots in the Bismarck Sea:— illustrates the relatively high 
crustal velocities in the Bismarck Sea area and, in particular, the absence of an upper 
layer with velocities near 6 k s'' (Fig. 5(d)). 
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(viii) SHOT 14 (1969) observed to the south in central New Britain:— demon-
strates the relatively high apparent crustal velocities in central New Britain (Fig. 5(e)). 

Discussion 

Summaries of the straight-line parameters for the range 10-100 km, determined 
for time-distance plots, are given in Tables 1, 2 and 3. From these tables it is seen 
that in the northern and eastern Gazelle Peninsula, New Ireland and islands to the 
east and in the Willaumez Peninsula region the refractor velocities are within the 
range 612-623 km s'', but in other areas the velocities are significantly greater. 
In central and southern New Britain and in the Solomon Sea margin the velocity is in 
the range ó'36to6'S6kms 1  and in the Bismarck Sea is6'78±0 - 13kms 1 . 

The data for deep crustal and upper mantle velocities are given in Tables 4 and 5. 
The existence of a deep crustal refractor with a velocity of approximately 7 km s - I  is 
evident from first arrivals only in the range 80-140 km, but supporting evidence is 
available from second arrivals in other ranges. Subjective judgement does enter into 
the interpretation when it is decided to assign arrivals to particular refractors and, as 
has been pointed out before (Steinhart & Meyer 1961), the least squares errors indica-
ted in the tables of data give, at best, an indication of the minimum uncertainty. 

It is evident from Tables 4 and 5 that there is not a great variation in the mean 
velocities measured in the lower crust and upper mantle in the various regions, so that 

Table 1 

Mean common station time-distance parameters: 10-100 km approx. - 

Station area Shot area No. of station Mean velocity Mean - 

intercept 
T-DPIots (km r') (s) 

Rabaul Region Northward 6 602±0 - 14 154±0-20 
Rabaul Region Southward 7 596±013 151±024 
Rabaul Region Eastward 6 6 - 03±0 - 13 152±021 
Rabaul Region Westward 8 652±0-14 189±0-15 

Mean 613±0-14 1-62±0-20 
Rabaul Region All azimuths 14 611±010 1 - 70±0 - 14 
E. GazellePin, Northward 2 590±015 131±018 .. 

Southward - 	 2 5 - 92±0 - 12 152±016 
Westward -- 	2 6-07±0-38 1-66±0-44 

Mean 5-98±0 - 20 1-50±0-25 
F. Gazelle Pen. All azimuths 7 6 - 13±0 - I1 1 - 54±0 - 12 
N.W. Gazelle Pen: All azimuths 3 6 - 12±0 - I5 1 - 24±0 - 20 
New Ireland and Islands to East . All azimuths 8 6-22±0-17 1 - 76±0-31 
Willaumez Pen. Area All azimuths 3 6 - 14±0 - 21 1-91±0-35 
N. Coast New Britain All azimuths 3 6-78±0 - 13 2-35±0-20 
S. Coast New Britain All azimuths 3 6 - 36±0 - 09 2 - 28±0-16 

Table 2 

Mean common shot time-distance parameters 10-100 km approx 

Shot area Station area 	No. of shot Mean velocity Mean 

- 

intercept 
T-D plots (kms_t) () 

E.of New Ireland All azimuths 	3 627±018 177±036 
St Georges Channel and Gazelle Pen, and 

E. Bismarck Sea New Ireland 	40 6.12 	0-15 1 - 51±0-23 
Bismarck Sea Central New Britain 	6 6-52±0-12 214±0-20 
Solomon Sea Central New Britain 	4 6 - 61±012 3-07±0-20 
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Table 3 
Mean Ti,ne-Distance parameters: 10-100 kin Approx. 

Region No. of T-D Velocity Intercept 
plots (km s') (s) 

N. Gazelle Peninsula 64 612±013 154±020 
New Ireland and Pacific Is. 11 623±017 1-76±032 
Bismarck Sea 3 678+0l3 235±020 
Willaumez Peninsula 3 6.14+0.21 l91 ±0- 35 
Central New Britain 10 6-56±012 251±022 
Solomon Sea 3 636±009 228±016 

Table 4 

Mean tim c-distance parameters for lower crustal arrivals 

Region No. of plots Velocity Intercept 
used (km s - ') (s) 

Gazelle Peninsula 18 705±0-23 347±0-46 
Bismarck Sea 6 696±016 239±020 
Central New Britain 33 703±0-16 3-49±053 
Solomon Sea 2 730 410 
New Ireland and Pacific Islands 14 709±014 356±032 

Table S 
Mean tune-distance parameters for upper mantle arrivals 

Region No. of plots Velocity Intercept 
used (km r') (s) 

Gazelle Peninsula, New Ireland, 
Pacific Islands 12 804±0-30 641±064 

Bismarck Sea 14 798±018 464±043 
Solomon Sea 2 796±018 6-33±040 
Central New Britain 19 809±0-31 568±0 - 70 

the greatest differences in crustal composition appear to be in the upper crust, as is 
evident from Table 3. In the Bismarck Sea the velocities of the lower crust (Table 4) 
are not significantly different from the velocities measured in the range 10-100 km 
(Table 3). Thus it appears that the first refractor velocity evident in the Bismarck Sea 
can be taken as 6- 9 km s-' ,  and this suggests the existence of a quite different crustal 
structure in this portion of the region. 

As is evident from Tables 3, 4 and 5, parameters for determining crustal structure 
have been obtained for six regions in the survey area. In deriving these, an effort 
was made to limit estimates to seismic ray paths wholly within the various regions, so 
that an assessment of significant differences in average crustal structure can be ob-
tained. The measured parameters were then used in simple horizontal layer models 
to obtain the average structural sections shown in Fig. 6. What little evidence there 
is from surface rocks indicates that the value for the velocity of the uppermost layer 
of 40 km s used in the models is not unreasonable. If the least squares errors are 
used to determine errors in depths, then the uncertainty in the depth to Moho is 
1 2 km; however, as pointed out earlier, this must be regarded as the minimum 
uncertainty 

The features of the structure illustrated in Fig. 6 which are important are as 
follows: (i) the lack of material with velocity 58-65 km s' in the Bismarck Sea, 
indicating similarity with other marginal seas. (ii) the small thickness of 6' 14km s' 
material in the Willaiimez Peninsula area, perhaps indicating its comparative youth, 
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NEW IRELAND 
BISMARCK 	WILLAUMEZ 	CENTRAL 	SOLOMON 	GAZELLE 	 ond 

SEA 	PENINSULA 	NEW BRITAIN 	SEA MARGIN 	PENINSULA 	PACIFIC ISLANDS 

FIG. 6. Average crustal Sections for the New Britain-New Ireland region. 

(iii) the similarity of structure beneath the Gazelle Peninsula and New Ireland and the 
indication that this structure possibly extends to the islands to the east, (iv) -the 
shallow Moho and the higher velocities evident in the upper crust under central 
New Britain, and (v) the thickening of upper crustal material towards the Solomon 
Sea, where it is stilt evident on the landward side of the deep ocean trench. 

The present discussion represents only a first approach to the data available.. 
More detailed interpretations on the structure and geological history of this complex 
region are in preparation. 
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STRUCTURAL PROFILES IN THE NEW BRITAIN / NEW IRELAND 
REGION 

By D. M. FINLAYSON & J. P. CULL 

(with 10 Text-Figures) 

(Received 25 September 1972; revised MS received 7 November 1972) 

A it srRA CT 

Seismic interpretations along lines of shots and stations in the New Britain/ 
New Ireland region have revealed structural detail in this tectonically complex 
region. When correlated with marine and land gravity measurements, they indicate 
a comparatively uniform crust 18 km thick in the eastern Bismarck Sea, thickening 
to between 30 and 40 km approximately under New Britain and New Ireland. The 
interpretations indicate crustal thinning of the order of 8 km tinder the gravity 
high of central New Britain, and it is suggested that this is upwarping due to north-
south compressional forces. The gravity data indicate that a similar structure could 
apply to other islands in the Solomon chain. Shear forces seem to dominate the 
geological structure in the region of the Gazelle Peninsula and southern New Ire-
land, and the 30 km thick crust there contrasts sharply with an 18 km Bismarck Sea 
crust along the west coast of the Peninsula. The crustal thickness under New Ireland 
is the same as that under the islands to the east. The seismicity of the region 
indicates a multiple junction of crustal plates in the Rabaul area, and the structural 
characteristics are predominantly a result of a lithospheric subduction zone under 
New Britain and a multiple shear zone extending across the Bismarck Sea. 
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INTRODUCTION 
In their initial examination of seismic re-

fraction data obtained from the 1967 and 1969 
crustal surveys in the New Britain/New Ire- 

land region by the Australian Bureau of Min-
eral Resources, Geology & Geophysics (BMR) 
and co-operating universities, Finlayson et at. 
(1972) produced generalized crustal sections 
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for six areas within the survey region. This SURVEYS AND DATA 
interpretation can he improved by examining 

	
The area covered by the 1967 and 1969 scis- 

the data in more detail along profiles of shots 
	nlic refraction surveys is illustrated in Figure 

and stations, and by making use of gravity 
	

2. Details of the work have been given in tin- 
readings in the same area to establish a corre-
lation between gravity and seismic data which 
may be applied to other islands in the Bismarck 
and Solomon Seas. 

Other authors have examined the seismicity 
and earthquake focal mechanism data in the 
region and provided models of current tectonic 
activity using the concepts of plate tectonics 
(Denham, 1969, 1971; Johnson & Molnar, 
1972; Krause, in press; Milsom, 1970). Their 
interpretations outline the existence of three 
small plates—the Solomon Sea plate, the South 
Bismarck plate and the North Bismarck plate 
—interacting between the larger Indian-Aust-
ralian and Pacific plates. The multiple junction 
of four of these plates in the vicinity of Rabaul 	

Fig. 2. Shot and station locations for the 1967 
can be expected to result in complex crustal 	 and 1969 seismic refraction surveys. De- 
structures (Fig. 1). 	 tail in the Rabaul area is not shown. 
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the Hawaii Institute of Geophysics and during 1970 by the Bureau of Mineral Resources. 
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Fig. 4. Gravity anomalies in the New Britain/New Ireland region. Free-air anomalies are cc 
at sea; liouguer anomalies are contoured on land from BMR 1969 survey using 
density of 2.67 g/cm3. 

published reports by Brooks (1971), Finlayson 
(1972) and Finlayson el al. (1972). In this 
paper the 1969 survey data, which provides 
the information for interpretation of structures 
down to the M discontinuity (Moho), are used 
to maintain seismic control of gravity interpre-
tations. - 

During 1969 BMR conducted a helicopter 
reconnaissance gravity survey of New Britain 
and New Ireland to supplement the other geo-
logical and geophysical information in the 
area (Brooks, 1971). Whenever possible a 
station interval of 15 km was maintained; a 
higher station density was achieved in the 
Rabaul area. The gravity observations were 
made with a LaCoste & Romberg gravity 
meter and tied to existing 'isogal' reference 
stations, of which there are six in the area 
(Barlow, 1970). Height was determined by 
using microharometers and bench marks, and 
latitude and longitude by using aerial photog-
raphy and the mapping network. The corrected 
gravity values are estimated to be accurate 
within I milligal. 

The marine gravity surveys in the area were 
conducted by the Hawaii Institute of Geo- 

physics (HIG) during 1965 (Rose & Tracy, 
1971; Rose etal., 1968) and by BMR during 
1970 (Willcox, in prep.). The combined mar-
ine traverses are illustrated in Figure 3. 

In Figure 4 the results of the three gravity 
surveys have been combined in a composite 
map, which illustrates the free-air gra4jy 
anomalies over the sea and simple Bouguer 
anomalies on land, calculated using a crustal 
density of 2.67 g/cma. 

Fig. 5. Diagrammatic seismic ray paths from 
shots A and B to station P. 

ANALYSIS OF SEISMIC PROFILES 
Five lines of shots and stations were chosen 

for profile analysis, and these are shown in 
Figure 4. Lines KL and EF were selected be-
cause they were approximately normal to the 
geological trends; lines MN, ABC, and GHI 
were chosen to show structural variations 
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across the various regions along convenient 
lines of shots and stations. At each end of the 
chosen lines, a station (or shot) was selected 
and its time-distance plot was produced from 
those shots (or stations) which were situated 
within an azimuth of about 100  on either side 
of the line, so that apparent velocities could 
be determined with little ambiguity. The two 
plots produced for each line were considered 
as a reversed profile, and time depths were 
obtained at several points on the line by the 
reciprocal method of seismic refraction inter-
pretation outlined below (Hawkins, 1961). 

Referring to Figure 5, at point P the time 

depth (td) is defined as 
td 0 = f(t 1  +L —T,) ................(1) 

where t 1  and t.2  are the times taken to travel 
the refraction paths ASRP and BXYP, and T 
(the reciprocal time) is the time taken to 
travel the path ASXB. Because t 1  and t., in 
equation I cannot be measured in the regions 
AC and BH respectively, such time depths 
can be obtained only in the range CH. For 
retraction at the Moho the offset distances AE 
and BF are of the order of 40 km, and AC 
and Bl-1 of the order of 80 km. 

To derive crustal structure closer to the ex-
tremities of the lines it is necessary to use the 
concept of delay times. Referring to the path 
BXYP of Figure 5 the delay time (UT) at B 
is known from refraction theory as: 

UT!i = BX/V 0  - WX/V 1  ...... (2) 
where V 1, and V 1  are the seismic velocities 
in the upper and lower layers respectively and 
are assumed constant. 

If the delay time at P (UT.) is known, 
then equation (2) can be rewritten as: 

DTa = t. -  UT,, - PB/V 1  .....(3) 
It should be noted that UT,, is not unique. 

In Figure 5 it can be defined as either 
UT,, = 1W/V 0  - QY/V 1  ............(4) 
or DT = PR/V, 1  - RQ/V 1  ........(5) 

Equations (4) and (5) give equivalent re-
sults for UT, only if the points R and Y are 
at the same depth. However, averaging equa-
tions (4) and (5) we get 

av. DT, = 4(PY + PR)/V, 1  - 
(QY + RQ)/V 1 ) ................( 6) 

Comparing the right hand sides of equations 
(I) and (6) we see that 

td,, = av. UT.. ..... ........................(7) 
As an approximation, equation (7) can be 

substituted in equation (3) so that the delay 
time at B is defined as 

DTB= t2—PB/V, —td ............(8) 
For the selected seismic profiles (Figure 4) 

equation (I) was used to calculate as many 
time depths (td,,) as possible, and these were 

used in equation (8) to calculate the delay 
times at the end points of the lines. The end-
point delay times were then used in equation 
(3) to calculate delay times for points along 
the line at which time depths could not be 
determined. Offset distances were calculated 
where appropriate. 

An example of the time-distance plots across 
the Bismarck Sea is illustrated in Figure 6. 
The velocities identified from all the travel-
time plots are denoted by F,,, P 1 , P2, and 
P, which respectively represent the velocities 
4.0, 6.2 ± 0.4, 7.1 ± 0.4, and 8.2 ± 0.4 
km/s. The near-surface. P 0  velocities were in 
general not well defined, but for the purpose 
of constructing the sections little error is in-
troduced to the gross structure by assuming a 
velocity of 4.0 km/s. The P, information ob-
tained from shots at larger distances is well 
defined for the sections chosen; apparent velo-
cities ranged between 7.8 and 8.5 km/s, with 
an average of 8.13 km/s. 

The P 1  velocities were determined reliably 
when azimuth restrictions were removed, but 
only along the sections GUI and EF could 
they be accurately determined when azimuth 
limits were imposed. Elsewhere the average 
velocities derived by Finlayson et al. (1972) 
were used as a basis for computation. The P., 
velocities were well determined if some second 
and subsequent arrivals were used to define 
the line segments; they range between 6.6 and 
7.4 km/s, with an average of 7.0 km/s. 

The parameters for the linear segments 
fitted to the travel-time plots were computed, 
and the sections shown in Figures 8 and 9 
were derived from these parameters. 

The principles used in the interpretation are 
commonly used in this type of survey work, 
namely: (a) seismic data alone wer-used as 
a basis for the interpretation models and at a 
later stage geological and gravity considerations 
were taken into account to test the adequacy 
of the model: and (b) the models derived 
from the interpretation were to be as simple 
as possible, introducing the least number of 
assumptions to account adequately for the data. 

GRAVITY CORRELATION 
The derived seismic structures can to a 

certain extent be substantiated by comparing 
the gravity profiles computed from the seismic 
cross-sections with the observed gravity anoma-
lies (Figure 4). 

The gravity modelling of the seismic pro-
files was carried out using a computer gravity 
program designed for arbitrary two-dimen-
sional structures (Cull, in prep.). The approxi-
mation to two-dimensional models is reasonable 
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Fig. 6. Examples of time-distance plots across the eastern Bismarck Sega  along line AB (Fig. 4). 

in all profiles except 01-11, where the profile and Mueller & Talwani (1971). The modelling 
is not approximately normal to the geological procedure adopted for the profiles uses free- 
trends. The modelling principles are similar 	air anomalies in sea areas and simple Bouguer' 
to those of Talwani, Sutton, & Wetzel (1959) 	anomalies over the land. 
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Densities measured on rock samples from 
the land survey areas ranged between 2.60 
and 2.85 9/cm8 on average, and consequently 
the simple Bouguer anomalies over central 
New Britain may be in error by about 10 
mgal. However, terrain corrections (typically 
5-10 mgal but going up to 40 mgal in extreme 
cases) if applied would have the opposite 
rense to errors introduced by underestimating 
the density, and thus to a certain extent these 
cancel each other out. 

In the mountainous regions of New Britain 
and New Ireland the free-air anomalies have 
a direct correlation with topography. This is 
caused by the proximity of the surface mass 
distribution; although isostatic compensation 
may take place for average regional values of 
elevation, the compensation mass distribution 
at depth is remote relative to the surface mass 
distribution. The simple Bouguer anomalies 
used for modelling are in large measure free 
of the local topographic effect as the correc-
tion for the included mass above sea level in-
corporates the bulk of the effect of topographic 
variations (Woollard, 1967). 

Computer models were used to calculate 
the gravity effect of a proposed crustal cross-
section, but to relate this to measured gravity 
values it is necessary to determine the gravity 
effect of a standard crustal section selected to 
provide a datum level for reconstruction. As 
noted by Smith a al. (1966), discrepancies of 
up to 100 mgal can occur owing to incorrect 
choice of standard sections. Several sections 
used in gravity analyses in recent years are 
illustrated in Figure 7. For the New Britain! 
New Ireland region a standard crustal density 
was derived by plotting Bouguer anomalies 
against Moho depth calculated front seismic 
data and applying a least-squares fit to obtain 
the empirical relation 

BA = (20.0 ± 3.5)0 + (720 ± 120) .. (9) 
where BABouguer anomaly in mgal and 
DMoho depth in km. 
From (9) we get 

d(BA)/dD = 20.0 ± 35 ..............(10) 
and from the Bouguer plate equation 

d(BA)!dD = 41.85 ap ............... (11) 
where ap is the density difference 
Hence from (10) and (11) ap0.48 A/dm- 

If an upper mantle density of 3.33 g/cm3 
is used, then the average crustal density is 

= 3.33 — a,, = 2.85 ± 0.08 g/cm3 
(12) 

The standard section used in the analysis 
given in this paper is shown in Figure 7 for 
comparison with other sections; it is very 
similar to the section that Rose etal. (1268) 
used for interpretation of gravity in the Solo-
mon Sea region. 

The velocities and densities measured on 
geological samples collected in New Britain 
were in good accord with the empirical velo-
city-density curve of Nafe & Drake (Talwani 
a al., 1959) which was used to compute the 
gravity profiles from the seismic Sections 
(Figures 8 and 9). 

The fit between the observed and computed 
gravity anomalies based on the seismic models 
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is generally good, and any differences can be 
attributed to a coarseness in the modelling of 
the sea bottom in areas of extreme relief and 
to deviations of the true structure from the 
two-dimensional models. 

The New Britain gravity anomalies are very 
similar in size to those described by Laudon 
(1968) along the Solomon Island chain (Fig-
ure 10). Along central New Britain, free-air 
anomalies greater than +200 mgal and 
Bouguer anomalies up to +190 mgals have 
been measured. On Buka Island at the north-
ern end of the Solomon Island chain, the 
Bouguer gravity maximum of +240 mgals is 
associated with basic volcanics, and on adjoin-
ing Bougainville Island the coastal Bouguer 
gravity values of +170 mgal probably indicate 
values greater than +200 mgal in the interior 
of the island. Similar high values are observed 
farther south along the island chain, and the 
free-air anomaly attains its highest value of 
about +300 mgal in the mountains on Guadal-
canal and San Cristobal. 

Thus in common with the major Solomon 
Islands, New Britain is characterized by large 
positive free-air and Bouguer anomalies, and 
considerable local departures from isostasy are 
indicated by the regional association between 
elevation and Bouguer anomaly value. These 
departures from isostasy can be attributed to 
high-density crustal material, especially ultra-
basic intrusives in the basement, or to up-
warping of the base of the crust (Laudon, 
1968), or both. Geological investigations in 
New Britain and the seismic refraction evi-
dence substantiate both these ideas. 

Local large anomalies in Late Tertiary and 
Quaternary volcanic areas are attributable to 
the crust's supporting accumulated volcanic 
piles without isostatic compensation. This 
probably applies to the islands cast of New 
Ireland, where Bouguer values of +160 and 
+180 mgal are observed. In the Rabaul region 
Laudon (1968) associates the volcanic craters 
with the local gravity highs and suggests that 
the present volcanic activity is associated with 
intersecting fracture zones filled with crystal-
line material intruding the lighter predomi-
nantly pyroclastic material. One of us (J.P.C.) 
has modelled the detailed gravity in the area 
and finds that a prism of high-density material 
extending to considerable depth tinder Rabaul 
fits the local gravity picture superimposed on 
the regional trend. Although  highly idealistic 
model, it substantiates Laudon's suggestion 
mentioned above. 

The Bouguer gravity anomalies along New 
Ireland do not reach the very high values ob- 
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served on New Britain but have maxima of 
+120 rngal with the trends running parallel 
to the axis of the island. Farther along the 
island chain, at Manus Island in the northern 
Bismarck Sea, the Bouguer values are some-
what less, in the range +70 to +100 mgal 
(Laudon, 1968). In southern New Ireland a 
steep gravity gradient parallel to the Weitin 
River Fault indicates the importance of this 
fault in the tectonic interpretation of the area. 

Significantly all the islands in the Bismarck/ 
Solomon Archipelago with high Bouguer 
anomaly values (greater than about +120 
mgal) have adjacent ocean trenches and high 
seismicity. Thus the tectonic situation revealed 
by the seismic results in New Britain—upwarp-
ing of the base of the crust to produce high 
gravity values—could apply also to Buka, 
Bougainville, Guadalcanal, and San Cristobal 
around the perimeter of the Solomon Sea, and 
Choiseul and Santa Ysabel with their associated 
embryo trench on the Pacific side of the Solo-
mon Island chain. The notable absence of a 
trench and of major seismicity in the New 
Georgia Island group, and the fact that the 
corresponding Bouguer anomaly values do not 
exceed +100 mgal on a regional scale (Figure 
10), seem to substantiate this idea. Similarly 
the lower Bouguer anomaly maxima observed 
on New Ireland and Manus Island can be as-
sociated with relative tectonic quiescence. 

DISCUSSION 
The sections illustrated in Figures 8 and 9 

are in broad agreement with the conclusions 
derived from adopting average crustal areas 
(Finlayson ci al., 1972); however, some fur-
ther details have been brought out which are 
worth noting. 

Along section ABC the major 'transition 
from the Bismarck Sea structure to the Gazelle 
Peninsula structure is re-emphasized. There is 
a slight thinning of the crust under the St 
Georges Channel, west of New Ireland and 
under New Ireland itself, but the average 
crustal thickness out to Feni Islands is main-
tained at about 30 km by an increase in the 
thickness of the upper crustal layer. 

The section GHI demonstrates the thicken-
ing of the crust along the south coast of New 
Britain on the landward side of the ocean 
trench. Sections KL and NM again bring out 
this feature; however, the most obvious feature 
of the section LK is the thinning of the crust 
in tile region of tile grit vi ty high in central New 
Britain. The gradients interpr;ted in the Moho 
structure in the central New Britain region 
can be up to 20° from the horizontal, and the 
existence of oblique angle refractions along 
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sections parallel to the strike, e.g. section GUI, 
would lead to migration of the refraction points 
by as much as 15 km up-dip. 

Along the section EF through the Rabaul 
caldera there do not appear to be any gross 
crustal changes, but undoubtedly further in-
terpretation of the close refraction work in 
that region will reveal more complicated struc-
ture in the upper crust. 

155° 

The significance of the refracting horizons 
and velocities in terms of current tectonic pro-
cesses is more difficult to define. The 7.2 to 7.7 
km/s velocities which Drake & Nate (1968) 
associated with orogenic belts have not been 
identified in this survey; we recognise only two 
crustal velocities below basement. 

As mentioned in the introduction, the seis-
micity pattern in the region is taken as the most 
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significant indicator of current tectonics and 
it suggests a multiple junction of crustal blocks 
in the neighbourhood of Rabaul. Recently 
Wiehenga ( 1971 ) has advanced the idea that 
the crtistal structural features in the area are 
a result of tensional stresses across the region 
from the Tertiary until the present. However, 
the arguments for such a tectonic hypothesis 
ignore the substantial evidence to the contrary 
provided by xci n1 city a nil focal mechanisms 
(Denham, 1971; Johnson & Molnar, 1972; 
Krause, in press). 

The preferred emphasis in the present in-
terpretation is that the crustal structure in 
central New Britain results from north-south 
compressional forces which have produced a 
northward-dipping Benioff zone with upwarp-
ing of the Moho and a surface geological ex-
pression of block faulting and local tensional 
features, regional uplift, and volcanism which 
is still active. In the region of the Gazelle 

Peninsula and southern New Ireland large-
scale multiple shearing seems to be associated 
with the Bismarck Sea seismicity zone; the 
surface pattern of northwest-trending faults 
and local seismic lineaments substantiates this 
idea. The submarine topography along the 
zone of high seismicity and in the St Georges 
Channel (Brooks et a!,, 1971) indicates that 

the shear zones are a source of volcanic ex-
trusive material. 
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Time-Term Analysis of New Britain — New Ireland 
Island Arc Structures 

U. M. Finlayson and J. P. Cull 
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Summary 

Seismic data from the New Britain-New Ireland region are interpreted 
by the time-term method to give depths to four refractors: (a) the near-
surface refractor in the area of the Rabaul Caldera; (14 the basement 
refractor under the Gazelle Peninsula-southern New Ireland area; 
(c) the intra-crustal refractor; and (d) the Moho refractor under New 
Britain, New Ireland, and surrounding waters. The respective least-
squares velocities are 464±008 kms', 611 ±0O2 kms', 
6-84±003 km s ', and 792±005 km s', with the residuals indicating 
that there is a wider divergence of structure at the Moho boundary than 
at the upper three refractors. 

Introduction 

The combined distribution of shots and recording stations for seismic refraction 
surveys conducted during 1967 and 1969 in the New Britain-New Ireland region of 
Melanesia (Brooks 1971; Finlayson 1972; Finlayson ci al. 1972; Finlayson & Cull 
1973) provides an opportunity for applying the time-term interpretation techniques 
of Scheidegger & Willmore (1957) to an island arc structure (Fig. 1). The tectonic 
complexity of the Bismarck and Solomon Sea region has made it the focus of a 
number of geophysical investigations in recent years (Rose, Woollard & Malahoff 
1968; Furumoto ci al. 1970; Denham 1969, 1973; Johnson & Molnar 1972; Krause 
1973; Willcox, in preparation) and the seismic refraction interpretation presented in 
this paper gives a structural basis for some of that work. The interpretations 
published so far from the refraction data (Finlayson ci al. 1972; Finlayson & Cull 
1973; Wiebenga 1973) do not provide the overall picture of crustal structure obtained 
by using the time-term technique. 

Data and analysis 

The data from the 1967 and 1969 seismic refraction surveys conducted by the 
Bureau of Mineral Resources, Geology & Geophysics (BMR) and co-operating 
universities are listed in various reports (Brooks 1971; Finlayson 1972) and are 
sufficient to provide the sound statistical basisessential for the time-teim inter-
pretation method. A description of the surveys and the methods used is given by 
Finlayson cial. (1972). Briefly, 44 marine shots were recorded in 1967 on 17 sets of 
land based recording equipment and 54 marine shots were recorded in 1969 on 24 sçts 

265 

4-1 



7-1 

0 

n 
C 

¼ 
\ 

C.. 

FIG. 1. Combined shot and station locations for the 1967 and 1969 seismic refraction surveys and location -of sections illustrated in Fig. 9. 

NJ 



4-3 

Time-term analysis 	 267 

of equipment. The equipment was relocated during various stages of the survey, to 
provide readings at 28 sites in 1967 and 48 sites in 1969. Altogether, 1074 seismic 
first arrivals were recorded at distances less than 100 km and 396 at distances greater 
than 100 km; all arrivals were allotted a subjective ' quality ' and an ' accuracy ' for 
use in subsequent weighting of the data. 

The distribution of shots and stations (Fig. 1) largely satisfies the criteria that 
should be incorporated in any survey using the time-term interpretation method 
(Scheidegger & Willmore 1957; Willmore & Bancroft, 1960), namely: 

Shot and station locations must form extended patterns to provide adequate 
determination of the velocity in the marker layer. - 

Where the most accurate interpretation is required (which in this case is the 
Rabaul area) there must be an adequate number of stations and shots connected to 
other survey points in several directions. 

Recording stations should not be moved too frequently, so that a statistically 
significant quantity of data is recorded at each station. 

To determine a unique solution it is important to have several locations at 
which shots and stations are near-coincident. 

The method has been applied to crustal investigations in a number of areas: the 
Lake Superior survey (Berry & West 1966; Smith, Steinhart & Aldrich 1966), 
various Australian surveys (Finlayson 1968; Underwood 1969), and the Continental 
Margin Refraction Experiment (Bamford 1971). Unfortunately these surveys were 
not really designed with time-term interpretation in mind, as is evident from the 
linear arrangements of shots and stations, and the weaknesses of applying a time-
term analysis to such experiments have been described by O'Brien (1968). 

The mathematical method used for the interpretation of data in this paper is 
that of Berry & West (1966) and is described only in outline here. 

Assuming that there is a refracting boundary with seismic velocity V above and 
1 12  below, the theoretical travel-time for the critically refracted head wave between 
sites i and j can be written 

tu = D1 /V2 +a 1 +a 	 (1) 
where 

= distance separating the ith and jth sites 
If a 1  and a = time terms at the i-th and j-th sites (i.e. at the shot-point and recording 
station) 

Tij  = observed travel time for head wave, the residual difference between the 
theoretical and observed travel times can be written 

R ij 	T—t 	 (2) 

= X 1 —a 1 —a 	 (3) 
where 

X ij  = T6 —D/V 2 . 	 (4) 
Assuming that the sites i and j are from a total of N shot and recording station 

sites, there shouldtherefore be, at most, a total of N(N— 1) equations of the form (3) 
if there were both a shot and a station at each site. There will, however, be only 
N +I unknowns—the N time terms and the refractor velocity 112. The statistical 
criterion taken to give the best-fit solution is that the sum of the squares of the 
residuals (R, 2 ) shall be a minimum. 

Berry & West (1966) give details of the method used to derive the set of linear 
equations in the unknown time terms a, (where r = I ... N) and velocity 112, which 
can be solved by matrix methods readily available at computer centres. They also 
describe the data handling method in the practical situation where there are not shots 
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and stations attach site. The authors adapted the method for use on a CDC 3600 
computer. In practical survey operations it is often impossible to satisfy • the 
condition of coincident shots and stations, and therefore a set of time terms can only 
be determined subject to the value of a constant (a) which is of opposite sign for shot 
and station sites. In the present interpretation a unique solution is achieved by using 
values of the constant or determined from several pairs of near-coincident shots and 
stations. Table I lists the adjacent stations and shots (e.g. recording station Tavui 
and shot 1969/31) used to find the average value of a for the four refractors analysed 
in this paper. 

In a multi-layer model, time terms can be determined for successive refractors, 
and the depths to these refractors can be written 

H 
= 

= E ian — E lq/K(Vp+ &' 	K(V,, i, K) 	 (5) 
P 1 \ 	q1 

Table I 

Fairs of adjacent recording stations and shot sites used to determine unique time-term 
solutions. 

4•64 km s' Refractor Time-term constant 
Tavul & 1969/31 064 
Nonga & 1969131 0-68 
Praed Pt & 1967/1) 045 
Burma Rd & 1969/32 048 
Vulcan & 1969J34 072 

Average 0-60 
611 kms 	Refractor 

Doilene & 1967119 0-94 
Kahiara & 1969/45 095 
Ravalien & 1969/37 104 
Kabanga & 1967130 102 
Muliarna & 1967/47 102 
Uluputor & 1967/27 - 	 104 
Namatanai & 1967/37 090 
Sum Sum & 1967/33 081 
Kilinwata & 1969/46 092 

- Average 096 
&S4km s -  ' Refractor 

Doilene & 1969/47 084 
Manga & 1969/4 035 
Bulumuri & 1969/19 107 
Talasea & 1969/21 110 
Lindenhafen & 1969/23 071 
Palmalmal & 1969/8 059 
Vita I. & 1969/20 068 
Powell 1-113. & 1969/12 096 

• Average 079 
792kms' Refractor 

Manga & 1969/4 340 
Vito 1. & 1969/20 340 
l3ulumuri & 1969/16 296 
Lindenhafen & 1969/23 354 
Palrnalmal & 1969/8 332 	- 
Lambom & 1969/40A 330 

Average 329 
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where 

n = number of layers above bottom refractor; 

= total depth to critical refractor; 

= thickness of layer with velocity V; 

a,, = time-term to critical refractor V, +1 ; 

and 

(V 2  —V2)t 
etc. 

The standard deviation of the residuals R, is used to derive a measure of the 
statistical uncertainty of the time terms and of the velocity determined by the time-
term method. 

The identification of the refractors in the New Britain—New Ireland region to which 
time-term analyses could be applied has been described by Finlayson et al. (1972). 
The data used in the least-squares analyses in that paper provide the basis for data 
selection for the time-term analysis of four refractors: (a) the near-surface 
refractor in the region of the Rabaul volcanic caldera; (b) the basement refractor in 
the Gazelle Peninsula—southern New Ireland region; (c) the intra-crustal refractor; 
and (d) the Moho refractor over the whole survey area. The refractor velocities are 
illustrated in the example of a reduced time-distance plot shown in Fig. 2. 

The allocation of data to a particular refractor is necessarily a subjective process, 
especially at distances in the cross-over regions of time-distance plots. Thus some 
data may well be included in the analyses of two refractors if there is no geophyical 
justification for limiting them to one refractor or another. All the time-term 
analyses finally adopted are the results of an iterative process in which the residuals 
from each individual observation were examined at each cycle and those rejected 
which were thought to be grossly distorting the solution. 

Local Structures in the Rabaul CaMera 

A total of 131 seismic first-arrival data points (approx. 85 per cent of recorded 
data) at distances out to 16 kin are used to determine the time terms at 30 locatio 
(16 shots and 14 recording stations) in the vicinity of the Rabaul caldera (Fig. 3). 
In a preliminary study of the caldera in 1966, Cifali et al. (1969) established near-
surface velocities of approximately 2-5 km s from refraction results. Therefore in 
the present interpretation around the Rabaul caldera, corrections are applied to the 
observed travel times by replacing the depth of water at the shot-points with a 
pseudo-layer with velocity 2-5 km s for the purpose of the analysis. 

The time-term computations give a velocity of 4 - 64±0-08km s' for the material 
in the critically refracting layer, and the resultant time terms for the various sites are 
computed using this velocity. Space limitations preclude the listing of detailed time-
term values for all analyses in this paper but these may be obtained from the 
authors on request. Depths to the refractor are determined using equation (5) in a 
one-layer model with 2-5 km s' material overlying 4-64 km s material, and these 
are contoured in Fig. 3. The distribution of residuals is illustrated in Fig. 4 with those 
for other refractors; the standard deviation of the residuals is 0-12 s, giving an un-
certainty in depth of ±0-4km using the velocity model determined above. 

From Heming's geological description (in preparation), the 2-5 km s refractor 
probably contains rocks consisting of lava flows, tuff, tuffite, coral limestone, and 
volcanic ash while the 4.64 km s refractor contains older metamorphosed sedi-
mentary rocks, lava flows, and intrusions; consequently the velocity transition is 
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FIG. 3. Shot and station locations and depths to 4- 64 km s 	refractor in the 
region of the Rabaul Caldera. 

probably complex. It is also evident that the dense rocks (presumably of high velocity) 
expected near the surface by Laudon (1968) on the basis of his gravity work are not 
apparent in the seismic results. However, dense surface rocks can have low seismic 
velocity because of weathering and fracturing (Lort &.Mathews 1972), and thus the 
low velocity does not necessarily prove the non-existence of dense rocks. 

Basement structure 

The presence of a refractor with velocity of approximately 61 km s' in the 
Gazelle Peninsula—southern New Ireland area is evident from preliminary exami-
nation of the data (Finlayson a al. 1972). This refractor (defined as basement) 
is interpreted as the upper boundary of a thick pile of volcanic, pyroclastic, and 
intrusive rocks formed by lower and middle Tertiary island arc maginatism. These 
rocks are exposed in some parts of the Gazelle Peninsula and New Ireland but are 
generally overlain by younger, less consolidated rocks. 

Most of the first-arrival data at distances less than 100 km were recorded in this 
area, and they are well suited to time-term analysis. Data from 736 seismic arrivals 
(approx. 95 per cent of recorded data) are compiled to give time terms at a total of 
118 shot-points, and recording stations. For interpreting basement structure and 
deeper refractors, a water correction velocity of 40 km 1  is adopted, based on the 
meagre information available fromthe Rabaul caldera and engineering refraction 
surveys in the Gazelle Peninsula (Cifali, Milson & Polak 1968; Cifali et al. 1969) 

The velocity for the basement refractor determined from the analysis is 
611 ±002 km s 1 . The time terms computed with this velocity are used - to 
calculate depths front a single-layer model with 40 km s 1  rock overlying a 
611 km s basement. The results are contoured in Fig. 5. The residual distribution 

t-. 
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is shown in Fig. 4 and the standard deviation is 0-22 s, giving an uncertainty of1-16 km  
from the model adopted for the depth computations. 	 - 

Some of the features of structure are illustrated in an east—west section through 
Rabaul (Fig. .6). The following features of the interpretation deserve special 
mention: 

The shallow basement in the north-west of the Gazelle Peninsula. 

The rapid increase in depth at a point half-way along the north coast of the 
Gazelle Peninsula.  

The deep basement under the eastern St Georges Channel. 

The much shallower basement under central than under southern New Ifeland. 

The deep basement east of New Ireland. 
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Ftc. 5. Depths to basement (6 II km r') refractor in the Gazelle Peninsula— 
southern New Ireland region and location of section illustrated in Fig. 6. 

Intra-crustal structure 	 - 

The difficulties gf identifying any structure within the crust above the Moho are 
many, and it may be that the interpretation here, representing a step in velocity from 
6-11  km s to between 68 and 69 km s', is an over-simplification of the variation 
of velocity with depth. However, careful examination of first-arrival data in the 
range 80-150 km seems to indicate clearly the presence of a refractor, and with the. 
added evidence from subsequent arrivals outside this range the case for the refractor 
improves. 

The refractor is mostly easily identified in the Bismarck Sea, where there is clear 
evidence that the first velocity identified is 678 km s' and there is little evidence of a 
velocity near 61 kms'. 

For the time-term analysis, 191 data points (approx. 80 per cent of recorded data) 
are used to give time terms at 64 places (25 recording stations and 39 shot-points). 
Iteration of the data analysis procedure to eliminate arrivals which were of doubtful 
interpretation indicates a velocity which does not deviate far from 68 kms'. The 
final solution adopted gives a velocity of 6 - 84±003 kmC' and the time terms and 
consequent depths are computed using this velocity. The distribution of residuals 
(Fig. 4) seems to substantiate the idea of a distinct intra-crustal refractor, since the 
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FIG. 7. Depths to intra-crustal (6- 84 km r 5) refractor. 

number of data used represents a large percentage of those available for interpretation: 
The standard deviation of the residuals is 026 s. 

The depth determinations are made using equation (5) and the data available 
from the time-term interpretation of the basement refractor. Where there are 
deficiencies in the information available for depth calculations, estimates have been 
made from the least-squares analysis of Finlayson et al. (1972). The depths are 
contoured in Fig. 7, and the following features may be noted: 

Depths in the Bismarck Sea are generally less than 5km, and the 6-84 km C' 
refractor is the first detected below the sea bed. 

Other depths range up to 25 km, with average depths of approximately 15 km 
in the Rabaul area. 

In central New Britain there seems to be an area where the refractor shallows 
to less than 10 km corresponding with an area of high Bouguer gravity anomalies 
(Brooks 1971). 

The depths under central New Ireland (approximately 5 km) are much 
shallower than under the southern part of the island (10-15 km). 

Moho structure 

Most methods of interpreting seismic refraction data make various assumptioscs 
about the existence of refractors, continuity over a certain area near shot-points and 
recording stations, reversal of ray paths, lateral uniformity over a certain distance, and 
increasing velocity with depth, which are the logical extension of experience in 



4-12 

276 	 D. NI. Finlayson and J. P. Cull 

sedimentary basins. 	In crustal investigations, especially in island are areas, there 
must always be some doubt about making such assumptions when one considers 
that island arc tectonism involves large vertical movements, magmatism, meta-
morphism, phase changes, large-scale horizontal shear and consequent discontinuities 
and large boundary gradients. 

The interpretatiQn of Moho structure in an area such as New Britain/New 
Ireland is inevitably difficult and is not helped by the added complication that the 
seismic arrivals from the greater distances required for the interpretation contain a 
greater proportion of poor results. In the present time-term interpretation an 
attempt is made to include as many data as possible even though the scatter of 
residuals is high. 

In all, 188 datum points (approx. 90 per cent of recorded data) have been used to 
determine the time terms at 51 sites (28 shot points and 23 recording stations). The 
velocity computed from the final analysis is 792±O05 kin r' and in the iteration 
process, the most probable velocity for the region was always found to be approxi-
mately 79 km s - '.  The distribution of residuals (Fig. 4) clearly demonstrates that 
although 792 km s' is the most probable velocity for the legion as a whole, there 
is likely to be a good deal of variation within the region. The standard deviation of 
the residuals is +0-44s. The velocity determined is in agreement with the evidence 
from marine refraction work in the Solomon Sea Basin by Furumoto et al. (1970) 
of velocities ranging between 77 and 80 km s 1 . 

The distribution of residuals is likely to be influenced also by anisotropy in the 
crustal layers and upper mantle. Christensen (1972) has summarized the argument 
for anisotropy in the oceanic layer 3, backed by laboratory evidence that velocities 
vary from 62 to 71 km s along the different axes of rock samples. Keen & Barrett 
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FIG. 8. Depths to Moho (7-92 km s ')refractor. 
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(1971) found 8 per cent seismic anisotropy in the upper mantle from survey work 
in the Pacific Ocean Basin off British Columbia. 

The time terms are computed using the least squares velocity and the depth 
contours are illustrated in Fig. 8. The depths under the Bismarck Sea generally 
increase from 10 to 201cm going from NW to SE, and a large increase in depth 
under the north New Britain coast indicates a major structural feature. The 
differences between the depths under the south coast of New Britain and the 
Solomon Sea margin are not nearly so great. The shallower depths in central New 
Britain probably reflect the similar structure in the intra-crustal depth contours. 
From the results of Furumoto et al. (1970), depth to Moho is 12-13 km under the 
Solomon Sea Basin. 

The depths to the Moho under the Gazelle Peninsula are generally less than 
25 km increasing to approximately 35 km in the Rabaul area. Southern New Ireland 
has a Moho depth in excess of 30 km except for the area in the south-west of the 
island. East of New Ireland the depths are consistently greater than 30 km, 
indicating that the structure in that area is not that of typical oceanic crust. Two 
representative crustal cross-sections in the region are illustrated in Fig. 9. 

Discussion 

Seismicity and earthquake focal mechanism studies have shown that Rabaul lies 
at a triple junction of lithospheric plates: the Pacific Plate including the ill-defined 
north Bismarck Plate, the south Bismarck Plate and the Solomon Plate (Denham 
1969, 1973; Johnson & Molnar 1972; Krause 1973). Using the nomenclature of 
McKenzie & Morgan (1969) the junction is of the TTR type and is stable, since the 
transcurrent fault across the Bismarck Sea would seem to be tangential to the 
Solomon Islands subduction zone. The continuity of the fault in the St Georges 
Channel is not well defined from earthquake locations, probably owing to crustal 
weakness and volcanism having prevented the build-up of strain energy. 

The seismic refraction interpretations of crustal structure given in this paper help 
to describe the structural differences across the plate boundaries. The Bismarck Sea 
crust, which increases in thickness from approximately 10 kin to over 20 kin 
(including 2 km of water), as the New Britain coast is approached, is slightly thicker 
on average than the Solomon Sea crust (Furumoto et al. 1970), which is approxi-
mately 12 km thick (including about 5 km of water). The crustal thickness of the 
Pacific Plate east of New Ireland is between 35 and 40 km and is consistent with the 
suggestions by Kroenke (1972) that the Ontong Java Plateau area north-east of the 
Solomon Islands has a crust of considerable thickness (Furumoto et al. 1971). 

The crustal structures under the islands of New Britain and New Ireland show a 
diversity to be expected in active or latent island arc systems, but there is no gross 
structural difference across the boundary between the two. This conclusion seems to 
be substantiated by the fact that data from under the two islands can be included in 
the same time-term analyses without obvious disparity. 

One of the reasons for conducting the BMR crustal investigations in the region 
was to provide information that would permit the precise location of earthquakes and 
magmatic activity associated with the active Rabaul volcanic complex and thus assist 
with safeguarding of the Rabaul community. Within the assumptions made in 
seismic refraction interpretation, the near-surface and basement structures tn the 
Rabaul area are determined; but the interpretation does not define magma 
chambers or conduits, although they probably contribute to the spread of the travel-
time residuals. The broad aspects of the overall intra-crustal and Moho structures 
are defined. 
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(Reprinted from Nature Physical Science, Vol. 229, No. 7, pp. 205-207, 
February 15, 1971) 

St George's Channel—Bismarck 
Sea Trough 
DURING 1969 the Australian Bureau of Mineral Resources, 
Geology and Geophysics, in conjunction with the University of 
Queensland, Australian National University and the Hawaii 
Institute of Geophysics, carried out a survey of the crustal 
structure in the New Britain-New Ireland region of the 
Territory of Papua and New Guinea. This area, being situated 
in a tectonically complex region, has interested many Earth 
scientists in recent years. 

400  

KIE 

ABAU
-- 

NEW: 
 

I 	3RITAIN 	 - 

9 	?f0 .L 7L SOLOMON 

/ 	 SEA 	
?odS 

Fig. 1 The survey of New Britain/New Ireland in 1969 by the 
Australian Bureau of Mineral Resources, Geology and Geo- 
physics showing marine sparker traverses and the extent of the 

floor of the submarine trough (heavily shaded area). 
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As part of the 1969 survey several marine seismic reflexion 
(sparker) traverses were recorded on board MV Coral Queen 
in the channel between New Britain and New Ireland (Fig. I). 
The traverse spacing was between 5 and 10 km and position 
control was estimated to be approximately ± I km on average 
but varied above and below this figure, depending on the 
availability of radar and visual land sightings. A 7,000 
Edgerton, Germeshausen and Crier sparker system was used 
which gave a penetration of the order of 100 m in the bottom 
sediments that were encountered. 

The outstanding feature of the submarine topography 
revealed by the survey is the pronounced trough, 2,000 m deep 
and extending through St George's Channel into the eastern 
Bismarck Sea (Fig. I). Previous bathymetric maps' of the 
region have not suggested such a prominent deep water 
feature. The area indicated in Fig. I is the approximate extent 
of the floor of the trough. The central section north-east of the 
Duke of York Islands is very narrow and the trough can be 
divided into northern and southern sectors. Examples of 
profiles across the area are shown in Figs. 2, 3 and 4. 

At the wider sections the trough floor is relatively flat and 
smooth with a distinct angle of contact between the floor and 
the walls of between 10° and 25°. The topography becomes 
more disturbed toward the narrower section. In some places 
the sides olthe trough show block faulting. 

In the central part of the northern sector the topography 
indicates intrusives forming the south-west boundary of the 
trough floor (Fig. 2). These intrusives would post-date the 
formation of the trough and therefore are responsible for its 
narrowing north-west of the Duke of York Islands. Hence it 
can be inferred that the original trough was at least as wide as 
the present maximum width. 

The method by which the trough was formed originally has 
not been determined, and so the feature has not been described 
as a rift, trench, or canyon which implies particular methods of 
formation. 

Both New Britain and New Ireland have experienced volcan-
ism and tectonism from the Lower Tertiary period onwards 
and geologically speaking resemble the Solomon and New 
Hebrides Islands. New Britain has many characteristics of an 
island arc structure with an oceanic trench more than 8,000 m 
deep along the south coast and extending along the west coast of 
Bougainville Island (Planet Deep). A belt of active volcanoes 
extends along the north coast of New Britain but there are no 
active volcanoes on New Ireland. A zone of earthquake foci 
dips steeply northward under New Britain and towards the 
north-east off the southern tip of Ireland'. Also a weak shallow 
seismic zone extends in an arc across the Bismarck Sea from 
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north of Rabaul to the New Guinea mainland coast at Wewak. 
A major geological feature of southern New Ireland is the 

Weitin River Fault which French (unpublished) regarded as 
indicating sinistrat transcurrerit movement. The north-west 
extension of this fault is cut by several sparker profiles (Fig. 3) 
and runs into the northern boundary of the trough's northern 
sector. The profiles are not detailed enough, however, to 
show whether or not the two features are structurally related 
to each other. - 

Isolated profiles in other waters oil New Britain suggest that 
other prominent submarine features may be present and we 
feel that the 1970 sparker profiling programme in the Bismarck 
Sea by the Bureau of Mineral Resources, Geology and Geo-
physics will be a further useful contribution to our under-
standing of the region. 
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Seismic Investigation of the Papuan Ultramafic Belt 

3L M. Fiulayson, K. I Muirhead, J. P. Webb, G. Gibson, A. S. Furunioto, R. J. S. Cooke 
and A. J. Russell 

(Received 1975 July 21)' 

Summary 

Seismic survey data from a profile along the north-east Papuan peninsula 
coast indicate velocities which can be correlated with those of oceanic 
layers 1, 2 and 3, but with a crustal thickness of between 20 and 25 km. 
Distinct differences in the crustal layering are determined between the 
region where the Papuan Ultrarnalic Belt crops out along the coast and 
the region of the Trobriand Platform. The crustal thickness is more than 
twice the total thickness of gabbro and basalt components of the ophiolite 
suite exposed inland. Later seismic arrivals suggest the presence of a 
low-velocity,  zone below the Moho and a return to upper mantle velocities 
at depths of about 50 km. 

introduction 

The ophiolite suite of rocks in eastern Papua described by Davies (1971) is widely 
considered to be a classic example of a fragment of oceanic crust and upper mantle 
obducted on to a continental mass during orogenesis in an area of continent /island arc 
convergence (Coleman 1971; Moores & Vine 1971; Moores 1973). Dewey & Bird 
(1970) have stressed the importance of the study of such rock sequences in the develop-
ment of mountain belts and indicate that ophiolites are present in many of the major 
intra-continental orogenies such as those in the Urals and in the Appalachian—
Caledonian belts (Dewey & Bird 1971). The time—space relationships of the younger 
ophiolite belts therefore play an important role in placing constraints on inter-
pretations of continental interaction and accretion at plate boundaries. 

The East Papua Crustal Survey conducted during October—December 1973 was a 
seismic investigatioh of the major structures in the region of the Papuan Ultramafic 
Belt and was designed to add more definitive geophysical constraints to interpretations 
of the nature and evolution of the Belt. The results presented in this paper are some 
initial observations which are of importance in providing a framework for more 
detailed interpretation. 

Papuan Ultramafic Belt 

Davies (1971) and Davies & Smith (1971) described the Papuan Ultramafic Belt 
and its geological setting in the Papuan peninsula in some detail. The belt is a 
peridotite-gabbro-basalt complex which crops out over a length of 400 km and 

width of 40 km to the north-east of the Owen Stanley Range which runs the length 
of the Papuan peninsula (Fig. I). The complex comprises, from top to bottom, some 

* Received in original form 1975 June 9. 

6-1 

45 



(GINO 

EIN 
PA PUA N 
Ut TRAMAF,c 

E3 0wEwsrANL 
NE TA MORP,l/ 

ou.rFRIARl  
VOLCA N/CS 

E._ 	TERNARY 
SEQ 

- 1 	 /MINTS 

— MAJOR FAULTS 

I. 

K. 

6-2 

46 	 D. M. Finlayson a al. 

0. 	 I4_ 	 pQ 	 151' 	 152' 

Ml 	 __ 

II I 	
4Q00 	- 	 V '0 

f0 PC2 

M 	 r200 	 N I 	-- 	 TROI2RIAND 	 Cc 

	

LIQN \ 	

9 

Flo. 1. Simplified geology and bathynsetry of the Papuan peninsula region. - 

4-6 kin of basalt and spilite in massive form and as pillow lavas with some dacite, 
4 km of high-level gabbro, granular gabbro, and cumulates, and 4 to 8 km of ultra-
niafic rocks of which up to 05km are cumulates and the remainder are non-cumulate 
harzburgite, dunite, and orthopyroxenite. The basalt, gabbro and cumulate ultramafics 
probably crystallized in the Cretaceous and were intruded by tonalite in the Eocene. 
The ophiolites were emplaced in Focene or Oligocene time. 

Mesozoic schist and gneiss of varied metamorphic grade form the sialic corof 
eastern Papua and abut the ultramafic suite along the Owen Stanley Fault system. The 
metamorphics were formed during the Eocene from Cretaceous or older sediments 
derived from continental Australia, the most common grade being greenschist facies; 
lawsonite occurs in the metamorphic rocks along the entire length of the Owen 
Stanley Fault. 

Regional gravity observations have been made throughout the Papuan peninsula 
(St John 1970; Milsom 1973; Finlayson, in preparation). Milsom (1973) has made a 
detailed interpretation of the gravity data and considered the constraints on the 
emplacement of the ophiolites and their possible origin. The data are compatible with 
the ophiolites being slabs of oceanic or frontal-arc overthrusts with dip angles of 
250_600, but the means of emplacement is still not uniquely determined. The dips are 
much larger than those determined by seismic work (13'-19') by Finlayson et al. (1976). 
Milsom (1973) has considered other modes of emplacement for the ophiolite structure 
in eastern Papua and regards the 'orogenic thickening' hypothesis (Rabinowitz & 
Ryan 1970) and the' pluto-volcanic' hypothesis as unlikely. He regards it as possible 
that the overthrust material may be derived from a marginal basin rather than normal 
oceanic crust. 

The structures to the south-west of Papua in the Coral Sea Basin have been investi-
gated by Ewing, Hawkins& Ludwig (1970), Mutter (1975) and Gardner (1970). These 
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Fm. 2. Seismic sparker traverse across the Solomon Sea from the Trobriand 
Platform to New Britain (location shown in Fig. 3). 

demonstrate that crust of oceanic thickness is present in the Basin between the Coral 
Sea Plateau and the Papuan Platform. Crustal extension during the early Eocene is 
proposed to account for formation of the Basin (Davies & Smith 1971). In the north-
west Coral Sea a Mesozoic and Tertiary sedimentary section more than 10 km thick 
(St John 1970) overlies a predominantly continental type crust extending north-east 
from Australia (Finlayson 1968; Brooks 1969). 

North-east of Papua the central part of the Solomon Sea Basin has a crust of 
oceanic thickness (11-14 km) but the upper mantle velocities (77-80 km s') tend 
to be low (Furumoto ef al. 1970). Profiling records from the Basin show it is charac-
terized by rough topography (Fig. 2) with pockets of sediments. The free-air gravity 
values in the centre of the -Basin are predominantly positive (0-100 mOal) with 
considerable variation in the areas of high structural relief at its margins (Rose, 
Woollard & Malahoff 1968). 

The tectonic framework of the region has been studied, mainly on the basis of 
seismicity, by a number of authors (Denham 1969; Milsom 1970; Ripper 1970; 
Johnson & Molnar 1972; Krause 1973; Luyendyk, MacDonald & Bryan 1973; 
Curtis 1973). The Melanesian region is regarded as an area of convergence between the 
Pacific and Indian—Australian lithospheric plates with the smaller North Bismarck, 
South Bismarck and Solomon plates in the interaction zone. Minor seismicity at 
shallow and intermediate depth occurs along the eastern Papuan peninsula, and the 
formal solution to plate motions requires a transition in this area between a spreading 
centre in the Woodlark Basin and the Benioff zones along northern New Guinea and 
New Britain (Krause 1973). Vertical movements also have played, and continue to - 
play, an important role in the tectonics of the peninsula, both upwards in its eastern 
part (Smith 1970; Davies & Smith 1971) and downwards as is evident along the 
drowned coastline where the Ultramafic Belt crops out on the coast (von der Borch 
1972). 

In the southern part of the Ultramafic Belt large Pliocene and Quaternary 
strato-volcanoes occur in the Mount Lamington—Hydrographer Range—Managalase 
province round seismic station LMG (Fig. 3), and in the Mount Victory—Mount 
Trafalgar area round the seismic station at TO (Fig. 3). Mount Lamington (Taylor - 
1958) and Mount Victory (Smith 1969) have been active in the last hundred years. The 
tectonic significance of the volcanology of eastern Papua has been discussed by many 
authors (Jakes & White 1969; Jakes & Smith 1970; Johnson, Mackenzie & Smith 1970; 
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FiG. 3. East Papua Crustal Survey: shot and recording station locations, and 
position ofof sparker traverse shown in Fig. 2. 

Smith 1973; Finlayson et al. 1976), and the structure of the Trobriand Platform 
(Fig. 1) has been reviewed by Bickel (1974). 

Seismic survey 

The Australian Bureau of Mineral Resources, Geology and Geophysics cond titled 
the East Papuan Crustal Survey during October—December 1973 in co-operation with 
the Australian National University, the University of Queensland, the Geological 
Survey of Papua New Guinea, the University of Hawaii, Preston Institute of Techno-
logy and Warrnambool Institute of Advanced Education (Finlayson, in preparation). 
One-hundred and eleven shots were fired in the Coral and Solomon Seas and record-
ings were made at 42 seismic stations in Papua New Guinea (Fig. 3). The shots were 
mostly of two sizes, 180 kg and 1000 kg, detonated 100 m below the water surface 
where depth of water permitted. A timing accuracy of 001 s tied to the VNG 
Australian Post Office radio time signals was achieved for most shot instants and a 
positional accuracy of 0 I minutes of arc was aimed at, using an extended SHORAN 
navigation system. 

All seismic stations recorded YNG radio time signals for use as their time standard. 
Station positions were determined prior to seismic field work using a Decca trisponder 
trilateration network tied to the Australian Map Grid. Four seismic recording stations 
were part of the permanent PNG seismic observatory network and recorded on 
photographic or smoked paper recorders. Most Of the remaining stations used high-
gain seismic amplifiers coupled to slow-speed tape recorders, the majority operating 
unattended, either continuously (Muirhead & Simpson 1972) or programmed to operate 
for the first quarter of an hour every hour when shot firing was scheduled. Analogue 
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Ftc. 4. Reduced travel-time plots for recording stations La; Salamaua, Kul and 
Morobe from shots along the north-east Papuan peninsula coast. 

records were subsequently produced from all tapes and significant arrival times were 
picked by two or more seismologists. The details of the survey operations and data 
from the survey have been described by Finlayson (in preparation). 

Seismic recording along the north-east Papuan coast 

An initial interpretation has been made of data recorded along the north-east 
Papuan coast from Lae to Tufi (Fig. 3). Several recording stations (Salamaua, Kui, 
Morobe) along this line are closely associated with outcrops of Papuan Ultramafic 
Belt rocks. This line was chosen so that structures normal to the geological strike 
would have their least effect on the interpretation and water depth corrections to the 
seismic travel times would be small (water replacement velocity = 40km s I). 

Figs 4 and 5 are reduced travel-time plots of the first-arrival data recorded at the 
seven recording stations along the north-east coast; Lae (LAT), Salamaua (SL), Kui 
(KU), Morobe (ME), Cape Ward Hunt (CW), Killerton (KL), and Tuft (TI). In a few 
instances, subsequent seismic arrivals are plotted where they are important for this 
interpretation. Examples of records from Salamaua are shown in Fig. 6. The travel-
time data have been plotted according to the approximation that the shots and stations 
can be considered as reversed profiles between Lae and Tufi, an approximation which 

E!J 
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Ac. 5. Reduced travel-time plots for recording stations Morobe, Cape Ward Hunt, Killerton 
and TO from shots along the north-east Papuan peninsula coast. 

is reasonable except at the shorter shot-to-station distances. Least-squares straight4ine 
fits were applied to sets of data points where it was thought that refracting horizons 
had been identified. The data were weighted according to a subjective 'quality' 
attributed to each arrival when the records were read; the weights were 5, 3, or 1 
according to whether the arrivals were judged good, fair, or poor (Finlayson, in 
preparation). The least-squares parameters are listed in Table I and the velocities so 
determined are indicated in Figs 4 and 5. An estimate of the velocity in the uppermost 
layer is obtained by constraining lines through the datum points from the nearest shots 
to the origin. 

The travel-time plots indicate a difference in character between the data plotted 
north-west of Morobe towards Lae and those plotted south-east of Morobe towards 
Tufi. This major difference is attributed to changes in crustal structure in the Morobe 
region, where the shooting line crosses the boundary between the Papuan Ultramafic 
Belt and the Trobriand Platform. 

A prominent intracrustal refractor with a velocity of approximately 7 km s 
is identified between Lae and Morobe (Fig. 4); the small intercepts associated with this 
refractor indicate its relatively shallow depth. The cross-over distance between the 
7 km s refractor and the travel-time branch associated with arrivals directly recorded 
through the near-surface layers is, in most cases, between 20 and 25 km. From the data 
available an average velocity for these layers is 4-4km s_I. 
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Table 1 

Least-squares velocities and intercepts from stations along the north-cast Papitan coast 

Rots 
Velocity Intercept No. of residual 

Siation Direction (km r') (s) data (s) 
Lae SE 6 - 96±0-09 199±0-14 10 021 
Salaniaua SE 5-80±002 033±004 5 0-04 

683±0-03 127±010 lb 0-21 
8-17±0-09 5-21+0.30 10 0-17 
8-15+018 7-52±0-83 6 0-22 

Kui NW 7-29±0-18 1-24±016 7 017 
SE 6-22±0-04 I -24±0-09 II 013 

791±0-12 483±0-33 7 0-15 
8 - 05±0-25 722±088 5 031 

Morobe NW 684±0-22 131±0-18 7 017 
8-39±037 3-00±046 6 0-24 

SE 5 - 72±008 161±0-14 5 0-10 
6-98±037 3 - 91±0 - 73 6 0-33 
798±026 5 - 96±052 6 0-38 

Cape Ward Hunt NW 491±0-20 1-60±030 3 009 
7 - 44±0 - 14 4-38±0-21 9 0-19 
8-02±0-20 5 - 47±0 - 44 8 0-20 

SE 584±019 2-36±0-28 4 0-12 
6-86±0-07 3-75±0-16 10 0-16 
8-00±0-35 6-20±0-80. 5 0-35 

Killerion NW 615±0-10 269±021 4 013 
804±017 6-24±0-31 7 0-20 

SE 5 - 91±0-41 3-40±0-39 5 0-29 
7 - 27±0-19 4 - 91±0-26 7 0-24 

Tufi NW 5-44±0-12 1-58±0-22 6 0-16 
6-70±0-26 3-64±0-48 8 0-39 
7 - 99±0-05 6-03±0-15 14 0-22 

Between Morobe and Tufi the 7km s refractor is not such an obvious feature on 
the travel-time plots (Fig. 5) but can still be seen in the range 50-100 km with arrival 
times affected considerably by the sedimentary structure of the Trobriand Platf&hi. 
At distances between 20 and 50 km a refractor can be identified with apparent 
velocities ranging between 4-9 and 6-1 km s_i  and having a mean of 5-66 km C 
The shots nearest to the recording stations indicate a mean apparent velocity of 
3-7 kin C' but at Killerton arrivals with an apparent velocity of 2-8 kin s are 
recorded from shots over a sediment sequence greater than 3 km thick, and this 
velocity is taken to be the velocity of direct recorded waves. The 3-7 km C' mean 
velocity probably corresponds to the minimum velocity in acoustic basement, which 
may be correlated with magnetic basement determined by COG (1971) for the 
Trobriand Platform. 

Apparent velocities of the order of 8 km C' are not seen as first arrivals on the 
time-distance plots at distances less than 100 km except at Morobe, where data 
distribution is not good. The reliable data from all stations indicate that apparent 
velocities are in the range 7-91-8-17km s'. An interesting feature of the arrivals at 
Salamaua and Kui is that there appears to exist a later branch of the travel-time plot 
with an apparent velocity slightly greater than 8 k s', the delay being about 
2-0-2-Ss (Fig. 4). The increased amplitude of the later arrivals would suggest that 
they may be wide-angle reflections; a decrease in the energy of the first refracted 
arrivals is also apparent. Thus a retrograde branch of the travel-time curve may be 
inferred which leads to a subsequent, higher-velocity, refracting branch. 
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Structural interpretation 

The arrival data plotted in Figs 4 and 5 have been interpreted by using routine 
time-depth methods on as many pseudo-reversed profiles of shots and stations as 
possible. The approximations associated with the assumed coincidence of shot and 
stations 10-15 km apart at each end of the reversed profiles became evident when 
reciprocal times could not be matched closely in all cases; however, the interpretation 
attaches greater importance to those profiles where reciprocal times matched to better 
than 0- 3 s. The wavefront method of Schenck (1967) and the time-term method of 
Willmore & Bancroft (1960) were also applied to various data sets along the profile. 
Identification of arrivals at some stations was assisted by the compilation of seismic 
record sections (Fig. 6). 

The sedimentary structure has been estimated from the aeromagnetic work 
conducted by BMR over the Papuan peninsula (COG 1969, 1971, 1973) and the BMR 
marine sparker traversing conducted along the north-east Papuan Shelf (von der 
Borch 1972) and Trobriand Platform (Tilbury, 1975). 

The shots between Lae and Morobe were fired offshore from the shelf area, which 
extends seaward for between II and 16 km. Acoustic basement offshore was identified 
with Papuan Ultramafic Belt rocks, which appear to have been stable and slowly 
subsiding since the early Pliocene (von der Borch, 1972). The shelf break occurs at 
between 109 and 117 m depth and sediments are present on the 1:6 gradient slope with 
a two-way reflection time of at most 025 s, i.e. a thickness of approximately 0-2-
0-4 km. Aeromagnetic interpretation of the slope seaward of the Papuan Ultramafic 
Belt indicates that magnetic basement follows the seabed depths closely and no great 
thickness of sediment exists (COG 1969). 

South-east of Morobe magnetic basement depth is estimated at 1-2 km to beyond 
Cape Ward Hunt, then increasing to about 3 km in the Killerton region and decreasing 
again towards Tufi (Fig. 7). Magnetic basement is associated with the basaltic com-
ponent of the ophiolite suite of rocks at Morobe and with the possible extension of this 
component under the Trobriand Platform (Finlayson et al. 1976). The 28 km s 
seismic velocity measured at Killerton from the nearest shots is taken to indicate the 
velocity of the sedimentary sequence. 

The 4•4km s velocity indicated for the uppermost layer between Salamaua and 
Morobe is associated with the near-surface rocks of the Papuan Ijltramafic Belt, 
which are shown to continue offshore at shallow depth (von der Botch 1972). The 
37 km s' velocity indicated from shots close to most of the stations south-east of 
Morobe is less than that for the near-surface ophiolite suite rocks and may indicate the 
sequence of Pliocene to Recent volcanics associated with the Trobriand Platform 
(Smith 1973). U may in fact not represent a single rock type but rather a series of rocks 
which are undistinguished by magnetic interpretation methods (COG 1971). 

The 5-65 km s -'  horizon is evident at depths of 3-7 km on the Trobriand Platform. 
The widely ranging apparent velocities determined on the travel-time plots may be 
associated with a layer of non-uniform velocity resulting from the rapid decrease in 
compressibility caused by the closure of cracks and grain boundaries at 1-2 kb 
pressures. Manghnani & Woollard (1968) have demonstrated the wide range of 
velocities apparent in laboratory tests on basalts at these pressures, and it is probable 
that the 566km s' layer under the Trobriand Platform shallows in the Morobe 
region and becomes the surface layer with velocity 4-4 km s between Morobe and 
Salamaua. It is also possible that a thin 566 km s layer is not detected from first 
arrival data in that region. 	 - 

The refractor with velocity 6-8-70km s' is identified at depths of 3-6 km 
between Salamaua and Morobe, the shallower depths being interpreted in the 
Salamaua region (Fig. 7). The refractor deepens markedly south-east of Morobe 
under the Trobriand Platform. Depths in the Cape Ward Hunt to Killerton region are 
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Em. 7. (a) Crustal structure along the Lae-Tufi profile. (b) Time-terms to the 
7'96 km s refractor. 

about 13-35 km, shallowing into the range 10-13 km towards Tufi. The bars on the 
plotted datum points in Fig. 7 indicate the extremities of depths interpreted from 
various data sets using different interpretation methods. 

The depth to the 8km s.  refractor is more difficult to interpret because of the 
greater distances required to observe refractions as first arrivals and the crustal 
structure changes which occur half way along the profile, therefore a simple inter-
pretation is presented at this time. 

Time-depth interpretations have been made from data across the Trobriand 
Platform between Morobe and TO and the depths are indicated in Fig. 7. The geod 
data sets from Morobe, Cape Ward Hunt, Killerton and Tufi indicate velocities in the 
range 7'98-8'02 km s' with no significant dip. Simple layered modelling indicates 
an average depth of 22-23 km. - 

Finlayson et al. (1976) have shown how the depth to this refractor decreases to 
about 8 km along a profile between Killerton and Mount Lamington (LMG), demons-
trating the gradients (approximately 19 °) to be expected in this refracting horizon 
normal to the geological strike. Along the strike, however, it is expected that the 
gradients would not be as great, and a time-term interpretation was sought by con-
straining the refractor velocity to 7'96km s, the mean of all apparent velocities 
along the profile. The resultant time-terms are plotted in Fig. 7 and it is evident that 
the average for the Salamaua—Morobe region (I 92 a) was I14s smaller than the 
average for the Trobriand Platform (306 s). Computation of the average depths 
indicates that under the north-west part of the profile the refractor is at 200km and 
under the Trobriand Platform at 23'7 km. - 

The later arrivals evident on some of the seismic traces can be used as additional 
evidence for the interpretation along the profile. Simple ray-tracing methods were 
applied to layered models to try to account for the prominent later arrivals at Salamaua 
(Fig. 6) from shots beyond 200 km mentioned earlier in this paper. The chafacteristics 
of seismic traces from various velocity-depth profiles have been described by many 
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authors (Fuchs & MUller 1971). To achieve the characteristics of the profile recorded 
at Salamaua a deeper refractor was introduced with a velocity of about 8•2km s 
and a low-velocity zone above it, not only to account for the substantial delay in the 
arrival of reflections but also to approximate the relative amplitude features. The 
PUB—i model and travel-time curve superimposed on Fig. 6 is one model which can 
be used. 

Discussion 

Berry (1971), among others, has drawn attention to the uncertainties in interpreta-
tion of first-arrival seismic data and indicated that the depths to a refractor for some 
velocity-depth models consistent with the travel-time plots may be 20 per cent greater 
than those from the simplest consistent model. No attempt therefore has been made to 
relate the statistical uncertainties indicated in Table 1 to structural uncertainties; the 
errors should be taken merely as an indication of the fit of the datum points to the 
least-squares straight lines. 

The velocities along the Lae-Tufi profile can be compared with laboratory velocity 
measurements on Papuan Ultramafic Belt rocks by Kroenke ci al. (1974), Their 
results, together with results from the Cyprus ophiolite complex (Lort & Gray 1974), 
are listed in Table 2. The Cyprus velocity data are correlated with oceanic crustal 
structure of Moores & Vine (1971) and the velocities found in eastern Papua are 
similar to those data. However, the layer thicknesses found in ocean basins are 
commonly 1-2 km for layer 2 and 4-6 km for layer 3, giving a total thickness of solid 
crust of about 8 km (Drake & Nafe 1968) compared with a thickness greater than 
20 km along the Lae-Tufi profile. The 22-23 km depth determined off the KiUerton 
coast is in broad agreement with Milsom's (1975) coastal value of 25 km based on 
gravity data. Further seismic analysis is required, however, to determine the detailed 
structure of the ophiolite sequence over the whole of the region. The total crustal 
thickness along the Lae-Tufi profile is considerably greater than 10 kin, which is 
thickness of the basalt and gabbro -components of the ophiolite suite exposed at the 
surface farther inland. 

Finlayson et al. (1976) have drawn attention to the structures below the Moho 
demonstrated by the PUB-1 model fitted to Salamaua data (Fig. 6). Similar seismic 
features can be seen in the recordings beyond 150 km (Fig. 3) at Musa (MU), Cjjpe 
Rodney (CR), Kupiano (KP), and Kwikila (KW) from shots along the north-east 
coast. The time-delay and amplitude data asociated with deeper refractors seem to be 
satisfied only by introducing a low-velocity zone of the proportions of that in the 
PUB—I mQdel. It may be speculated that the material for such a low-velocity zone is 
derived from the Mesozoic north-east margin of the Australian continent, but this will 
clearly require further investigation. 
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Finlayson, D.M., Drummond, B.J., Collins, C.D.M. and Connelly, J.B., 1977. Crustal structures in the region of the 
Papuan Ultramafic Belt. Phys. Earth Planet. Inter., 14: 13-29. 

Geophysical interpretation of crustal structures in the region of the Papuan Ultiamafic Belt shows that the belt 
consists of a major dipping layered structure with velocities similar to those found in Alpine ophiolite sequences. 
However, the thickness of crustal material seaward of the belt is probably too great to be oceanic in origin, a feature 
it has in common with the lvrea and Troodos ophiolite complexes. Seismic travel times demonstrate the continuity 
of a high-velocity slab of rock dipping northeast at angles of between 13 and 25 °  and exclude the presence of a host 
sialic rock which would reduce average crustal velocities. Seismic record sections indicate that a low-velocity zone 
under the dipping slab is likely. The thickness of crustal material offshore ranges from 33 km in the area of the Huon-
Gravity Low in the western Solomon Sea, to 27 km in the area north of the Trobriand Platform, decreasing to 13 km 
in the central Solomon Sea. It is speculated that the crust under the Trobriand Gravity High contains an ophiolite 
rock suite similar to that comprising the Papuan Ultramafic Belt, and displaced from that belt during episodes of 
Cainozoic crustal extension which formed the Trobriand Platform. The Solomon Sea crust and lithosphere west of 
150° E has undergone considerable deformation, and the thick crust under that region may be a result of imbrication 
in a marginal basin crust. The Eastern Fields Marginal Plateau in the northwest Coral Sea has a crust about 22 km 
thick and is subcontinental in character. It is separated from the Papuan peninsula by a zone of crust about 18 km 
thick, possibly formed during crustal extension coinciding with the formation of the ocean-floor basalts exposed 
in the east of the peninsula. The crustal thickness of about 30 km along the southwest Papuan peninsula coast in- 
creases only slightly inland by 3-5 km until underthrusting takes place in the area of the Papuan Ultramafie Belt. 	.- 
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1. Introduction 

The Papuan Ultramafic Belt (Fig. I) is a relatively 
undeformed peridotite—gabbro_basalt layered com-

plex which crops out over a length of 400 km along the 
Papuan peninsula of Papua New Guinea (Davies, 1971; 
Davies and Smith, 1971). A number of geophysical 
surveys have been conducted in the region to deter-
mine the crustal structure; these have been summarised 
by Finlayson et al. (1976a, b) in their initial reports of 
the explosion seismic survey conducted in 1973. Fur-

ther interpretation and modelling studies have been 
conducted on data from that survey and these are pre-
sented in this paper combined with interpretations 
from recently compiled gravity and magnetic data. 

During the 1973 East Papua Crustal Survey 
(Finlayson et al., 1976a) 111 marine shots were deto-
nated on both the Coral Sea and Solomon Sea sides of 
the Papuan peninsula and these were recorded at 39 
sites shown in Fig. 2. The data available have been 
described by Finlayson (1976). Regional gravity data 
have been obtained from many different sources and 
compiled for the production of a gravity map of 
Melanesia (Connelly, 1976). Fig. 3 shows the simple 
Bouguer anomalies on land (Bouguer density 2.67 t nr 3) 

and free-air anomalies at sea in the region of the Papuan 

peninsula and surrounding waters. High-level aeromag-
netic data are available from surveys condueted for the 
Australian Bureau of Mineral Resources, Geology and 
Geophysics (CGG, 1971). 
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Fig. 1. Simplified geology and bathymetry of the east Papua region. 

2. Structural interpretation 2.). Northeast Papuan peninsula Coast 

The interpretation of the seismic data along the On the northeast side of the peninsula, the seismic 
northeast and southwest coasts of the Papuan peninsula record sections for Salarnuua (SL), Kui (KU) and Lake 

has been used to control seismic and gravity modelling Trist (LI) are shown in Fig. 4, and those from lull 
of gross tectonic features at right angles to the geologi- (Tfl and Musa MD) are shown in Fig. S. We have 
cal strike, assumed, in making interpretations along this line, that 
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there are no extreme structural changes such as those 
expected across the geological strike, and that the 
seismic refractors are reasonably continuous. The NW-
SE-trending gravity and magnetic - anomalies (Finlayson 
et aL, 1976b) associated with various components of 
the Papuan Ultramafic Belt support this assumption. 

The interpretation of Finlayson et al. (1976a) in 
the region between Salamaua (SL) and Morobe (ME) 
comprises a two-layer crust 20 km thick, consisting of 
a 3-5 km upper basaltic layer with velocity 4.4 km s 
overlying a gabbroic layer with velocity about 7.0 km 
S -1 . In the region between Cape Ward Hunt (ClV) and 
Tuft (TF) the crust thickens to 23-24 km and con-
sists of a sedimentary section with velocity 2.8 km 
two upper crustal layers with velocities of 3.7 and 5.7 
km and a lower crustal layer with velocity 6.9 km 
s. The velocity of the upper mantle is about 8.0 km 
C 1  along the whole coast. 

The interpretation of deeper structures along the 
northeast Papuan coast depends on the identification 
of significant subsequent arrivals in the record sections 
(Figs. 4 and 5). Finlayson et al. (I 976a) proposed an 
average model structure from the Salaniaua (SL) results 
and the travel-time curve for their PUB-I model is 
shown in Fig. 4a. The model requires alow-velocity 
zone beneath the uppermost mantle material. This 
model is not unique and other possibilities, models 
PUB-2 and PUB-3, are shown in Figs. 4b, c, and 5, 
together with their travel-time curves. 

The minimum velocity used in the low-velocity zone 
for all models is 6.5 km s which is not as low as the 
4.0 km s 	interpreted for the sialic material under 
the lvrea ophiolite complex in the European Alps. 
That sialic material is considered to lie partly molten 
(Giese et al., 1967; Giese, 1968). Velocities of about 
4.7 km 	have been measured in lithified sediments 
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Fig. 3. Gravity map of the east Papua region showing free-air anomalies at sea and simple Bouguer anomalies on land (Bouguer 
density 2.67 t m 

7-4 

of the Ante and Moresby troughs (Fig. 1) at depths of 

less than 10 kin (laths, 1975; Brown et at., 1975), and 

the upper crustal material along the southwest coast 

of the Papuan coast, described later in this paper, has 
a minimum velocity of about 5.9 km si.  We therefore 

consider it unlikely that a low-velocity zone under the 

ophiolite material has a velocity of less than 6.0 km s' 

The PUB-2 model of the Tuft record section (Fig. 5) 

contains the upper crustal structure under the 

Trobriand Platform region. At distances less than 150 

km the differences between the PUB-2 travel-time curve 

and the Musa record section in Fig. S are attributable to 

the breakdown in the two-dimensional model assump-

tions when applied to stations remote from the coast. 

Seismic rays consequently encounter dipping structures 

across the geological strike. The modelling of seismic  

travel time across the strike of steeply dipping struc-

tures will be discussed later in this paper; it is sufficient 

to indicate at this point that apparent velocities can 

differ greatly from refractor velocities. The general 

trend in all the proposed models seems to indicate the 

existence of upper-mantle material between approxi-

mately 23 and 35 km with a velocity of about 8.0 km 

underlain by lower-velocity material (about 6.5 

km s') down to about 50 kin. 

2.2. Southwest Papuan peninsula coast 

The crustal structure along the southwest coast of 

the Papuan peninsula differs greatly from that along 

the northeast coast. Finlayson et al. (1976b) have al-

ready pointed out that the differences in the travel- 
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Fig. 4. Seismic record sections for recording stations (a) Salamaua (St), (b) Kui (KU) and (c) Lake Trist (LT) from shots to the 
southeast along the NE Papuan coast. PUB-i and PUB-3 velocity—depth models and their computed time—distance plots are 
superimposed on the record sections. 
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Fig. S. Seismic record sections for recording stations Tufi (Tb) and Musa (MD) from shots northwest along the NE Papuan coast. 
The PUB-2 velocity—depth model and its computed time—distance plot are superimposed on the record sections. 
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time curves from shots in the Coral Sea and Solomon 

Sea are considerable. Their preliminary estimate of 

crustal thickness along the Coral Sea coast was 26-km. 

Fig. 6 illustrates seismic record section from 

Kwikila (KW) and ICubuna (KB) along the southwest 

Papuan coast, and also shows PUB-4 and PUB-5 models 

and travel-time curves for crustal structure under the 

coast. Velocities ranging from 3.0 to 4.7 km s are 

associated with sediments of the Ante and Moresby 

troughs (Brown et al., 1975;Tallis, 1975). A velocity 

of about 5.9 km s is determined for the upper crust, 

and a lower crustal layer with velocity of about 6.8 

km s 	is evident from subsequent arrivals on the rec- 

ord section&These velocities are higher than those 

proposed by Finlayson et al. (1976b) in their prelim-

inary interpretation, and the revised average crustal 

thickness in the PUB4 model of 30 km is consequent-

ly greater. 

2.3. Profile across the Papuan peninsula 

The major features of the Papuan ophiolite suite of 

rocks are evident only when profiles across the Papuan  

peninsula are considered. The determination of seismic 

structure at right angles to the geological strike is com-

plicated by the possible existence of large dips and 

abrupt changes in velocity. The assumptions of low 

dips and continuity of refractors normally associated 

with delay-time and time-term analyses would almost 

certainly not apply across the Papuan peninsula. Hence 

a computer modelling program which directs seismic 

rays from a source through a structure was applied to 

determine travel times. Models were compiled along 

the line A—B (Fig. 2) from shot 29 in the Coral Sea 

through Port Moresby (PUG) and Popondetta (Pr) to 

shot 95 in the Solomon Sea. Control on velocities and 

depths was available from the seismic profiles parallel 

to the northeast and southwest coasts of the Papuan 

peninsula and from the interpretations of fan shoots 

on both the northeast and southwest coasts (Finlayson 

et al, 1976b). 

Fig. 7 shows record sections from four shots in the 

Solomon Sea as recorded at stations along profile 

A—B, and Fig. 8 shows record sections from three 

shots in the Coral Sea recorded at the same stations. 
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The first arrivals from the model shown in Fig. 9a are 
indicated in Figs. 7 and 8. 

Features of the model which deserve special mention 
are as follows. On the Solomon Sea side of the 
peninsula a series of high-velocity layers with dips up 
to 20°  is necessary to account for the observed travel 
times. Apparent velocities between stations can be very 
high. The continuity of the dipping layers is evident in 
the observed results from the array of stations between 
the northeast coast and Gorari (GO). The possibility 
of the high;velocity material having intruded sialic host 
rocks was considered but is not consistent with the 
data: a low velocity in the host rock would reduce the 
average velocity in the crust, but the data indicate 
that high-velocity material predominates in the crustal 
rocks of the northeast side of the Papuan peninsula. 

Near the Solomon Sea coast along profile A—B, the 
upper crustal layers consist of Miocene to Holocene 
sediments of what is variously called the Cape Vogel 
Basin (Bickel, 1974) or the Trobriand Basin (Tjhin 
1976). The crustal thickness along the coast near 
Killerton (KL) according to the seismic data is approxi-
mately 23 km. Farther offshore, the crustal thickness 
increases to a OSaximLilli 0127 kin beneath shut 62, 
which is above the bottom of the slope from the 
Trobriand Platform into the Solomon Sea basin about 
110km from the shoreline. Beyond this distance the 
crust thins to about 13 km under shots 95-97. The 
seismic travel times to Esa Ala (ESA) and Lindenhafen 
(LF) support this thinning. The crust is of similar 
thickness to that measured by Furumoto et al. (1970) 
approximately 200 km east of shot 96 in the central 
Solomon Sea. The Moho dips at approximately 10 °  
between shots 97 and 63, consistent with the 9.05-km 

apparent velocity clearly measured between these 
two shots at six stations across the Papuan peninsula. 

As described earlier, the PUB-I, -2 and -3 models 
include a low-velocity zone under the uppermost mantle 
refractor; this is difficult to recognise in the interpreta-
tion of record sections across the geological strike. The 
shape of the deep crustal 6.5-7.0 km s zone under 
the Papuan peninsula shown in Fig. 9a is largely a result 
of the requirements of the gravity interpretation discuss-
ed later in this paper. 

The structure along the A —B profile from shots in 
the Coral Sea is difficult to determine uniquely in the 
absence of reversed shooting. Thus only apparent 
refractor velocities are available. However, the inter- 

preted profile along the southwest Papuan coast con-
strains the possible structures. The sediments of the 
Acre and Moresby troughs have been described by 
Tailis (1975) and Brown et al. (1975). Basement depth 
has not yet been determined by seismic exploration 
methods along the profile A—B (Fig. 2), but it is esti-
mated that the maximum sediment depth must be 
over 10 kin. 

Values for the depths and velocities of the crustal 
layers beneath the Eastern Fields basement high near 
point A in Fig. 2 can be estimated only from subsequent 
arrivals in the record sections because first arrivals are 
predominantly refracted waves travelling through the 
upper mantle. An average crustal velocity of 6.4 km 
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s_' has been adopted largely on the basis of crustal 
investigations across the central Coral Sea by Ewing et 
al. (1970) and in the northwest Coral Sea by 
Finlayson (1968). Also Denham (1968) p?oposed a 
crust 30-32 km thick with an average velocity of 
6.4 km s under Port Moresby, from interpretation 
of the spectral characteristics of teleseismic wave 
trains. The resulting depths to the Moho using the 
6.4 km s 	crustal velocity, decreases from approxi- 
mately 30 kin beneath the Papuan coast to 18 km 
under the deepest sediments, and increases to approxi-
mately 22 km under the Eastern Fields basement high. 

The travel times from shots 48 and 49 (Fig. 2) to 
stations along profile A—B between Daugo Island (Di) 
and Efogi (El) do not increase greatly (Fig. 10). This 
is interpreted as an indication that the Moho depth 
along that part of the profile does not increase greatly. 

3. Gravity modelling 

The gravity field in the Papuan peninsula region is 
dominated by: (a) the gravity high in the area of the 
Papuan Ultramafic Belt (simple Bouguer anomaly 
values of over +200 niGal); (b) a similar high over the 
northern margin of the Trobriand Platform; and (c) 
the extremely low-free-air gravity anomaly of —250 
mGal in the western Solomon Sea. 

On the Coral Sea side of the Papuan peninsula the 
gravity variations are comparatively mild and control-
led largely by the bathymetry of the Coral Sea, the 
topography of the Owen Stanley Ranges, and the 
depth of sediment in the Awe and Moresby Troughs, 
which exceeds 10 km in places (Talus, 1975; Brown 
et al., 1975). 

The seismic interpretation has been used to construct 
gravity models along two profiles A—B and A—C indi-
cated in Fig. 3. As mentioned earlier, simple Bouguer 
anomalies have been contoured on land (Bouguer den-
sity 2.67 t in -3) and free-air anomalies at sea. Milsom 
(1973a, b) has produced terrain-corrected Bouguer 
anomalies in the region of the Papuan Ultramafic Belt 
using different Bouguer densities for the various rock 
units; this increased the simple Bouguer maxima by 
about 10 mGal. Most areas of high topographic relief 
lie in the region southwest of the Ultramafic Belt. In 
the land areas as a whole, 74% of stations had terrain 
corrections less than 5 mGal, 20% had corrections be- 

tween 5 and 20 inGal and the remaining 6% had 
corrections greater than 20 mGal. These figures give 
some idea of the allowances to be made when fitting 
model structures to the simple Bouguer data used in 
this paper. Since only the broader features of the struc-
ture are being modelled here, care must be taken not 
to attach too much significance to fine detail which 
can be used to achieve a better fit than the interpreta-
tion method warrants. Milsom (1973a) has already 
pointed out some finely detailed models that fit the 
data but are unrealistic structurally. 

Fig. 9b and c contains the observed and modelled 
gravity data along profiles A—B and A —C together 
with the details of the models used. Constraints have 
been placed on the models where seismic interpretations 
are available along the northeast and southwest Papuan 
peninsula coasts and along profile A —B. Densities were 
obtained from the seismic velocities using the data 
compiled by Nafe and Drake (after Talwani et al., 
1959). A 32 km thick standard crust was used with a 
crustal density 2.85 t m— 3 and an upper-mantle densi- 
ty 333 t m 3 . This is the same as that used by 
Finlayson and Cull (1973) for the New Britain—New 
Ireland region and virtually the same as that used by 
Rose et al. (I 968) for the crust under the Solomon 
Sea (crustal density 2.87 t m , upper-mantle density 
3.33 t m 3). The modelling procedure assumes that 
structures are approximately two dimensional across 
the geological strike. In areas of high relief near Efogi 
in Fig. 9b, the gravity values calculated frtm the model 
should be reduced by about 15 mGal to correct for 
average crustal geology above sea level. 

Fig. 9b indicates that all essential features of the 
structure interpreted from seismic data can be accom-
modated in a gravity model which fits the observed 
gravity along the profile A—B. This therefore generates 
further confidence in the gravity model along profile 
A—C where seismic control is less rigorous. 

The principal  difference of profile A—C from profile 

A—B is the substantial deepening of the gravity low in 
the western Solomon Sea to about —260 niGal (Muon 
Gravity Low) in a depth of water less than that along 
profile A—B. The region of the gravity low is traversed 
by the Markham Canyon (Von der Borch, 1972), the 
channel through which large quantities of sediment 
are transported to the western extremity of the New 
Britain Trench. However, the canyon itself has a rugged 
topography and a significant minimum slope of 1-20 
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and is not an area of sediment accumulation. It is there-
fore unlikely that the low gravity values are due to a 
large thickness of recent low-density sediment. 

There are few indications from other sources of the 
origins and structure of the crust under the western 
Solomon Sea. The crustal material may be associated 
with the Palaeogene volcanic arcs formed in the New 
Britain and Finisterre areas and the subsequent attach-
ment of the Finisterre area to mainland New Guinea 
in the Neogene (Bain, 1973). Various unpublished 
Bureau of Mineral Resources marine profiling records 
in the Iluon Gulf area show a rugged sea bottom. The 
bathymetric ridge which extends eastwards from the 
Hann peninsula to about 149 ° 30'E (Finlayson et al., 
1976a, fig. 2) at the western end of the New Britain 
Trench is not prominent on magnetic profiles; it may 
be structurally similar to Karig's (1973) "mid-slope 
basement high" on the volcanic arc side of the trench. 
However, as discussed later in this paper, Johnson 
(1976) interprets the feature as the surface expression 
of a dipping slice of crust (Vitiaz Slice). 

The crust under the Fluon Gravity Low is inter-
preted here as having a thickness of about 33 k-ni. This 
is consistent with the significantly longer seismic travel 
times measured from the shots in the area of the deep 
gravity low. The Solomon Sea crustal structure west 
of 1500  E  must be significantly different from the 
oceanic crust found by Furumoto et al. (1970) in the 
central Solomon Sea, where there are regional free-air 
gravity values of about +100 mGal in similar water 
depths. 

The profile A—Cmodel on the Coral Sea side of 
the Papuan peninsula does not differ greatly from 
that along profile A—B. In the region of the Aure 
and Moresby troughs the depth of sediment largely 
determines the gravity model. Inland from Yule Island 
(YE) to Tapini (TI) the seismic delay times from upper 
mantle arrivals do not differ greatly, indicating no great 
increase in the crustal thickness. 

4. Discussion 

4.1. Papuan UltratnafIc Belt 

The Papuan Ultramafic Belt is classified, in compo-
sition and mode of emplacement, as an Alpine ophito-
lite complex (Moores, 1973). Milsoni (1973a) has corn- 

pared some of the gravity features of the Papuan penin-
sula with those of the Troodos complex on Cyprus and 
the lvrea complex in the European Alps (Gass and 
Masson-Sinith, 1963; Bercklieiner, 1968; Giese, 1968; 
Kaminski and Menzel, 1968). In these three cases the 
interpretations of the gravity highs are compatible 
with dipping slabs of high-density material of the order 
of 9-15 km thick dipping at angles of 15-25 0 . The 
complexes are regarded as being overthrust slices of 
oceanic crust and mantle (Môores and Vine, 1971), 
although Miyashiro (1975) regards the Troodos com-
plex as being of island-arc origin, a conclusion that is 
strongly contested by Gass et al. (1975). 

In east Papua, the seismic data substantiate the 
continuity of layering in the ophiolite suite and also 
require the thickness of crust above the high-density 
mantle material to be considerably greater than that 
found in oceanic crust. Thus there must still exist 
some doubts, as Milsom (1973a) points out, regarding 
the origin of the overthrust material. In the region of 
the Troodos and lvrea complexes, the crustal-material 
downdip of the high-velocity slabs is sithilarly much 
thicker than normal oceanic crust. Estimates of crustal 
thickness in the eastern Mediterranean in the Cyprus 
region vary from 25 km (Rabinowitz and Ryan, 1970) 
to 32 km (Gass and Masson-Smith, 1963; Woodside 
and Bowin, 1970), and in the lvrea-area crustal thick-
ness is estimated at 49-51 km (Kaminski and Menzel, 
1968). Lort et al. (1974) have suggested that the eastern 
Mediterranean is more likely to be continental than 
oceanic in structure. 

4.2. Western Solomon Sea 

In the Solomon Sea west of 1500 E there are anom-
alous geophysical features in addition to the —250-
mGal gravity low. Denham (1969) and Johnspn and 
Molnar (1972) have mapped the distribution of earth-
quakes in the Papua New Guinea region and shown 
that the western Solomon Sea is the location of a 
triple plate junction. Johnson and Molnar (1972) dis-
cussed the possibility of there being nearly vertical 
and overturned lithospheric material under the region. 
Denham (1975) has pointed out a major discontinuity 
at depth which occurs just west of-the 150 °  meridian 
under New Britain, there being no deep earthquakes 
west -of there. Johnson (1976) has presented geochemi- 
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cal data to show that Late Cainozoic volcanoes of the 

South Bismarck Sea can be separated into western and 

eastern arcs with a boundary on New Britain near 

lSO° E (Fig. II). Johnson (1976) has also drawn atten-

tion to the termination of the New Britain Trench in 

a divided. structure west of 150 ° E. He invokes the con-
cept of a slice of overriding crust and upper mantle 

(Vitiaz Slice) dipping under western New Britain, to 

explain the bathymetric high where the trench splits 

and also the change in tectonic environment required 

to account for the volcanic geochemistry. 

The post-Miocene crustal shortening and uplift, 

which produced the coastal ranges of the Huon 

peninsula and north coast New Guinea ranges, prob-

ably resulted in crustal thickening under the western 

Solomon Sea after the emplacement of the Papuan 

Ultramaflc Belt in the Early Eocene. Rabinowitz 

and Ryan (1970) invoke an imbricated crustal struc- 

ture in the eastern Mediterranean to account for crustal 

shortening, and it is possible that some similar type of 

structure accounts for the crustal features of the west-

ern Solomon Sea. The possibility that the crustal 

material originated in a marginal basin must also be 

considered likely since a three- to four-fold increase in 

thickness of normal oceanic crust by imbrication seems 
unlikely. 
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4-3. Trobriand Platform 

The Trobriand Platform is a shallow-water area of 
thick crust extending north and east from mainland 
Papua. At its eastern extremity, it adjoins the Wood-
lark Basin which is recognised as an area of crustal 
extension and rilting(Milsom, 1970; Luyendyk et al., 
1973). Tjhin (1976) indicates that the Trobriand 
Basin in the centre of the Platform, with up to 5 km 
of sediments, is probably the result of an E—W-trend-
ing graben structure. Smith (1975) has drawn atten-
tion to the nature of the volcanism at the eastern 
margin of Papua and indicated that several episodes of 
both compression and extension must have occurred 
during the Cainozoic. Calc-alkaline volcanism appears 
to have migrated westward from the Louisade 
Archipelago (in the Late Miocene) to the active volca-
noes on mainland Papua in recent times, possibly in-
dicating an episode of limited subduction which is no 
longer active. Milsom and Smith (1975) indicate that 
the Papuan peninsula east of 149 0 E consists predomi-
nantly of Upper Cretaceous and Middle Eocene tholei-
inc basalt, but that the mechanism for the formation 
of the thick crust in the area is not clear. Their favoured 
mechanism is that it was formed at least in part by 
mantle differentiation and diapirisni in a Middle 
Miocene tensional eiiviu,iiiiieuit - 

The major gravity high (Trobriand 6ravity High) on 
the northern edge of the Trobriand Platform (Figs. 3 
and 11), as mentioned earlier, is another of the striking 
features of the region. Observations were made near 
sea level on the islands in the shallow-water area of the 
Platform and were supplemented offshore with marine 
gravity data in the deeper waters to the north and east. 
Smith (1973) has shown that there are Pliocene—
Pleistocene volcanics on the islands at the northern 
edge of the Trobriand Platform, but the mass excess 
required to produce the gravity values indicates some 
additional tectonic features. Connelly (in Finlayson 
et al., I 976b) has drawn attention to the magnetic 
lows associated with the gabbroic and peridotitic com-
ponents of the Papuan Ultrainaflc Belt, and similar 
lows are found on the outer margin of the Trobriand 
Platform (CGG, 1971), where they are not associated 
with time Trobriand Basin sediments. Unfortunately 
the seismic refraction data do not extend along the 
gravity feature. However, we speculate that the feature 
is caused by an ophiolite complex similar in age and 

extent to the Papuan Ultramafic Belt and separated 
from it by those tectonic episodes which formed the 
extensional features of eastern Papua and the Woodlark 
Basin. 

44. Northwest Coral Sea 

In the northwest Coral Sea crustal thinning is dem-
onstrated between the New Guinea Mobile Belt (Bain, 
1973, fig. I) and the Eastern Fields marginal plateau, 
although the precise extent of thinning is masked 
partly by the sediments of the Ante and Moresby 
troughs. The litlufication of the deep sediments, how-
ever, will result in physical properties not greatly 
different from those of basement rocks, and thus 
the interpreted crustal thickness under the Moresby 
Trough and Eastern Fields Plateau of 18 and 22 km, 
respectively, cannot be varied greatly. This interpreta-
tion agrees with that of Mutter (1975a, b) who classi-
fies the plateaux marginal to the Coral Sea as being 
sub-continental in character. Taylor (1975) envisages 
the Aure and Moresby troughs as being the result of 
crustal rifting or extension during the Early Eocene 
antedating the emplacement of the Papuan Iiltramafic 
Belt and coinciding with the formation of sea-floor 
hasalts in southeast ikipua. lie regards LIme I'apuamm and 
Eastern Fields plateaux as being one tectonic unit, and 
Mutter (I 975a) interprets the Moresby Canyon between 
these two plateaux as an erosional feature+Iowever, 
there is evidence in the seismic travel times to suggest 
it basement feature on the northward extension of the 
Canyon near the Papuan coast. 
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Seismic travel-times to east Papua from 

USSR nuclear explosions 

D. M. !1,I!ut'so,z 

It cs..rtti:igs of I' sctui,sie a a,,s lent,,, Nnsaj 7.,,,1, .  '"'sic,, sup  Ins!.,,, .1 25 sItes ,s,,ui,r east l'ap u.n 

pet. it,suls situ. that I here are sig 'tifiranta pparct, I stepartorsts ( ... hho,1.1 from (rats I - 'tutu cats ulated using 

a,erage earth models. ihe residsaai at Port Moreshy IPMGI differ. by between 1-0.3 and +05 seconds from 

previous altempis to assign is station effect there. Without precise times and loc.littn, of hr Novuya Lemiya 

ewrnts it Is not possible to determine the pnspstrtiu ,i. of the residual due lo source effect, and velocity 

an,,mallrsin the mantle. it is shown that complex Cr o.tal sIr uetstre In the east Papuan region accounts for a 

significant proportion of the station residuals, which stiller (eon the l'MG residual by between -0.72 

seconds and * 1.41 second.. There is a teadmicy, towards more nrgatt.e raldual. on the nnrlhea.t tide of 

the Papuan peatosuta. 

I ni rod uci ion 

During Ote 1973 investigation of erttsttt s curt ItIC in the 

cast I'apuao region (Fit,laysot, anti others. 1976) some 42 

selottlie slatiotis were deployed to record I i I sltotsliretl in 

the Seslottiot, and Coral Seas It -otis site L/V Sir Ailais. Al 

Chit 59 oslo 57.17 I .0& U. 1. on 27 October 1973 (US(;S. 

1973), duriitg that survey, the USSR detettiateit a unclear 

device on Novaya Zsrnilya, and it was so ccc sstulty recorded 

at 26 stations in east Papua Fig. I). ihese recordings have 

been used to determine seistttie travel-lime residuals. i.e. 

departures iron' the 1-territs 119681 seisntoltigieal travel-litsie 

tab es. [or Is pit a yes. fl,e residual, were then atm tysed with 

respect to interpreted crustal models derived from the local 

cxplissit.rs seisnlie and gravity nt,servatitsns IFinlayson and 

others. 1976. 19771. 

Freedonatt 11967) has thsesissetl tile problems asst'ci:tie,t 

with trying to determine station residuals which apply to all 

taittitlts and sotirces - She points out that small location 

err') ry :, sd azinituh varying source residuals make the use of 

a world-wide distribution of sources essential for the deter-

minalvin ut an average staiko, residual. This was not 

possible with most of the east Papua stations because 

reetretitig tones were usually limited to those required for 

lie local etplosiots seismic work, thus severely linnli,tg the 

usable sources. Only at the permanent Papua New Guinea 

seisittie staliotts are other source data available. The 

tlet','iatioit of lite 27 October 1973 USSR nuclear device 

IN 

N 4 

76 
SOWMON 5(4 

SLAsDS 

U 

CORAL fla 	
5V-i 

Figure I. Lea, tin of seismic stations on flo, east Papusan penitisu I, anti rtsitivat differences ii" se.-onslsl from Pun Moresby. llsrre letter 

tnnrnsunies Indicate peen,sneni slasiuns; tastiest tines hssticate slaittun groupings discussed to teat; A  indicates toeaaiun of 
croutst proflleshuwn in Figure 4; a,mws indk-ase the a,tn,utl,s of various nuclear explosion site, from Purl Moresby. 
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FIjwe 2. Iterordlngt oflIw Ncl..s ZemIya ruotIrir r.plouon of 27 October 1971 a t.mk itsions on the e.sl Papuan pn.bnula. and a 

pruersItti record from uhe No,sy. LcmIy. nocleat co plo1i'un of 27 Otioluer I 900 recorded a W.naaoimga bcIsr,'Ir anay Wright 

& Molrhead, 1909, flg. 2). The onati used I. rompule residuals it Indicaled on each record. 



white nutty inst ruriucills were recording was purely 

lurtuit,,us. Eve,, with a single event. however. souuie 

comments can be made on the residuals within the survey 

area relative to a standard station, which, in this ease, was 

taken as the World - Wide Standard Se istnngraph Network 

(WWSSN) station at Port Moresby (PMG). 

Seismic recordings 

I-our of the stations (PMG, LAT. LMG and ESA) in 

Figure I I hat recorded 'lie USSR explosion. were part of the 

Papua New Goi I lea iaenu a "cit I seismic observatory 

tietwork, and the remaining sites were occupied temporarily 

by field recording equipment. A typical 'ci of held equip-

mciii consisted of a Willmore Mk. 2 vertical seisnionteter. 

amplttier. long-endurance tape recorder, internal crystal 
elock.and radio time-signal receiver tucked 10 the Australian 
standard trequeney and time-signal tranntissiun VNG. 

Reproductions of the recordings for the stations are 

contained In Figure 2. The replayed records have not been 

filtered and the reproductions of observatory records were 

made from photographic enlargements. Despite sonic dii-

lerenees in the recording characteristics of the equipment, 

he character uIthe first three secondsofihe wave trail, could 

generally be reeogtilsed in most records. On sonic repro-

ductions from tape recording systems, signal saturation is 

evident by folding ofthe high amplitude peaks. However, the 

baste form ofthe initial wave train ii seen plainly in the repro-

ductions front Pod Morseby. ra-ata, Kupiano. Popondetta 
and Salamaua. 

Much has been written on the waveforms to be expected 

front underground nuclear explosions. Tb irlaway (I 966) has 

indicated lb at in general the first few seconds of wave Indus  

trout the satire soc are similar with minor variations 

resulting Iroiti variations or depth of burial. Carpenter and 

others ( 967) have dcterutt ined amptitudc'distattee curves 

front various nuclear explosions. and the initial wave onus 

of their examples of records front French and Russian 

explosions are strikingly similar to tire 1973 recordings 

made in east Papua. For comparison purposes. Figure 2e 

TRAVEL -TIMES FROM USSR NUCLEAR EXPLOSION III 

the initial wave 6,rni uta Novaya Zenitytiu,ictcar 

explosion on 27 October 1966 as recorded at the Warra-

nuuluga seismic array in northern Australia (Wright & 

M ti i r hi cad - 1969). Tit is basic wave- form has been used to en - 

sore that the unsent time is ide,itiIied correctly on all east 

l 5ahluatt reeorets. 

The ot,servcd travel .times are listed in Table I together 

with sillier data. and all estimate has also been made of tire 

,,tascrvitiv,t,aI uncertainty in the onset times which takes 

into accoli it the instrumental factors connected with clock 

errors, parallax errors. etc. The components of possible 

error classified by Freedman (1966) as miscounts. ntis-

itleittihicatiouts and iiuslruttienlal errors are deemed to have 

been eliminated by independent examination of records by 

at least two geophysicists. 

The positions of the seismic stations were determined. 

using a Decea trispstnder system. to within the 0.1 n,liluient 

are in tat it ud e and luti gi t ude required for the Inca t set ...... 

stIr vey. The location and time of the USSR explosion  are 

taken from the US Geological Survey Earthquake Data 

Report 65-73 (USGS. 1973). The angular distances of the 

stations fruit, tile shot point. with ellipticity eurrecti,ttts, 

were in the range 97.17 0  to 10132 0 . Using the Herrit, (I 968) 

nil clei of tire earth, the angle of emergence (angle trout the 

vertical) of P waves at these distances is 14.5 t 0 . 10 (Ph. & 

Belle. 1972). The seismic rays can therefore be eoi,sidcred as 

emerging almost vertically through the upper mantle and 

er.,I. I structure ofecis, Pa pua. 

The angular distances at which the east l'apua ro-cords 

were made ptits them at the tiuter limit or direct t  wave 

observation- Figure 3 shows the Herrin (1268) P and PcI' 

phases converging beyond 80° . Beyond 
97,50 

 the travel note 

curve is substantially straight with a gradient of4.56 seconds 

per degree. Jetfreys & HuItcn (I 'M8) travel -times arc be-

tween 1.7s and 1.8s greater titan those of 1-lerrin (1968) in 

the range between QS°  and 100'. There are three Papua ii 

stations that are betweet, tOO °  acid 101 0  acid one station at 

iot.ir acid it is possible that sonic diffraction at I tie core' 

mantle b',,t,dary may have occurred. However Wright t & 

M uirhead (1969) consider the differences front the tiitea 

RE 

Sta:i,,,, 
2 

fri rirnioji ir 
3 

At,gnh,r 
doillilci .  

4 
Oh" -I'd 

era. -,'! 'iislI 

5 
flenoi,,,, 
rurrt', - :Il,tl 

6 
Corn - , i.-d 
irat-i' /- il ,ltl 

7 
11. 	b, (1968) 

mac. -! -  ml,,,, 

8 
Uvaijual 

IN) 

9 

RN' 
(PA/C) 

P,,,-mtiiun',kv I1MG 9'tSO I) 45.97 tb -01 13 45% II 4564 032 - 
Dauogu /da,,,l DI 99.86 Ii 46.111s 	05 0 Ii 46.t) 13 45.°34 0.69 liii 
Arc,.. AA 9933 1 3 4434 ± 'U) 0 13 44.34 I) 4) 54 ON 0.41 
K.,b,a,a K U wHO 1 3 42,76 	tIp -01 13 42.75 ii 41.44 0.81 0.42 
Mninlao'm MA 914.12 U 40,142.01 0 13 -1024 I) 3844 I.W 1.11 
hs,'i Ott 98.51 i) 411,1) o-u) -.18 1 3 t995 13 39.sl 031 "0,118 - 

Pt 1.. 73 I) 45.5.1 c 	Its - - 	'i 11 45.34 11 45..14 - 	0.0 0 .19 
Isptn' TI 98.76 Ii 41.63± 	uI IS I) 41.48 ii 40$ 0.54 015 
Laniü,gm,tn I.MG 99.67 1 3 4528 .,10 - .10 13 45.1)8 II 4504 0.04 "0-55' 
K,qüan,. K P too.76 13 5043± 05 1 It 50.43 ii 50.14 0.24 -0.10 
Ca;vRujvr, CR l).9) 13 51.19, .03 0 Ii 5t29 I) 50.94 0-35 "04$ 
C,,van 60 91014 13 449, 	itt .u8 II 44 	ti 1.1 44  027 0 tl 

SF t% It 46)8.11) -I) I) 41, .tit, I) 41.44 0-42 tItuS 
1 r pi.s7 1 3 47,1)1.10 -.17 ii 16% ii 41,19 0.92 053 

KuA,Ja KA 11.50 I) 4499± .Ot -.07 13 44.43 13 44.24 054 020 
iSqv,.Jvli.s PP Pt.M I) 41.2)1 	.tll 'Ill 1.1 44.21 II 4454 -03) 'I1.72 
14385-ro (cs,,... or PIN? 'I) 41.43 t 01 Ut ii 41.34 I) 4594 0.41) 0.01 
'Ions IA $4.01 II 42451I0 -ItI it 42.47 13 4104 0.4) t104 
141,.,,,,, La..., Mt. 'shy 13 45)811311 -uk, It 4574 It 45.54 020 -'tN 

iAn., SO 114th II 46.79r.01 '02 1.1 46.72 It 46.44 028 Oti 
AT 117.sci  I) 35.41 , - to 1 I) 15.43 II 15.34 0.04 '0.48 

La,- Car 117.17 13 hOt' 	to -.0' 0 3402 13 33.54 048 0.45' 
ESA to132 ii 537) ,.III 0' I) 53 12 0 5254 1,18 0.614° 
tI 97113 I) 38.7)0-10 25 II 1848 I) 3714 iii 0_us 

Moo, toIl) an 41 ii 49.48 '-in ii) Ii 411.45 I) 4) 59 0147 0414 
'la-v tVarJilsnm lw SISSy, 13 4145 	ill It I.' 1145 It 41.44 0.5' 0-I2 

t}sle ee,,m Table). tU,,idwal A. 

Table I. Observed said eskidaled dais (rotti east I 'spua.t selajals- tlaliont ( the No,.y. Zemtya niwlear e,plo.los, 27 October 1973 
0tE.59inttt57.375U,T, 
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seC liii iii he  iratet- 1111W 1111 V Itt lie ileglIgIlilL' tiLl i_is 1.11 as 

It)tV, tile distance at which they recciitlevl the October 1966 

Novaya /.enilya event at Warrant uiiga. Ilerriii & laggarl 

(196841 use data out IN) lOSS in their iiivestlgatiorls of 

regional variations in I' travel-tinies, 

Travel-time residuals 

Vie ravel-title residuals (observed travel time nii'tos 

ravel'iiitie derived from lhe Herrin 1908) tables Itw P 

phases) for the east F'apuati stations are listed in table I 

ettl U liii 8. Stan.... iiii dcv al iou eorrec tlOits use applied  

according Iii 111  ill tithed oh Lngtlahil & (Ju Its t limb). its ilig 

it velocity of rock above sea level of 5.8 k,i,/s. Although 'lie 

explosion source is listed in tile Earthquake Data Repori 

65.73 (USGS. 973) as being at zero depth. this is unlikely. 

Robinson & lyer (1970) used a source depth of I kin br the 

same USSR event and ibis is the value used litre. l-tcrriii 

(1968) used all average crustal nttntel Consisting Ill IS km 

with velocity 6.0 km/s, overlying 25 km with velocity tt.75 

kin/s. tue Correcting shallow locos travel times, 'I lie 

correction lo the Herrin travel -nine for the depth of tile sliol 

is —OPts, and has been applied to all data ill I able I 

eolitiiiii 7. The validity of applying ibis ctirrcelititi iii Ihie 

data is dieussed bier in connection with the slaiiiiit 

re s.. ].at  tstr Port Moresby. 

ligue. 3. Travel-time cunea .ia,t.oe tutu.) from hr 1968 Seluiao- 
logical labIa for P phora (Herrta '968,0g. I 

Permanent recording station 

residuals 

Some oninient can be made about (lie value oh I lie 'ravel - 

time residuals at the permanent seismic stations. As 

nieniionett earlier, azinttNth vatriations in tile cr5151 aliLt 

upper niaittic beneath lbe slalitiiis allect tation rcsitlo;ils. 

'titus oliservalions are required trout many sources. in all 

azimuths, to deiernnne a statistically signilicautt value cit lie 

residual at ally particular station. 

'Tile I'MG station is IIW wily one in easl Papua tiir which 

such a study has been undertaken and has been included in 

a itunit,er of worldwide invesliganniis of IN wave travel little 
analyses (Cleary & lI-ales, 1906: Cleary. 1967; Carder. 
tJuiriton& Jtirtlon, l'mO; hiervni & taigg:iri, ItN t K a;  Ijiwall 

& Douglas. 1970; Sengupta & Julian, 1976). Cleary (1907) 

derived IN stalion residual of —0.84s (hr PMG based no tO 

event, relative to the Cleary & Hales II 906 P revision Ill the 

Jeffreys & Bulleri (19414) travel note curve ]or I' waves. 1 his 

value was determined using data mostly from the azimuth  

it Japan 'nd tile Aleutian Islands, to th t, north and north' 

east of l'MG. 
Fterrin &'t' aggarl (1968a) determined azintuthally 

depeiistell( station residuals relative to die Herein (1968) 
travel time curves for 321 world-wide seismic stations 

including PMG. Their data for PMG were determined 

using 122 arrivals and the residual (H) was given by the 

eq uattiOn 

H -0,38 +0.29 sin (Z + 340) along ainioth Z. 

'this gives ('MG residual values of between approximately 

— 0.2s aitd —0.Ss for events to the north and northeast. and a 

value of —Q.SS for events in the azimulb of tile October 

1973 Novaya Zcmlya nuclear explosion (appriti. 338 ° )- A 

residual value ('or l'MG of —0.28 t O.45s has been deter' 

nnttesl recently  by Sengu pi a & Julia n (1976). 'These authors 

have reduced tile standard deviation of their value No about 

half thai of previous authors by using deep.t'ocus earth' 

quakes. which eliminates source effects due to Crustal and 

upper mantle structure, and by light control uI data quality. 

'hlie value delernsinetl in this paper from the ohservaiton of 

tile October 1973 USSR e t1,losit,ti (I able I I is +0 ,32s; the 

difference between this and the Fherriu & 'l'aggart (1968a)or  

lie Sengupla & Julian (1970) value is considerable, and, 

clearly. I orb lie r eLm t tilen I is required on tile poss it, Ic sources 

oh' iravel.tinie correct it) lis. 

'lIre iill iing antI posiiiotnmig tolerance tin 
tile  dala I'rotn 

cast ha to a preclude any si gin flea n t sysi ccix ate error from 

instroniental sources at all 26 stations o1seraiiiig inde1ien-

denlly. Residual differences between ('MG station and 

temporary stations in the vicinity. e . Mount Lawes (ML). 

Daugti island (00. Sirinumu Dan, (SD). (Fig. I). are eon-

sisieni wills the Purl Moresby local geology, as will be shown 

later in this paper. Six other observations of Novaya Zemlyx 

nuclear explosions on ('MG records were also considered; 

the residuals for these are listed in Table 2. The average of 

these resill uahs is 0.43s. which substantially agrees with the 

value of 0.32s in ']able I. considering tile reading error ot 

tIre observatory WWSSN recoreli of about =OA  s, The rill -

krence between (lie Sengupia & Julian (1976) or the llerrttr 

& Taggart (1968a) I'MG residual value and the observed 

October 1973 value cannot therelore be explained in terms 

of observatiotia I inaccuracy- 

Permanent recording station 

data consistency 

The consistency of the ('MG data with respect to other 

permanent stall ... I, in the region, was also cx a nit ned. the 

residuals at Lite (LAT). Lami.igton ILMG). Esa'ala (ESA). 

a.td Manton (MIN) near Darwin br a number of Novaya 

Zemlya evenis are listed i's Table 2. These have been deter-

mmcd using the arrival times listed ni U.S. Geological 

Survey Earthquake Data Reports, as were 'the ('MG 

residuals listed in Table 2. The averages for LAT. LMG and 

ESA were +1121,, -0.46s and +1.04,  respeci ively. Cum -

pared will,(INC values in 'i'able I nh +0.48s. -+43.04s anti 

+ Ii By respectively. '[lie etitisistelicy of the LA I' and LMG 

residuals call cIt-a rly be questioned. 
'I'), e residual di lhëeences bet wed, M' IN aid the I nor 

Papua New Guinea slat ions were also d eteriti I ned - '[lie 

MIN and ('MG data were consistent within a standard 

eteviat ion of ±0.1 lb. Those t.AT and LMG residuals which 

were itoi consistent wit[, cotter the MIN or PMG ttata 
wolnn s0.2s were rejected; Ihiese ulaia are niarketl ,.IN an 

asterisk in lablea I and 2. Alset, it was noied that those 
nuclear explosinni with a magnitude tnt.) less than oS were 

less reliably recorded. Sn the ('MG residuals from three 

Nttvaya '/ztiilya explosiomts have been rejected I niarkest by 

asterisk in ]able 2). 'i'he result ant mean residuals  front 
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.SlalInn Mn,-,n,mio I. i,',n 

- 
/3,).' 

Origin / ii',, 
(/f 

)snii,.s 

,I.,gi,/,,r 
,I"i,,,,r,' 

/,507,  

U, sA/oa I 
(lba,r'rd-

lh'rrn, 

(19081 ttide 
Mug,u-,l:i,ni,sh 

(ajpnc) 

P1.,, 5I,,,,-,h, VMG N,,;,0,, /,,,,l,., II 0,1311 IS 5957' 1111.57 0.51 u.7 11$' 
Ah,,,,l,, 'Ilk N,,,,., /111110.1 2 15,1,1/I IS 59 	''I II 'I'll 1174' 1t4 11W' 

'151k •'o" /ai,ilv., 2kw 	2 11 ,  -) 	3451 '11154 11.5". 6.3 .110' 
l'NIli N"'aa1a-i,iIy,' IIS,I.l 11 (/1. 9 	Sill 1I1157 0-18 e.8 .1.111' 

P1.', 2!'r,, hi I'M (1 N ... jyj i'ti, lya N,,, 	74 04 59 	51,70 '&44 0.4O 6.7 .130' 
P.,,' ;I.'r,'aI', POlO N- ,.l 21 A,, 	75 10 54 	.57w 9957 0113' 6.4 iJo' 
I',,,, .%l ,.n-, hr PMG Nr'ada 21' M.I. 	'Ill 19 01 	00.2 1(01.64 .49' 6.4 93' 
P,,,nhlnn',hr 'MC Nt'I . 	171-,1,1s 14 45 	(01.2 KO 67 -1.14' 6.2 No. 
Par, M-, lb, 'MC 01.1,1,/iSa blair) ON,', 	71 22 11/ 	101.1 61,01 -015 631 15' 
L', LAT N n;iya 71,1/;, 1 2 Sq,i '7.1 lv, 59 	5.33 90.90 0. ill 6.11 .08-  
1- LAl N ... ...... /,n,iI,i 2N,,,34 III 59 	5,7I1 97.21 (IllS 67 (0' 

(Al ''n ,,  Iri.,Iva 2.IA,035 11$ Sq 	57.'ll '(11(1 1175' 64 3(0' 
L LAl Nc,a,l,, I 	I 10. 	11, 14 45 	1112 99.211 22' 6.2 .1.10' 
L., LAl Ali.,•11,lkI(,,d ON,', 	71 22 (01 	1(3.1 4,4 IS "0.22 6.11 25' 

I MC t,rnIa 12 Sq,, 	73 Dl, 54 	54.33 49.39 •37 6.8 33/I' 
£ ,nn000,, 1MG N' , i>a /siuIy., 2 N.,, 	74 IN SI 	51,70 99.69 -11.51' 6.7 3.10' 

1.1131 125.vi7l Q. S•l 	Sill Ill 7'i '02] 64 1129 

MIN /a.,I,., 771,.. 	'4 '(471k. 'II '17.44 1111, 6.? JIf 
Ma..l,,, OlIN N,..aya I.r,,,l,,, 2.I11,'15 hO 71 	57111 '1011 -0.24 64 .142' 
En, 'airs 1 S Nand).' Zn,,'1, 140,17'' 05 59 	SIt I'll 69 '07 6.7 .138' 
I',, W. l;SA Nn,.,0.i 7, 1.10.,  27 Srp, '71 1155', 55.1$ 111190 1.77 6.4 III' 

,1 10A,,g71 05 sq 	7,5' 1111.1'.' 1.02 o.3 .1.14' 
ala ESA' N,,,,a /an , iisa 12 Sop, 	7.1 01, 51 	54,13 1127' 0111 1(11 .1.10' 

15,,,,, ESA A,''h''a lslai,,l ON,,,. 	71 72 lv! 	(HI 	I 6560 -1.52 64 

He;,,ci,'d clara 

Table 2. Resldu.Js al Cast I'apus and Maul,,,, srisnhir stations usit,g N,,vaya /.toilya, Ntvusda and AmrI,lilra Island nuclearcoplusluns 

reliably recorded Nova ya Ze oily a cx slt,s i ,i,is (Or P MG, 

LAT. LMG. ESA and MTN. using lie Herri,, 1190W tables 

t'or I' waves are listed ii, l'able 3 Residual A). 

Source uncertainties 

L.JSSR LIOIC5 ii,,! pulilisli precile lilcaliLlIl ailiel 11111i.Ig clula 

or ifi,o .,.,I"r CAIIIISOlIS  i.ii,l ll,eret,,re '(lest (I',',, 1,11151 

be oblanied by nor.iial earl liquake-iiiversioii b,lcNleIIi.ig. 

RL,hinsoii & lyer tl'176)_ iii their aitalysis ,.l tenlhaoral us nell 

as spatial varlaltorls of ravel-nine residuals it. the ('all' 

Iorniau, region, clearly consider the origili little ill the 

OcIciber 1973 event to be more precise liii,,i the USGS 

standard deviation uI ±1 Os rolicatc,. 'hit data Iron, 0.1 

es- enl are consistent n'ill, Iravel-Iuuites tr,,i, 71,111cr IbUeIC3Ir 

expI,aslolis III the Novaya 'LeoIya region. 'Illeir average 

slai,dard dcv,al illicit residuals front the nicauisal ill7 

slat was was ±0.06s US, iig S Novaya Lc,r,lya evelits. H,,wever 

the Robinsoi, & lyer average residual in the area ill (lie 

Berkeley (Ut(S) WWSSN station is about +0.12s whereas 

the average value determined front four world-wide studies 

listed by Sciiguj'ia Al Joliaii (1976) is +U.St. 'l'lios (lie 

seismic F' phases Irt.nt Novaya 'Lenilya explosions seen' '0 

arrive early in the California region (about 70' Ilion the 

sources), whereas in cast l'apua they arrive late. Hence 

altl.00gli lIre Ratio u,sou, & lyer (laid iliclicale thai tit, USGS 

irigni ll,ot's are cnnslslenl. here N,ay slut he a syslen,alic 
biao. 

Subsequent reet.nipuriaor'nil revised otal.. by Ilie bier' 

national Seismological Centre. Edinburgh (lSC) indicates 

that the USGS origin lime lilt the October 1973 event was 

O.?)s early. Tb is trend is seen in 01 her recoin pu I ccl cIa I a 

(I SC. 1970-19741. I he. lee a correct it" ol bet wee,, 0. 2(0 o,d 

-0.25s 'nay he applied to the residuals lisle) in 'table 31,, 
ot,o.., [letter eslhlnarcol vaiLles. 1 Ins l,'orrcclh,oi rescllls in a 
PMG slat . , ,i mesotoal ''I t'eiweei. ill. It alict In. I IN,  

Die validity '.1 apalylng a 5,,Lbr1t''de1ill, c,lrre't'Il,,n 

O.Ibs may also he c1ueslis.ncd. hearing in ,uii,d ill, slaIn.- 

ttcal lechn,qucs applied in tteleri.iuting IllevIrigill hub. Ii is 

probable that the convergence of the "rig, time is little 

affected by sniall variations in depth of about I km at (lie 

source and therefore the depth correction should 'hot he 

applied. It no source dpi I, eorrce tiivri is appi ieel ilk' I 'MG 

resirltial in I'at,le 3 is I't,rll,er alieresl I,. between -0.112s and 

lOUis. 'this is still stgii6cai lIly different iron, the HerOn & 

'l'aggari (1968), and the Sengupla & Jolia., (1976), values 

of -0.55s and -0.285 respectively. 

'I ;.[lie 3 eoi,uains s'alcics of Ihie resi,luals at ill, perrii:ilietil 

call l'apuall shahitois ovitli au origin lirnccorrcclioii Ill 0.23s 

applied and wili,,aul a scluree-delith correction (Residual Ii). 

Source bias at the Novaya Zcnilya nuclear lest site is 

elc.i,ly .',,IIIlIicr factor to he considered in trying I,' ucc,,uilt 

h,r travel little canal i,,its Iron, average earth n,ntlels. 

liepoilcol results. front World Wide Standard Se is meg rio ph 

Staii.,ns at Guan, (GUA), Rc'ng Kong (HKC). Manila 

(MAN) and Lernhang (LEM), of the two 1973 Novaya 

/.euillya ecpl.isicns were used In investigahe wliclhier there 

was any systetnalic lag in I' arrivals ill the general direction 

of Porl Moresby. Unfortunately there was considerable 

scarce, fit tIle data and no clear bias was indicated. 

Other indications of source bias are not available. 'ihere 

are Jr. seismic observalonics in USSR whose ree.,eils are 

available for scrutiny and the precise origin I inies of USSR 

nuclear explosions are not published. Sengupia & Julisit 

(1976) a niniug others have evaluated the residuals in the 

l,h,rllicru Sea ncli,,avi'an shod) area as being between IS and 

uhf? 
31,iI,,i,, 	 N,'.si,/,r.,I A 	III '"al ,,,/lI' 	inn., 

15,0 All- 'III, 03/UI 	60. .t90 	 DOs 
L.. I t.42) 	 -OlAn 	 -0.45. 	-1345s 

I l.Afeh 	-u II,, 	 -0.55, 	-0.55' 
1,, all /ISA) 	 1.02, 	 0.60s 	Ill 
.4r,,n,,,,, lot /N) 	 '0130 	 -0.51' 	-0.51, 

It ''ci,,, 1,5 ,011, 	Il.].' s,,ng iii i,,io,,,,.s-el,,,,,.1,1,lio,l  
'I, i'll'  o,irrcc,,,,,, I,,, 

'lat,Ic 3. Ke,td,,aJu, "sing 11mm (196111 tabl,g, for tnt t'apuaa 
pnm.nniI stallon. and Mans. tram Nu.aa /smiy. 
esplu.lun.. 
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- I.&s, but tills is probably 'tot representative of Nlivaya 

Ztntlya. which is cottsktered all extension of the Ural 

Mtlotlt;Iiii etlaitl, a zotte of inactive eontillelllal cottivivtit. 

For lack of (I liter cvid Cl ICC lb crc is ass tInted It, be in Silo rye 

bias ill Novaya ?Lntlya Clue. to crustal and ttpper mantle 

structure. 

Permanent station data 
iroiss other sources 

Soot e data (icon nuclear explosions along JAillnuls, Ito tit 

PMG outer than Novaya Lcmlya were exantiieti. Fable 2 

contains the residuals al I'MG. tAT and lISA using nuclear 

explosions on Anichitka Island in tile AletIliati Isiatitis. 

(''Caititikitt'' explosion). and in Nevada. Utllktrlullalely the 

Nevada espiosions are 1101 large enough for the outsels to lie 

picked reliably and these data have I herelore been rejec(ed. 

The Catttiikin explosion gave residuals of -0.15%. 0.22s, 

and - I .52s at PMG. LA  and ESA respectively lazitnutit 

approx. 250).  The ntagitiiucle ni Iitisexttl,isil,il(lit,v_ 6.8). arid 

like vi oiler el is tail ccx. ii  reel title rejecting these es ul Is. like  

difference between these residual, and those in 'la We 3 

from Novaya Zcntiya cspirlsiotts illustrates the eatit intl 

which must be exercised in tile interpretation of residuals 

from different azilttuths. In the ease of the (_atltlikitt 

nuclear explosion. it is probable thai shot point corrections 

differ considerably lions the average because cit major tee-

lotlic activity along the Aleuiiutt Island chain (iterrns & 

Taggarl, 1%8b). 

Residual differences 

'[he uncertainties ill tlie.delerniinatlon and iltierprelatitllt 

.r the residuals shown in the preceding sections do 1101 pre-

clude their use for the determination of residual d itkreutces 

which an be used to conlltleltt tIll crustal structure. 

Generally, tile onset of the t  arrivals at lily letitllorary 

stations was ttlore reliably and precisely determined than at 

the perniiineitt slalioits. The spread of the slativilts over a 

small angular distance front the source (4.150) encouraged 

ilte assLttltplioll Ilade in lilis Paler that all residual 'fit 

lerettees could be due to variations in crust and upper 

mantle structure hetteatlt llteeast ttapuaui peninsula. 

Hales and others (1965), in their studies if residuals in 

North America and Australia, concluded that the ntajttr 

part of regional residual variations could be aliritituiesl lit 

small velocity variations in the mantle at depths (it betweet, 

100 km and 600 kill. I towever the results by Cleary and  

.liters (1972) of their recordings of the Cantiikin esplosion 

across eastern Australia clearly indicate Ihat. as well as a 

regional effect, there is also a lat component of station 

residuats which can he attributed to crustal and upper 

mantle slrttetttrc. 'This citntpoltetit has been shuwtl to he 

quile large (1-2 seconds) 'at recording stal lulls in sedi' 

men lary basins (Everinghant. 1969). In teelontealty active 

areas this may even he the major camp .... c itt. 

'Ftc sallies If litt.' residual dillereitees listed in 'i'atile 3 br 

LA I, LISA and LMG have been quoted in 'table t, col-

man 9. The other east i tapuait station residual differences 

front PMG, i.e. station residual minus PMG residual 

('Fable I .column 9), have been determined using a PMG resi-

dual value of t0.39s, 'l'ht' resultant residual dillerences 

ranged from +1.4]s at Malalaua to -0.72s at Popondetta. 

Their spatial distribution is shown in Figtire t. The range of 

residual differences in cast Papua. 2.13s, Is greater than 

that found in Cahiornia by Robinson & iyer (197b). 1.48s; 

and that bond across eastern Australia by Cleary and 

01 lien (1972), 1.53s. 
'it teangle of emergence of theseismic rays recorded at 

east Papuan stations is less than 15 0  front tlte vertical. 05lll 

tIle hlerriit 119650eartht model. In order 10 obtain like ittaglti-

lode of the effects of crustal structure on the lravel.tinlcs it 

has been assumed that rays are travelling vertically through 

the cr5151. Figure 4 shows the crustal structure along the Ittie 

A  sltnwti in Fig. I, interpreted by Fu,tlaysott and others 

(1977). The sedimentary structure has been derived from 

itilerpretat iotts by Tallis (1975). and Brown and others 

(1975) lot the southwestern coast, and by Davies & Smith 

(1971) for (lie northeast coast. 

Coral Sea Coast 

'[tic residual differences along the soutlierit and sn out-

western coasts are coils i it crcd first, three stations, 

Malataua (MA). Kabutta (( B). and Anti IAA). lie within 

tile unsiable eastern shell area of Brown and others (1975); 

like stal LI 115 front Port Moresby toward, it,, southeast lie 

within ihteir sttutheastertt Pativa  Volcanic province. 

In like unstable eastern shelf area, ittere is a sequettee 

atiove seivntic basement which is probably more than lB knt 

hick. It consists of elastic sediments of like Caniozote 

i'atxnatt Ucosytlelilic uttettttl,tnitiahly tiverlyttig a sequence it 

sly tic rt ted, limited :old tie I a mit or1, hosed NI esozsttc to Lower 

tertiary rocks. The three seismic stations were situated on 

surface alluvi urn - 

V[iOCttY 

T0-6 
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Esiniales ut the interval velocities above seismic 
basenic it under MA. KB and AA an hens side l'rom various 
.it drilling and exploration activities (Talus, 975). In his 
may it is possible to make estimates of travel time tIll'-
ferenees due to the sedimentary sequence. For seisni 'c rays 
arriving vertically the effects of variation its the depth of the 
Moho from Pori Moresby of about 5 kin are small (approx. 

0.02 s/kin) ci'rtipared with file considerable delays odrit-

dueed 'tearer the surface. Using velocities varying hum 20 
km/s to 5.0 km/s for the various sedimentary layers under 

MA. KB and AA, the resid u al differences can be adequately 
ex1,laibed, Similarly the residual dilferenee at Da ago Islstitsi 

of 0.30s can be reasonably explained using a luw-veloeily 
sequence about OR km thick. 

'Ilie residual dit'terei,ees at Mount Lawes (-0, 190. 
Siriltutnu Dam 00.1 Is), Kupiano (-'PlUs) and Cape Rodney 
(-0.040 are all etnisisient wilts their location within the 
southeast Palma volcanic province of Brown and others  
(1975). Drummond and others (in prep.) interpret very little 
change in crustal structure between Pori Moresby and Ca1ae 
Ks4 icy. 'the near surface volcanic rocks are likely to have 
only a slightly higher seismic velocity than the Eocene 
marine elastic sedimentary rocks, clue's and Iiniestsiise oil 
which the 'MG station is Incited. 

Owers Corner lOG) is situated on pyroc list ics - I avsss and 
elastic sedimentary rocks which overlie Owen Stanley low-

grade nte tamorphie rocks. [lie residual d it'l'crei,ce of +O.Uls 
is slightly more positive than the values at ML (-0.1%) and 
SD (-0.1 Is), l'his can readily be accounted for by the near-
su r lace geological difference,; A is layso ii and others II 977) 
do not interpret any significant difference in M siho depth 
under these three stations. 

Central Papuan Peninsula 

The second group of results are those residual differences 
at stations located along the centre of the Papuan peninsula 

(Fig. 3), The stations at Lake Trist (LT). Kokuda (KA), 
Tetebedi (IT) and Musa (MD) are located on or close to 
outcropping rocks of the Papuan Uhirssnia lie Belt (Davies. 
1971), but all have significant positive residual il it'feretices, 
* U,95s. 4 0.2Us, 40.53% and t 0.48s respectively. It is clear. 
therefore, that although these stations are associated with 
surface rocks wilt, a high seismic velocity, tire underlying 

rocks ol the crust nt us, have lower velocities compared with 
those under Pori Moresby. Up to Oh enulsl he accounted 
br by the niorptsolngy of the crust-itiantle i,tlerf'ace of 
Fittlaysoit and others (1977). '[he balance at KA, 'fl and 
MD cat, reasonably be attributed to underlying meta - 

morphie rocks with a velocity structure similar to that under 
Owers Coriter (OG). 'rite balance at Lake Trist B- F) requires 
a thickness of underlying  low-velocity rocks of about 10 kilt 
if  velocity contrast front Port Moresby upper crustal rocks 
of about 1.5 km/s is assumed. 

The res,dual difference at Guari (GU) and 'I'apini ('I'll are 
our very latge. +O.OKs and +0.1 Ss respectively. Because of 
ilsc luseani,n itt the stations, these values supporl the 
argument that the larger positive residual ditfcreitccs at 

MA. KB and AA are entirely doe to tear-surface geology. 
The residual difference at Efogi (El), of -0.39s, is 

anomalous when viewed in term, of know,, surface geology, 
since positive values close to those at Owers Center tOG). 
Kokoda (KA), and Tetebedi (IT) might be expected. It is 
therefore concluded that the surface geology must mask 
unrecognised deeper geological features which include high 
velocily rocks. 

'[lie station a, Fsa'ala (liSA) lois a residual difference of 
+0,08s and may be considered wiitnn ibis group olsiatioits 
because crustal rocks which intake up the cure ofihe Papuan 

peninsula. extend offshore (Davies At Smith, 1971). The  

higlt positive residual difl'erci,ee does not seem In indicate 
any great reduction in crustal thickness under Esa'ala con' - 

p.s reel with stations onshore. However the volcanic activity 
in the D'Entreeasleaux Islands probably has an effect on 
the sets ntic velocities in the area and (hut may alter this 
inferred crustal structure. 

Solomon Sea Coast 

The third group of stations are those on or near the 
Solottisits Sea coast. The stations at loma (IA) and Cape 

Ward limit (('WI have residual differences of +0,04s and 
4-0,1 2s respectively. Davies & Smith (1971) report several 
tliousattd itielres of basaltic pyrsielasnc shallow marine
set! i nicnts and ii mcxl nile in the region of these stations. 
Substituting a higher velocity for the low velocity material at 
he surface will result in negative residual differences of 

-0.1s to -0.3s, which are close to residual differences at 
other slasions on tire Solonson Sea coast. The value at Attire 
(AF) of +0.03s is also positive only because of surface 
Quaternary lavas and pyrocl asi ics. 

'Ilic read towards negative residual differences oil the 
northeast side of the Papuan peninsula can be attributed in 
the lack of crustal rocks with vcloeiiies in the range 5.5-6.0 

ill/s lit cite crustal models (Fig. 4) interpreted by Fin I aysois 
and utters (1977), [he small negative residual difference at 
Gorari (GO) of -0,1 2s probably implies that a thit, layer of 
high velocity surface rock of the Papuan Ultramatic Belt is 
underlain by tower velocity material. 

The residual difference at Lae (LAT) of -0.45s is close to 
those for stations oil the northeast Papuan peninsula coast. 
The crustal structure ,tortli-,sorlhwest of LAT is no, likely 
In be line same as that Inwards the southeast but there is 
little other geophysical data to speculate on a crusi at n,odel. 

Conclusions 

The following conclusions cal, be drawn from the data 
prcsc n ted: 

lite value if the residual at Port Moresby as deiernoncd 

trip itt Novaya Ze ntlya explosions  is apparently significantly 

d il'frren I from previous evaluations, but the location of the 
velocity variation along the ray path leading to the travel - 

Ii tile si i 'fe ret ice cal, 15't be determined without precise data 
on shot tones and localions. 

'lii c rex itt oat differences from Port Moresby  Sc viii iL 
station at oilier stations throughout the Papuan peninsula 
can reasonably be explained in terms of variations in erustal 
structures in this tcetotncally complex area. 

A regional crustal effect which can he recogtt isesh is a 
tendency towards itegaiive residual stiffereitces nit tic nortlt. 
cast side of Ilic peninsula. 

'Jut deierniitiatinti of regional residual values from 

widely spaced observatories must take into consideration 
tire ni tile ti (lies Utti isiil el's, tile crustal ct'thets, i his would licsl 
he achieved by uhierat  itig snsall seismic networks tallier 
(Iran single obse rv a tory sites. 
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CRUSTAL STRUCTURE UNDER THE MOUNT LAMINGTON 
REGION OF PAPUA NEW GUINEA 

D.M. FINLAYSON, B.J. DRUMMOND, C.D.N. COLLINS, 
and J.B. CONNELLY 

Bureau of Mineral Resources, P.O. Box 378, Canberra City, A.C.T. 2601 

- ABSTRACT 

The Mount La iii ngton stratovoleano in eastern Papua is underlain  by the oph iolit e suite of rocks 
which make up the Papuan Ultramafic Belt and is situated near a north-south magnetic anomaly offset 

which marks the western limit of current volcanic activity on the Papuan peninsula. The Moho in the 
region shallows from depths of about 21 km under the northeast Papuan coast to 8 km under Mount 
Lamington. The crustal layers are interpreted as having P-wave velocities of 18. 3,7, 5.66, and 6.86 
km/s, which are similar to those found for oceanic layers I. 2, and 3. However, the total crustal 
thickness along the coast is about twice that of normal oceanic crust, The crustal layers dip towards the 
Solomon Sea at angles between 3" and 9", which are higher than the 9" dip determined from magnetic 
models but much less than the 25,600  dips used in previous gravity modelling. The Moho depth along 
the southwest Papuan coast is about 26 km, decreasing towards the Coral Sea. There is evidence for a 
low-velocity zone under the Mount Laniington region at depths between 35 and 50 km. Deeper 
lit hospherie processes are responsible for the ealeal kal inc volcanism of Mount I anti ngton and nay he 
related to the minor earthquake aetivily at shallow and intermediate depth, possibly associated with a 
fossil Benioff zone. 

INTRODUCTION 

Mount Lamingion (1585 m) is one of a number of large Quaternary strato-
volcanoes which lie northeast of the Owen Stanley Range in eastern Papua (Fig, I). 
Until 1951 it had been regarded as dormant because there was no history or legend 
of activity, but in January of that year a catastrophic Peléan-type eruption occurred 
which caused considerable loss of life and property damage (Taylor. 1958). A 
seismic monitoring system was subsequently set up on the northern slopes of the 
mountain to detect earth tremors. Data are telemetered to a recording station in 
Popondetta for immediate inspection. 

In 1973, the Mount Lamington station was one of the recording stations 
operating during the East Papua Crustal Survey, a regional seismic survey 
designed to investigate some of the major structural Features of the Papuan 
peninsula (Finlayson, in prep.). Preliminary interpretations of crustal structure in 
the Mount Laniington region have been derived from data recorded at stations in 
that region. These interpretations, together with those of unpublished 

aeromagnetic work (CGG, 1969, 1971, 1973), enable basic structures under Mount 
Lamington to be outlined. 

REGIONAL GEOLOGY 

The geology and structure of eastern Papua (Fig. I) have been discussed by 
Davies (1971), Davies & Smith (1971), Milsom (1973), and St John (1970). The 
Mount Lamington volcanic region lies on the Solomon Sea side of the Papuan 
UltramaFic Belt. This Belt is an ophiolite suite of rocks regarded as the surface 
exposure of a dipping slab of Jurassic oceanic crust and mantle, which has been 
obducted on to sialie crust during an episode of crustal convergence in the late 
Eocene (Davies, 1971; Dewey & Bird, 1970; Coleman, 1971; Moores, 1973). 
During this episode, the Owen Stanley Metamorphics were formed from 
Cretaceous sediments Jeposited at the northeastern margin of continental 
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Fig, I: Simplified geological nap of eastern Papua. 

Australia and rifted from Australia during the opening of the Coral Sea prior to 
separation of Australia from Antarctica in the early Eocene. The metamorphics 
now form the mountainous spine of the Papuan peninsula. Milsom (1973) has 
discussed the various proposed methods of emplacement of the ophiolite suite and 
concluded that there is a possibility that it may represent crust of a marginal basin 
type rather than a true oceanic type. 

After emplacement of the Papuan tiltramafic Belt, volcanism took place in 
the late Miocene and Pliocene on the Papuan. peninsula and offshore islands and 
continued through the Quaternary to the present time (Johnson et al., 1973; Smith, 
1973; Taylor, 1958). It is difficult to relate the present episode of volcanism to the 
Tertiary tectonic episode which resulted in the emplacement of the ophiolite rocks. 
However, Mount Lamington and the other active volcanoes lie on the northeast 
margin of the Indian-Australian lithospheric plate where it abuts on a series of 
contrasting crustal types in a region of crustal convergence between the Indian-
Australian and Pacific plates. The tectonic development of this northeast margin 
has continued since the separation of Australia from Antarctica in an episodic 
manner. 

This development is illustrated in recent times by the pattern of earthquake 
activity (Denham, 1969) and volcanic activity (Johnson et al., 1973) in the region. 
The shallow and intermediate seismicity of the Papuan peninsula is minor 
compared with the major  earthquake zones to the north and east but it is 
significant, and some form of left-lateral strike-slip movement in the general 
direction of the Owen Stanley Fault is essential to the tectonic synthesis of the 
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Fig. 2: East Papuan Crustal Survey 1973, shot and recording station locations. 

Papua New Guinea region as a whole (Johnson & Molnar, 1972; Krause, 973; 
Luyendyk et al., 1973; Milsotn, 1970). Ripper (in prep.) has computed focal 
mechanism solutions for two earthquakes off the tip of the Papuan peninsula, one 
of which indicates strike-slip movement parallel to the geological strike and the 
other rifling. 

SURVEY OPERATIONS AND DATA 
The operational details of the East Papua Crustal Survey have been described 

by Finlayson (in prep.). Briefly, Ill shots were fired at sea (5 were small test shots) 
and 42 recording stations were positioned as shown in Figure 2. The stations were 
operated by the Following institutions: Bureau of Mineral Resources (24), 
Australian National University (9), University of Queensland (3), Warrnarnbool 
Institute of Advanced Education and Preston Institute of Technology (3), PNG 
Geological Survey (3) and the University of Hawaii (I). The shots were usually 
either I tonne or 180 kg and were fired at approximately IOU m depth; a water 
replacement velocity of 4.0 km/s was used For shot-point corrections. Most of the 
recording stations were equipped with high-gain, slow-speed, automatic tape 
recorders but the permanent stations in the region (denoted by a 3-letter mnemonic 
in Fig. 2) were equipped with either photographic or smoked-paper drum 
recorders. Mount Lamington station (LMG) was of the latter type and was 
successful in recording lot of the III shots, a performance bettered by only one 
other station (Mount Lawes, ML).. 

The regional gravity coverage of the Papuan peninsula was also completed 
during the 1973 survey period by helicopter, and this enabled a composite picture 
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of the gravity field to be compiled using the BM R preliminary marine data 
(Tilbury, in prep.) and the land stations. Milsom (1973) has interpreted the regional 
gravity data straddling the Ultramafic Belt and constructed models to fit the 
observed values. The general gravity trends are consistent with the geological 
synthesis for the area, but the gravity models require a thicker crustal section. 
Much of the detail in the gravity models must be regarded as speculative at the 
survey station spacing used. 

As described later in this paper, high-level aeromagnetic coverage of the Gull 
of Papua, Papuan peninsula, and Trobriand Platform has also been completed 
(CGG, 1969, 1971, 1973), enabling depths to magnetic basement to be determined 
in these areas and some of the tectonic provinces to be delineated. 

CRUSTAL STRUCTURE SOUTHWEST OF MOUNT LAMINCTON 

Shots along line CBAE (Fig. 2) were recorded at several stations along the 
southwestern coast of the Papuan peninsula, giving approximately reversed profiles 
between Yule Island (YE) .  and Cape Rodney (CR). Unfortunately it was not 
possible to reverse the two lines of shots into the Coral Sea (lines AD and BD). 

Representative time-distance plots from two groups of stations along the 
south coast are shown in Figure 3. Yule Island (YE), Kubuna (KB), and Area (AA) 
are grouped together, as are Cape Rodney (CR), Kupiano (KP), and Kwikila 
(KW). Also shown in Figure 3 is a time-distance plot of data from shots along line 
AD recorded at Daugo Island (Dl). All travel-time data plots presented in this 
paper have been reduced by the shot-to-station distance divided by 8.0, which 
highlights changes in the apparent velocities near 8.0 km/s (parallel to the 
horizontal axis). 

The data from the stations in Figure 3 and also from Mount Lawes (ML) were 
used to derive a simple three-layer crustal model along the southwest coast (Fig. 4). 
The uppermost layer has been assigned a velocity of 4.0 km/s. Survey design did 
not enable the recording of energy from this layer as first arrivals although it is 
sometimes present as later arrivals, as in Figure 3, where a refractor of 4.78 km/s is 
evident. Using 4.0 km/s as an average velocity, the uppermost layer appears to 
have an almost uniform thickness of 6-7 km along the southeast half of line CBAE, 
but thickens to approximately 10 kin in the northwest, This coincides with the 
sediment distribution in the Aure Trough indicated by Mutter (1975) and CGG 
(1969). 

Profiles both along the coast and in the Coral Sea indicate that velocities for 
the deeper crustal layers lie within the ranges 5.6-5.85 km/s and 6.0-6.45 km/s. 
Compilation of composite seismic record sections is necessary to define these 
velocities accurately because energy from the deeper layers commonly occurs as 
later arrivals. The velocities of 5.75 km/s and 6.3 km/s indicated in Figure 3 are 
considered representative of these refractors. From north to south the 5.75 km/s 
layer appears to thicken and the 6.3 km/s layer thins. 

Fig. 3 (opposite): Seismic travel-time plots (reduced by shot-to-station distance/8.0) for stations along 
the southwest Papuan peninsula coast from (a) shots along the coast, and (b) shots out in the Coral Sea. 
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Fig. 4: Simplified crust-al structure along the southwest Papuan peninsula coast (velocities in km/s). 

Crustal information from the Coral Sea lines is available only near the coast, 
so it is necessary to interpret the Coral Sea structure by extrapolation using the 
data along the single-ended refraction lines AD and RD. An increase in the delay 
times of shots within lOU km of the coast implies an increase in the sediment 
thickness in the Aure Trough and its southeastern extension. The data are in good 
agreement with the model proposed by Mutter (1975) on the basis of gravity data, 
in which the sediments increase in thickness to about 7 km within the Trough. This 
model requires the mantle depth to decrease by about 6 km beneath the thickest 
part of the sedimentary pile to achieve isostatic equilibrium. 

A mantle velocity of 8.1 km/s is found along the southwest coast, giving 
Moho depths under Cape Rodney (CR) and Mount Lawes (ML) of 25-26 km. The 
Moho dips to about 28 km below the northern coastal stations. An apparent Moho 
velocity of 8.2 km/s from shooting lines out into the Coral Sea suggests that the 
crust thins from the southwest Papuan peninsula coast towards the Coral Sea. 

The crustal structure illustrated in Figure 4 is derived from simple plane 
layered models, but it is recognised that a more complex velocity/depth relation is 

likely and this is being investigated. 

SEISMIC TRAVEL-TIME FEATURES THROUGH THE MOUNT 
LAMINGTON REGION 

Two sets of shot and station data have been selected to illustrate the dominant 
features of seismic travel-times traversing the Mount Lamington region. 

The First is illustrated by a seismic travel-time plot of recordings made at all 
stations from shots 56 and 8, on the northeast and southwest coasts of the Papuan 
peninsula respectively (Fig. 5). 
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Fig. 5: Reduced seismic travel-times to all recording stations From shots 8 and 56. 

The most pronounced feature of the plot is the asymmetry of the travel-times 
from the two shots. The arrivals from shot 8 on the southwest coast to all stations 
along azimuths ranging over ISO indicate successive increases in appareht velocity 
as distance from the shot-point is increased. The departure of some travel-times 
from the approximately fitted lines detracts only slightly From the overall trend, 
and many of the departures are readily explained. 

The travel-time plot of data recorded From shot 56 on the northeast coast, 
however, exhibits entirely different characteristics. Over an azimuth range of 180(1, 
a high apparent velocity (8 km/s) is evident from distances less than 50 km out to 
distances of over 200 km. The departures from the approximately fitted line are 
small. The stations that indicate this high velocity at an intercept of approximately 
4.5 s are all located northeast of the Owen Stanley Fault. The same stations that 
recorded shot 8 from the southwest coast indicate similar apparent velocities, but 
with intercepts greater than 8.0 s, demonstrating that a considerably longer ray 
path is required in traversing the peninsula from southwest to northeast. 

A longer travel-time is also evident in the data from shot 56 recorded at 
stations southwest of the Owen Stanley Fault. It is not until the shooting distance is 
about ISO km, however, that the travel-times from the two shots are similar. The 
asymmetry is undoubtedly due to greatly differing crustal structure on the 
northeast and southwest coasts of the Papuan peninsula. A simplified 
interpretation of crustal structure for the southwest coast and Coral Sea is 
presented earlier in this paper, and an interpretation along the northeast coast is 
presented by Finlayson et al. (in prep.) and is summarised here. 

There are distinct differences in the crustal structure between the areas where 
the Papuan Ultramafic Belt crops out along the northeast coast and the region of 
the Trobriand Platform. Between Salamaua (SL) and Morohe (ME), surface-layer 
P-wave velocities of 4.4 km/s are recorded and a prominent refractor with a 
velocity of 6.98 km/s is interpreted at depths between 2.5 and 6.0 km. The Moho is 
interpreted at 20 km depth with an upper mantle velocity of 7.96 km/s. Between 
Morobe (ME) and Tufi (TF) across the Trobriand Platform, upper crustal layers 
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with velocities of2.8, 3.7, and 5.66 km/sand total thickness between 10 and IS km 
are interpreted, overlying lower crustal material with velocity 6.86 km/s. The 
Moho is interpreted as lying at depths between 20 and 23 km and the upper mantle 
velocity is 7.96 km/s. Computer modelling along the northeast coast indicates the 
existence of a low velocity zone at depths between 35 and 50 km. 

The second set of data is illustrated in Figure 6(a and b), which shows two 
travel-time plots, one from shots along traverse A-E (Fig. 2) and the other from 
shots along traverse J-L-N (and traverse G-I to Musa), with common recording 
stations along the zone between the sets of shots. The time-distance plot in Figure 
6(a) displays similar characteristics to that in Figure 5 from shot 8. The envelopes 
of the data sub-sets I, II, and III in Figure 6(a) are consistent with the seismic ray 
paths traversing a crust with velocities similar to those determined along the 
southwest coast (Fig. 4). 

The data plotted in Figure 6(b) can be grouped into various sub-sets IV, V, VI, 
and VII, all with the apparent velocities near 8 km/s. Sub-set IV is from stations 
on the Papuan Ultramafic Belt and is clearly associated with high-velocity material 
relatively near the surface and steeply dipping refractors. Data sub-set V has a 
similar apparent velocity, but the seismic travel-times are influenced by the 
onshore structures of the Trobriand Platform's southern margin on which the 
recording stations Ioma (IA), Lamington (LMG), Gorari (GO), and Popondetta 
(PP) are situated. The arrivals recorded at Tetebedi (TT) and Afore (AF) are 
largely contained in sub-set VI and display a much less well defined trend than the 
other data sub-sets. Sub-set VI is similar to the transition data at distances between 
ISO and ISO km in Figure 5. The interesting point, however, is that the ray paths 
are all in the region northeast of the Owen Stanley Fault. Sub-set VII contains 
recordings from Musa (MD), which is also northeast of the Owen Stanley Fault, as 
well as data from KW, KP, and CR, southwest of the Fault, and no further offset in 
the time-distance plot is apparent on crossing the Fault. 

Thus it appears that longer (and presumably deeper) ray paths from shots 
along traverse J-L-N are evident under the Mount Lamington region as recorded at 
stations southeast of Mount Lamington. This feature is not apparent in data 

r 	recorded at Tufi (TF) from the same shots but may be inferred from recordings 
- 	made at Salamaua (SL) and Kui (KU) from shots along line G-N (Finlayson et at., 

in prep.). It is also apparent from the data recorded at Musa (MD) from shots 
along traverse G-1 that they fit into data set E in Figure 6(b). Thus the evidence for 
a deep 8 km/s layer described by Finlayson et al. (op. cit.) is substantiated and is 
certainly present under the Mount Lamington region. 

An approximate model for the crustal structure under Mount Laniington can 
be determined by treating the line of stations Gorari (GO), Lamington (LMG), 
Popondetta (PP), Killerton (KL) and shots out from the coast along traverse I-H 
(Fig. 2) as a fan-shooting pattern. Morobe (ME) and shot 85 have been chosen as 
one pair of reference points, and in the opposite direction Tufi (TF) and shot 55 
have been chosen as the other pair. The travel-times from these reference points are 

Fig. 6 (opposite): Reduced seismic travel-times from shots along (a) shooting line A-E, and (b) shooting 
line J-L-N. 
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Fig. 7: Delay-time differences along a line of stations and shots normal to the northeast Papuan 
peninsula Coast. 

illustrated in Figure 7. The distances involved are all over 100 km, and the ray 
paths can be regarded as being from a refractor with a velocity of approximately 
8.0 km/s (Finlayson et al., in prep.). 

It is apparent from Figure 7 that Killerton (KL) and shot 102 (closest shot to 
KL) have approximately the same delay-times to the '8.0' refractor. The delay-
times decrease as one moves along the line of shots out from Killerton (KL). At 
shots 57, 58, and 59 the delay times are a minimum and the 1.1 s delay-time 
difference from shot 102 can be attributed to thinning of the near-surface layer as 
the basement high is approached at the edge of the Trobriand Platform (CGG, 
1971). The travel-times from shots in deeper water (60,61,62) indicate increasing 
delay-times, and these may be attributed to the structures on the submarine slope 
down from the Trobriand Platform to the floor of the Solomon Sea Basin 
(Finlayson et al., in prep.). 

The right-hand side of Figure 7 illustrates the considerable decrease in the 
delay-times going from Killerton (KL) inland to Gorari (GO), the delay-time 
difference between Killerton (KL) and Lamington (LMG) being approxihately 2.2 
s. Aeromagnetic interpretation (COG, 1971) indicates that sediment thickness 
decreases from approximately 3 km to zero along this line. The delay-time 
difference introduced by the near-surface layers can be taken as approximately the 
same as that in the zone extending offshore to the basement high referred to above, 
viz. 1.1 s. Interpretation of the aeromagnetic data later-in this paper indicates that 
the basaltic province associated with the Papuan Ultramafic Belt extends under the 
Quaternary cover of the Trobriand Platform and the onshore areas northeast of the 
Owen Stanley Ranges, and that Mount Lamington is near its southwest boundary. 

If the remaining 1.1 s delay-time difference between Killerton (KL) and 
Lainington (LMG) is attributed to a thinning of the basaltic and gabbroic layers 
and if the seismic velocity used for the volcanic pile is similar to that determined at 
Rabaul, i.e. 4.6 km/s (Finlayson & Cull, 1973), the structure under Mount 
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Fig. 8: Simplified crustal structure under Mount Lamington (velocities in km/s). 

Lamington can be extrapolated from the crustal structure under Killerton (KL) as 
shown in Figure 8. The depth to the deep '8.0' refractor can be approximated from 
apparent velocities and intercepts of data sub-sets Ill and VII in Figure 6, but 
detailed analysis of the low velocity layer between the '8.0' refractors will be 
required in order to resolve the structure more accurately. Refractors may also dip 
considerably across the strike of the gross structures; if so, the refractor depths 
indicated would be offset from positions directly under Mount Lamington. 

The first-arrival data from shot 56 to recording stations Killerton (KL), 
Popondetta (PP), Mount Lamington (LMG), and Gorari (GO) in Figure  have an 
apparent velocity of 8.4-8.5 km/s. This is the velocity to he expected if the 
5.66/6.86 km/s interface dips at 13°-14° towards the Solomon Sea. However, 
seismic modelling indicates that the velocity/depth distribution may vary From the 
simple layered section indicated in Figure 8 to one of smoothly varying velocity 
increase with depth for the layers above the 6.86 km/s refractor. The apparent 
velocity indicates that the dip of this refractor is slightly less than the 16' obtained 
from Figure 8. This is much less than the 25°-60° dips used by Milsom (1973) in his 
gravity models for the dipping structures of the Papuan Ultramalic Belt. 

Seismic first arrivals from shots along traverse I-H (Fig. 2) at distances 
greater than 100 km towards the same recording station array mentioned above 
(KL, PP. LMG, GO) give apparent velocities of 9.4-9.7 km/s. Modelling.indicates 
that such velocities would be apparent from the 6.86/7.96 km/s interlace at dip 
angles of 2°-IS', which are less than the 19° indicated in Figure 8. Further analysis 
will undoubtedly modify the simple dipping structures used in this paper. 
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MAGNETIC EXPRESSION IN THE MOUNT LAMINCTON AREA 

Aeromagnetic surveys covering the eastern Papuan peninsula, the Gulf of 
Papua and the Trobriand Platform have been undertaken by BMR (CGG 1969, 
1971, 1973). Figure 9 shows a composite map of these surveys over the Papuan 
Ultrarnafic Belt in the Mount Lamington region and includes the major geological 
faults. The eastern half was flown at 2400 m and the western half at 4600 m. The 
regional gradient used to produce the contour map was that given by Parkinson & 
Curedale (1962) for the epoch 1957.5, but the contour values are not tied to any 
reference field. The dip, declination, and magnitude of the Earth's magnetic field in 
this region are approximately -31 0 ,. +6°E, and 42500 nT respectively (Finlayson, 
1973). 

The most obvious feature of the magnetic map is the prominent negative 
anomaly which is closely associated with the Papuan Ultramafic Belt particularly 
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from Kui (KU) to Mount Lamington (LMG). Immediately south Kui (KU) the 
negative anomaly is near the coast, and between Morobe (ME) and Cape Ward 
Hunt (CW) it is closer to the Owen Stanley Fault and shows rather irregular relief. 
South from Cape Ward Hunt it reflects the trends of the major faults indicated in. 
Figure 9. The northernmost section of the Belt, which trends towards the coast near 
Salariiaua (SL), is expressed by lack of relief in the magnetic contours. 

In the region of Mount Lamington the anomaly is offset some 30 km to the 
south and its trend alters from southeast to east. The anomaly is very prominent in 
this area and the trend continues towards the east, but the relief of the anomaly is 
more irregular here than to the north of the offset. The magnetic expression of the 
Owen Stanley metamorphic zone southwest of the Papuan Ultramafic Belt is 
generally small except for a number of circular anomalies attributable to local 
intrusives. 

In the northern part of the Belt the negative anomaly correlates well with two 
rock units 'napped by Davies ( 197 1) as the gabbroic and basaltic components of the 
ophiolite suite of rocks. Most of the areas mapped as being occupied by these two 
units have associated negative anomalies. Between Kui (KU) and Morobe (ME), 
however, the anomaly is rather irregular and does not correlate well with the large 
area of gabbro mapped in the region, an effect probably caused by the presence of 
numerous diorite intrusions in the area. The absence of magnetic expression in the 
most northerly part of the Belt reflects the absence of basalt and gabbro in this area 
and provides convincing evidence that the ultramafic component of the ophiolite 
suite has a very small magnetic effect. 

9-13 
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Figure 10 shows thie two-dimensional magnetic models along tile profile XY 
(Fig. 9). The modeis show the effects of three layers with dip angles of about 9 and 
a natural remanent magnetism of 4 A/rn in the direction of the Earth's present 
field. The terrain effects of the Owen Stanley Range are also included in the 
models. The three models illustrate the magnetic effects of the basalt, the basalt 
and gabbro, and the basalt, gabbro, and ultramàfic rocks with layer thicknesses 
corresponding to the measured surface exposures. 

Although none of the fits is good, that produced by the basalt and gahbro 
model is closest. The observed anomaly has a longer-wavelength component than 
the calculated anomalies, indicating that an accurate magnetic model of the 
Papuan Ultramafic Belt must differ from Figure 10. Detailed magnetic studies of 
oceanic crust (Talwani et al., 1971; Atwater & Mudie, 1973) indicate that the 
magnetic material may not be uniformly distributed within the oceanic layers 2 and 
3, and the non-uniqueness of magnetic interpretation methods makes it difficult to 
construct detailed models based solely on magnetic observations. 

The depth to the basalt layer at the coastline in Figure 10 is 6km, which agrees 
with the depth to the 5.66 km/s layer indicated in Figure  but is 2 km deeper than 
that indicated by Finlayson et al. (in prep.) for the Cape Ward Hunt (CW) region. 
The dip o19° is less than the dip of the 6.86 km/s refractor in the Mount Lamington 
region determined from seismic work described earlier in this paper and within the 
range of topographic dips (5°-l5°) on the sea-floor towards the Solomon Sea basin 
(Finlayson et al., in prep.). 

East of the magnetic anomaly offset mentioned earlier, outcrops of basalt and 
gabbro associated with the Ultramafic Belt are sparse and the main surface rock 
units are Quaternary volcanics and alluvium. However, the continuation of the 
regional negative magnetic anomaly suggests strongly that the basalt and gabhro 
units are present under the Quaternary cover. Their presence in this region has been 
postulated by Davies ( 197 1) on geological evidence and by Milsorn (1973) from the 
gravity modelling studies. The Quaternary volcanics have a relatively subdued 
magnetic expression. This may possibly be explained if they are composed of 
interlayered reversely and normally magnetised lava flows which would render 
them effectively non-magnetic. This effect was found in parts of Iceland (Piper, 
1971). 

The offset in the magnetic anomaly near Mount Lamington represents a 
boundary, possibly a north-south shear zone along which the Ultramafic Belt has 
been offset. Quaternary volcanics are prevalent east of the offset but absent to the 
west. 

DISCUSSION 

In eastern Papua the contemporary suites of calcalkaline and high-K 
calcalkaline lavas (Johnson et al., 1973) associated with recent volcanism cannot be 
associated with any currently active well defined Benioff zone in accordance with 
the model that Jakeg & White (1969) have proposed for island-arc areas. Such 
lavas are usually associated with magma generation at depths greater than 150 km. 
The lithospheric structures at such depths cannot be determined from the seismic 
and magnetic survey work interpreted in this paper. The simplified crustal 
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structure proposed here indicates that the concept of a slice of crust and upper 
mantle obducted on to a less dense crust is substantially correct in the Mount 
Lamington region, but the development of the thicker crustal section (twice that of 
normal oceanic crust) along the northeast Papuan peninsula coast (Finlayson et al., 
in prep.) requires further investigation. 

The crustal shortening required to generate the Papuan Ultraniafie Belt 
sLructures in the Eocene-Oligocene (40 my. B.P. approximately) cannot be directly 
related to present-day volcanism in eastern Papua. However, the whole Melanesian 
region demonstrates episodic development since that time and is still a major 
interaction zone between the Australian and Pacific lithospheric plates. Thus it is 
possible that some latent geochemical separation has been maintained until the 
present to account for the current volcanic activity. A subduction episode of only I - 
2 m.y. duration under east Papua would be sufficient to enable oceanic crust to 
descend to the 150 km depth which is generally considered necessary to generate 
calcalkaline volcanics. It may be speculated that this has occurred since the 
emplacement of the Papuan Ultramafic Belt. A few earthquakes and hypocentres 
in the depth range 70 to 300 km have been detected in the Mount Lamington area 
and also in the loma (IA) area, indicating that there is current lithospherie activity 
under east Papua. 
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CRUSTAL VARIATIONS IN THE SOLOMON-
PAPUA—NEW GUINEA REGION BASED ON 
SEISMIC INVESTIGATIONS 

D.M. Finlayson, 
Bureau of Mineral Resources, Canberra, A.C. T. 

Explosion seismic investigations provide the definition 

required to enable the variations in gross crustal structure 

over quite small areas to be outlined. Typifying the crustal 

structure in any particular area may however be misleading. 

A number of seismic surveys have now been conducted 

which outline the variations in crustal structure between the 

Barkley Tablelands of northern Australia and the Ontong 

Java Plateau of the western Pacific. These surveys involved 

a number of different shooting/recording configurations; land 
shooting and recording, marine shooting/land recording and 

marine shooting and recording. 

The upper mantle is usually taken to begin where the P wave 
velocity approaches 8 km/s but over the region this is shown 

to vary between 7.7 and 8.6 km/s and occur at depths 

ranging from less than 5 k to 43 km. Some crustal 

thicknesses in "continental" Australia (27 km) appear to be 

much thinner than those on the Ontong Java Plateau (43 km) 

with considerable variation throughout the region in between. 

The parameters controlling the stability or otherwise of a 

region would therefore appear not to be those of the crust 

but those of the deeper mantle. 

1O-1 
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UPPER MANTLE STRUCTURE FROM THE TRANS-AUSTRALIA 
SEISMIC SURVEY (TASS) AND OTHER SEISMIC REFRACTION 

• 	 DATA 
By U. M. FINLAYSON, J. P. CULL, and B. J. DRUMMOND 

(With 3 Tables and 8 Figures) 

(MS received 27 June 1974; revised MS received 5 September 1974) 

ABSTRACT 

he ieeoidiiigs made din ing 1972 from large explosions at Kunanalling (WA.), 
Mount Fitton (S.A.), and Bass Strait have added considerably to seismic refraction 
data measured over distances of 1000 km in continental Australia. Taken together 
with data from the 1956 Maralinga atomic bomb and 1970-71 Ord Dam explosions 
they show the existence of a refractor with apparent P-wave velocity in the range 
8.26-8.29 km/s, which is interpreted as the Moho under shield regions, at a depth 
of 34 km under Kalgoorlie and deepening eastward to 39 km under Maralinga. In 
northern South Australia and farther north and east this refractor is evident as a 
sub-Moho refractor at a depth of about 60 km; the Moho refractor is also evident, 
with an apparent P velocity of 8.04 ± 0.04 km/s at a depth of 40 km. Two com-
puter models (TASS-] a and 2a) match the observed data. The subsequent arrivals 
recorded are consistent with the velocity of 8.53 km/s in a refractor at 165 km 
depth interpreted from the Ord Dam; there is little conclusive evidence for a low-
velocity zone above this depth. 

INTRODUCTION 

During 1972 the Bureau of Mineral 
Resources, Geology & Geophysics (BMR) 
detonated three large explosions as energy 
sources for seismic refraction observations out 
to distances greater than 1000 km. The explo-
sions were at Mount Fitton in the north 
Flinders Ranges, at Kunanalling near Kalgoor-
lie, and in Bass Strait south of Orbost (Fig. 
I). BM R combined with the Australian 
National University and the University of Ade-
laide to set up recording stations across the 
Nullarbor Plain. across New South Wales. 
from Port Augusta (S.A.) to Alice Springs 
(NT.), and north of Meekatharra (WA.). 
These recording lines, together with the per-
manent recording networks throughout Aus-
tralia, were designed to give results that would 
supplement earlier long-distance seismic re-
fraction information obtained from the atomic 
bomb tests at Maralinga during 1956 (Bolt, 
Doyle, & Sutton, 1958; Doyle & Everingham. 
1964) and the Ord River explosions of 1970-. 
71 (Denham et at., 1972; Simpson, 1973). 

THE EXPLOSIONS 

In 1971 BMR received a gift from West 
Australian Petroleum Pty Ltd (WAPET) of 
355 tonnes of Do Pont Nitranion WW 
explosive that was surplus to their require-
ments, and it was decided to use some of this 
explosive to further knowledge of the upper 
mantle structure of the Australian continent  

by seismic refraction methods. Details of the 
seismic operation are given by Finlayson & 
Drummond (1974). The Western Australian 
and South Australian Departments of Mines 
assisted in locating suitable sites for two land 
explosions. 

The Mount Fitton South Copper Mine is at 
the northern end of the Mount Painter Metal-
logenic Province of the north Hinders Ranges 
in South Australia (Coats & Blissett, 1971), 
and was worked from 1889 until 1922. The 
mine workings cut through it series of sheared 
and jointed coarse-grained granites of Carpen-
tarian age into Precambrian crystalline base-
ment, which consisted of metamorphosed Pro-
terozoic sediments intruded by several genera-
tions of granite. 

Eighty tonnes of explosive packed in 30 kg 
cans was loaded into the end of the main 
adit, which went horizontally into the hillside 
for 100 m. Priming charges of AN 60 gelignite 
with no delays were placed throughout the 
explosive, and a multiple-detonation cord was 
run to the adit portal. The main adit was sand-
bagged Lip to half-way along its length, and 
the open stopes above the main adit were filled 
with broken rock. The explosive was detonated 
electrically, and the shot time was measured by 

recording VNG radio time signals, the signal 
from it geophone near the adit portal, and it 
chronometer signal on a multi-channel 
recorder. Details of the shot-point data of all 
three shots are given in Table I. 

Journal of the Geological Society of Australia, Vol. 21, Ft. 4, pp. 447-458, December, 1974. 
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The J',c;,,/er Gold Aline at K lllI(l!la//ilIç' is 
40 km west of Kalgoorlie and 33 km north of 
Coolgardie; Western Mining Corp. indicated 
that there was little possibility of its ever 
becoming a viable gold mine again. The rocks 
in the area are composed of it metamorphosed 
shale, grevwacke, and granite sequence alter-
nating with a sequence of altered niafic and 
ultramafic extrusive igneous rocks (Kriewaldt, 
1969). The Premier mine shaft used for the 
explosion was in sheared oxidized Archaean 
'greenstone'. Eighty tonnes of Du Pont Nitra-

mon was loaded into a drive off the bottom of 
the main shaft, which was 40 m deep. Four 

separate Cordtex lines were run through the 
explosive stack with ANoO gelignite primers 
attached at intervals. The drive was stemmed 
with broken dirt in bags to the bottom of the 

shaft and the bring lines were rim to the stir-
lace. The explosive was detonated electrically, 
and the shot time recorded on a multi-channel 
recorder as  - -at Mount Fitton, 

The Bass Strait shot was similar in design 
to 10-tonne marine shots fired off the coast of 
Scotland by the Institute of Geological Sciences 
(Jacob & Willniore, 972). Those were tired in 
an attempt to obtain leleseismic information 
out to angular distances of 900,  and further 
trial shots were recommended by a Working 
Group of the International Association of 
Seismology and Physics of the Earth's Interior 
(EASPEI) to provide a relatively cheap 
method of study of the Earth's deep mantle 

Fin I a yson & Drummond.  op. (it - ) - 

A site for the shot, was, selected in Bass 
Strait where the sea hot tom has it Inini ou.1111 
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TABLE I 

TASS Shot Parameters 

Mount Fitton 	 Kunanalling 	 Bass Strait 

Latitude 30'00.4S 3040.5' 38'17.6'  
Longitude I 3933.8'S 121'04.0' 148'48.6' 
Date 25 Oct. 1972 25 Oct. 1972 19 Dec. 1972 
Shot time (UT) 01h 05m 00.4s 04h 05m 01.23s 07h 50m 00.77s 
Size (tonnes) 80 80 tO 
Explosive Du Pont Nitramon WW Du Pont Nitramon WW RDX-TNT 
Estimated magnitude in,, 3.7 3.1 3.8 
Depth of water - 

- 250m 

gradient at 250 in depth. An explosive con-
sultant was engaged to design and fire the shot 
in co-operation with the Department of Supply 
explosives factory at St Marys, N.S,W. Ten 
tonnes of RDX-TNT in 35-kg cans was built 
into it steel cage and deployed from the oil 
rig supply vessel Sm/i-Lloyd 33. RDX-TNT 
is estimated to be 24 percent more powerful 
than ordinary TNT. 

The charge was suspended 25 m above a 
15 ton ne concrete 'sinker' on the sea-bed by a 
steel rope connected to four mooring buoys 
located 18 in below the water surface. Four 
Cordtex lines were run from a 35-kg primer 
charge in the top of the main charge 10 a 
surface • buoy. A detonator and primer were 
attached to the top of the Cordtex after the 
charge had been positioned, and the shot was 
detonated electrically with 2 km of firing line. 
Shortly before detonation, the charge seems to 
have settled on the sea bottom, possibly as a 
result of leaks in the main support buoys, and 
thus the ideal geometry for maximum genera-
tion of seismic energy was not achieved. The 
shot was positioned by a Shoran VHF network 
and timed by recording an impulse from the 
shot-firing mechanism together with VNG 
radio time signals and a crystal-clock time 
code on a multi-channel recorder. 

The shot site was on the northern flank of 
the Gippsland Basin where I to 2 km of Ordo-
vician to Miocene sediments overlie Cambrian 
Or Precambrian metamorphic basement. The 
Upper Cretaceous Co Miocene marine sedi-
ments contain oil source and reservoir rocks 
(Weeks & Hopkins. 1967; Underwood, 1969). 
The site lies near the edge of the continental 
shelf (which is usually taken as the 200 in 
isobath), and the sea bottom gradient was 
estimated to he 10'. 

RECORDING STATIONS 

The three shots were fired on two separate 
days, the two land shots on 25 October and 
the marine shot on 19 December. The tem- 

porary and permanent recording stations in-
volved are plotted in Figure 1. 

The permanent seismic observatory network 
recordings were nearly all obtained from short-
period seismometers that use galvanometers 
and record on photographic paper. The tem-
porary recording stations were nearly all short-
period seismometers used in conjunction with 
a high-gain amplifier and slow-speed tape 
recorders. All stations recorded VNG radio 
time signals as •their time reference standard. 
The survey was designed to obtain upper 
mantle arrivals out to distances greater than 
1000 km. and no recordings were made at 
distances less than 200 km except where per-
manent stations happened to he within that 

- radius.  
The main temporary-recording lines for the 

Mount Fitton and Kunanalling shots were 
across the Nullarbor Plain, from Mount Fitton 
to Alice Springs, and from Mount Fitton to 
the Snowy Mountains in southeast New South 
Wales. The main temporary recording line for 
the Bass Strait shot was from the Snowy 
Mountains to Mount Fitton. Finlayson & 
Drummond (op. cit.) list all the station posi-
tions- and recorded data except those obtained. 
along the Mount Fitton/Snowy Mountains 
line, which are being analysed separately by 
Australian National University staff. 

NULLABOR REGION VELOCITIES AND 
UIPER MANTLE STRUCTURE 

Most of the data were recorded in the range 
200 to 1400 km and Figure 2 shows the travel 
times of the seismic arrivals plotted on a 
reduced scale against distance from shot to 
recorder. The data from the 1956 Maratinga 
atom bomb tests (Bolt ci tit., 1958) are also 
plotted. A least-squares analysis of the data in 
the distance range 200-1400 km gives apparent 
P velocities and intercepts of 8.31 ± 0.01 
km/s and 8.57 ± 0.17 s from the Mount 
Fitton shot, and 8.26 ± 0.02 km/s and 7.34 
± 0.25 s from the Kunanalling shot (Table 

Journal of the Geological Society of Australia, Vol. 21, Pt. 4, pp. 447-458, December, 1974. 
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II). The Maralinga data towards the west give 
an apparent P velocity of 8.21 ± 0.01 km/s 
and intercept of 7.24 t 0.06 s when the 
Southern Cross data are excluded. Southern 
Cross, together with other stations west of 
Kalgoorlie (MUN, MEK, and 55), appears 
to record arrivals earlier than stations on the 
Nullarbor line, and this may indicate a dif-
ferent crustal structure. The combined data 
from the Nullarbor stations give a least-squares 
apparent P velocity of 8.29 ± 0.02 km/s and 
intercept of 8.08 ± 0.02 s. The data from 
Coober Pedy (CY). Mount Brady (BY), 
Cleve (CLV), and Officer Basin (OF) also fit 
these values even though they are not on the 
direct recording line across the Nullarbor. 

Various corrections for Earth curvature 
must be applied to the apparent velocities in 
order to obtain a value for the velocity in the 
refractor. The first correction takes into 
account the difference in arc lengths at the 
Earth's surface and at the refractor depth 
(Mereu, 1967); the second correction takes 
into account differences in the arc-chord path 
length, which become significant at distances 
greater than 600 km (Cull, 1973). These cor-
rections reduce the apparent P velocity for the 
Nullarbor region from 8.29 km/s to 8.23 km/s 
(Table I!). Mercu (op. cit.) also outlines the 
procedure for correcting depth estimates, and 
observes that corrections to refractor depths 
become important only at depths greater than 
60 km and that, in practice, the apparent  

velocities may be used with uncorrected time/ 
depth data to derive depths less than 60 km. 

The data from the Mount Fitton, Kunanal-
ling. and Maralinga shots along the east-west 
traverse across the Nullarbor have been treated 
as a reversed profile to obtain refractor depth 
estimates by the time/depth method (Hawkins. 
1961). The TASS survey recorded very few 
crustal first arrivals and therefore the velocity 
model adopted for the crust must he obtained 
from other surveys. Bolt et t,I. (1958) give a 
crustal P 1  velocity of 6.03 ± 0.09 km/s from 
the Maralinga data and Doyle & Everinuham 
(1964) derive a velocity of 6.30 ± 0.06 km/s 
for the region southeast of Maralinga. Hawkins 
ci at. (1965) obtained basement velocities of 
6.26 km/s on the continental shelf off South 
Australia, and Stewart (1972) has taken all 
these results into account in his derivation of a 
crustal model for use with the South Australian 
seismic recording network to locate local earth-
quakes. Stewart's 1971 (b) preferred model 
has a uniform crust with P velocity 6.25 ± 
0.03 km/s overlying a mantle with apparent 
velocity 8.02 ± 0.03 km/s. 

The most recent investigation of crustal 
velocity in the shield region is BMR's Gen-
traverse, which adjoins the western end of the 
TASS survey (Mathur. 1973). Just west of 
Kalgoorlie Muihur derives a P 1  velocity of 
6.13 0.01 km/s, a P., velocity of 6.74 km/s 
Lit 19.5 km depth, and an apparent P velocity 
of 8.29 ± 0.39 km/s at a depth of 34.0 km. 
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TABLE ii 

Least-Squares Velocities and In vercepis 

Area 
Apparent velocity 

km/s 
Intercept 

s 
No. of 
data 

RMS 
residual 

s 

Corrected 
velocity 

km/s 

P. 
Mount Fitton west 8.31 ± 0.01 8.57 ± 0.17 9 0.24 
Kunanalling east 8.26 ± 0.02 7.34 ± 0.25 6 0.32 
Maralinga west 8.21 ± 0.01 7,24 ± 0.06 4 0.03 
Nullarbor combined 8.29 ± 0.02 8.08 ± 0.20 19 0.41 813 
Mount Fitton north 8.24 ± 0.02 8.63 ± 0.32 5 0.14 
Ord Dam south 8.27 ± 0.01 8.80 ± 0.19 II 0.15 
Central Auotrulia combined 8.26 ± 0.01 8.82 ± 0.16 1€ 0.16 8.18 
Adelaide (Jeosyncline 8.04 ± 0.04 7.71 ± 0.28 9 0.28 7.98 
Mount Fitton south and east 8.31 ± 0.04 9.29 ± 0.49 8 0.51 
Bass Strait north and west 8.20 ± 0.03 8.32 ±0.36 6 0.35 
S. 
TASS and Maralinga 4.78 ± 0.03 17.08 ± 1.04 15 1.64 4.75 

* Corrected velocity = apparent velocity with Earth curvature corrections applied (see text) 

11-5 

Cleary (1973) has indicated that the data 
available in shield regions suggest a P 1  velocity 
of 6.2 km/s and a P.i velocity greater than 
6.5 km/s at 20 km depth, and these are the 
values adopted by Simpson (1973) for his 
modelling studies of the Ord explosion data 
along the Ord-Adelaide line. The crustal model 
adopted for the interpretation of the TASS 
Nullarbor data consists of a uniform layer with 
a P 1  velocity-of 6,20 km/s and a thickness of 
20 km overlying a lower crust with a P 
velocity of 6.70 km/s. 

Time depths were computed from arrivals 
from opposite directions for five Nullarbor 
stations and were used to derive delay times at  

a further eight sites. The resulting depths to 
the Moho refractor with a corrected P velocity 
of 8.23 ± 0.02 km/s are shown in Figure 3. 
The values show a general thinning of the crust 
from east to west: the depth to the refractor 
ranges between 41 and 49 km in the Adelaide 
Geosyncline region, decreases to 39-40 km 
under the eastern Nullarbor shield area, and 
further decreases to 34-35 km under the 
western Nullarbor. The crust and upper mantle 
section in the Adelaide Geosyncline are dis-
cussed later in this paper, and it is probable 
that a wedge of upper mantle material with 
velocity 7.96 km/s occurs in that region at a 
depth of 40 km. 

0 

0 t I I 	 I 	II 	 I 	I 	I _I 

620km/s 

teo o--------, ------------ -21 

2 670km/c 
2 

40- 
823 km/s 

t-40 

- KILOME1'PES 	 - 
0 	 500 

60 

Fig. 3. LASS Nullarbor prolile. 
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Fig. 4. Upper mantle P wave velocity models. 

A spherically symmetric model of the crust 
and upper mantle structure in the Nullarbor 
region (Fig. 4, TASS-la) was incorporated 
into a computer ray-tracing program (Cull, 
1973). This model had a mantle structure 
similar to that of Simpson (1973) from the 
results of the Ord Dam explosion. The 
resultant fit of the data to the model travel-
time curve (Fig. 2) was considered to be good 
along the section with apparent velocity 8.29 
km/s. 

The triplication in the travel time curve at 
about 1400 km results from the increase in 
apparent velocity to approximately 8.85 km/s 
within the upper mantle. 

The possibility of there being a low-velocity 
zone within the upper mantle was considered, 
and the TASS-lb model (Fig. 4) and a nuni-
her of variations were tried. Figure 5 illustrates 
the record sections for some of the recording 
stations across the Nullarbor; it is difficult to 
identify the retrograde cusp points with any 
certainty. Bearing in mind the amplitude varia-
tions expected at the cusp points, these records 
offer no convincing evidence for a low-velocity 
zone for P waves. 

CENTRAL AUSTRALIA VELOCITIES 
AND UPPER MANTLE STRUCTURE 

The seismic arrivals from the Mount Fitton 
shot recorded along the lines towards Alice 
Springs and Adelaide, together with those from 
Maralinga explosions towards Adelaide and 

the Ord Dam explosions southward across cen-
tral Australia, are plotted in Figure 6. A least-
squares analysis of the arrivals from the Maca-
linga explosion towards Adelaide gives an 
apparent P velocity of 8.05 ± 0.04 km/s  

and an intercept of 7.74 ± 9.99 s (Doyle 
& Everingham, 1964), and the results from 
the Mount Fitton shot in the Adelaide Geo-
syncline region seem to substantiate that this 
velocity is lower than that in the shield regions. 
There is it degree of scatter from the Mount 
Fitton shot not evident in the Maralinga data: 
the good first arrival at Cl_V seems particu-
larly early. 

However, at distances beyond 550 km 
towards Alice Springs the least-squares analysis 
gives an apparent velocity of 824 ± 0.02 km/s 
and intercept of 8.63 ± 0.32 s for P arrivals 
and the data, together with the Ord Darn data, 
can be treated as a reversed profile, as was 
done with the Nullarbor data. 

The first interpretation model for the crust 
was taken to be the same as that for the Nullar-
bor line. The resulting MoIo depths varied 
between 44 km and 48 km over the 2000 km 
profile. This was about 6-8 km deeper than 
the 8.23 km/s refractor under the Nullarbor 
Plain and was also thicker than the value of 
about 40 km determined from surface-wave 
dispersion studies (Thomas, 1969), so alterna-
tive models were tried. 

The feature of the TAA and associated data 
which seems to indicate that the first model is 
too simple is that the first arrivals in the Ade-
laide Geosyncline region give an apparent 
velocity of 8.04 ± 0.04 km/s and an intercept 
of 7.71 ± 0.28 s (Table 11). This velocity 
agrees with the upper mantle apparent velocity 
of 8.02 ± 0.03 km/s that Stewart (1972) 
used for his earthquake modelling studies. The 
data from the Ma ra! i nga and Mount Fit ton 
shots are not along reversed profiles, so it 
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Fig. 6. Central Australian line lime-distance plot (limes reduced by distance/8.0 km/s). 
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would be inappropriate to use them in a formal 
refraction interpretation; nor are there 
sufficient data for a time-term analysis. How-
ever, if all the data across central Australia 
including the Adelaide Geosyncline are. com-
bined, computer modelling of spherical layered 
Earth models shows that they are consistent 
with it Môho velocity of 7.96 km/s at 40 km 
depth and a further increase in velocity to 8.18 
km/s at a depth of 61 km (Fig. 4, TASS-2a). 
The resultant travel time curve is plotted in 
Figure 6. The TASS data in the Adelaide Geo-
syncline itself, however, are also consistent 
with the models of White (1969) and Stewart 
(1972), which do not include the 8.18 km/s 
deeper horizon and may indicate that the geo-
syncline tipper mantle structure differs in 
this respect from the areas to the west, north. 
and east. 

The data from the 8.18 km/s refractor in 
central Australia can be treated as it reversed 
profile froth, the Ord Dam to Mount Fitton 
using the TASS-2a model for the crustal and 
Moho refractors with horizontal boundaries. 
The resultant profile is shown in Figure 7. The 
large variations in depth to the sub-Moho re-
tractor correspond to comparatively small 
travel-time residuals which, are amplified 
because of the small seismic velocity contrast 
across the boundary. These residuals could also 
he explained by smaller depth variations in 
one of the tipper refracting boundaries. Thus 
those variations should not be taken as a de- 

finitive interpretation, though the average 
depth to the boundary is probably fairly 
accurate. 

A low-velocity zone at a depth of 130 km 
was modelled also (TASS-2b), but as with the 
Nullarbor line there was not sufficient evidence 
in the record sections to define the retrograde 
part of the time/distance curve with any sur-
vey. 

OBSERVATIONS IN SOUTH AUSTRALIA, 
VICTORIA, AND TASMANIA 

The data recorded in Victoria, eastern South 
Australia, and Tasmania from the Bass Strait 
and Mount Fitton shots are plotted in Figure 
8. There are not sufficient data to provide a 
thorough interpretation, but a number of 
features are evident. At distances in the range 
200 to 1200 km the apparent velocity of 
approximately 8.25 km/s still appears. A least-
squares analysis of data from TOO, BFD, and 
the eastern Adelaide network 'stations gives an 
apparent velocity of 8.31 ± 0.04 km/s and 
intercept of 9.29 ± 0.48 s from the Mount 
Fitton shot, and a velocity of 8.20 ± 0.03 
km/s and intercept of 8.32 ± 0.36 s from 

the Bass Strait shot. The TASS-2a travel time 
curve has been superimposed on Figure 8 and 
it is seen that the data are consistent with that 
model. The data from it line farther north from 
Mount Fitton across New South Wales to the 
Snowy Mountains seismic recording network 
are being analysed by Australian National Uni- 
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Fig. 8. South Australian-Victorian time-distance plot (times reduced by distance/8.0 km/s). 

versity staff and should provide a more detailed 
interpretation. Further interpretation of the 
Bass Strait shot data together with other data 
in the region of the Tasman Geosyncline 
(Doyle et al., 1959 Doyle et (IL, 1966; Under-
wood, 1969) is also being undertaken. 

S ARRIVALS 

Not many shear wave arrivals were identi-
fied on the TASS records, but in central and 
western Australia the data are consistent with 
the Maralinga data. A least-squares analysis of 
S arrivals in the range 250 to 1400 km from 
the TASS and Maralinga data gives an 
apparent S velocity of 4.78 ± 0.03 km/s and 
an intercept of 17.08 ± 1.04 5 (Table II). 
These are compatible with the velocity of 4.75 
± 0.07 km/s and intercept of 12.52 ± 2.29 
obtained by Denham ci al. (1972) within the 
range 400 to 900 km from the Ord Dam explo-
sions. 

MAGNITUDES 

Estimates of the magnitudes of the three 
explosions have been made from a number of 
permanent observatory records. The magnitude 
of a seismic event can be expressed in the form 

Jog (AlT) + A2 
where A is the ground amplitude in nano-
metres takes as the maximum amplitude of the 
initial P phase., T is the period in seconds, and 

A., is a function of distance and depth of 
source. The values of A., were taken from the 
curve derived by Everingham (1968) for m, 

from Western Australian earthquakes. Five 
seismic stations were used to derive the value 
of ni, = 3.7 for the Mount Fitton shot, two 
for the value m = 3.1 for the Kunanalling 
shot, and four for the value m, = 3.8 for the 
Bass Strait shot (Table I). 

COMMENTS 

In the Australian continent, the interpreta-
tions by Denham ci al. (1972) and Simpson 
(1973) of long-range seismic refraction data 
were the first of their types to define sub-Moho 
velocity structures. In North America many 
such investigations have been undertaken using 
both chemical and nuclear explosion data 
(Green & Hales, 1968; I-lelmberger & Wiggins, 
1971; Herrin, 1969; Masse ci al., 1972; Masse, 
1973a; Mereu & Hunter, 1969). Some upper 
mantle P velocity profiles interpreted for 
North America are included in Figure 4. 

The TASS-la models (Table III) have 
features not previously recognized in the Aus-

tralian continent. The refractor resulting in an 
appatent velocity of 8.26-8.29 km/s is recog-
nized as the Moho under the shield areas of 
the Nullarbor Plain, but it dips to depths of 
roughly 60 km under central and eastern Aus-

tralia, where a Moho refractor with apparent 
velocity of approximately 8.03 km/s is recog-

nized at depths of roughly 40 km. It should be 
noted that reconnaissance deep seismic reflec-
tion work in the Broken Hill/lylildura region 
detected sub-Moho reflectors at two-way reflec- 

Journal of the Geological Society of Australia, Vol. 21, Pt. 4, pp. 447-458, December, 1974. 
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TABLE Ill 
TASS Computer Models 

TASS- Ia TASS- lb 	 TASS-2a TASS-2b 
velocity 

depth, km km/s depth velocity 	depth velocity depth velocity 

0 6.20 0. 6.20 	 0 6.20 0 6.20 

20 6.20 20 6.20 	 20 6.2C 20 6.20 

20 6.70 20 6.70 	 20 6.70 20 6.70 

40 6.70 40 6.70 	 40 6,70 40 6.70 
40 8.23 40 8.23 	 40 7.98 40 7.98 

165 8.23 125 8.23 	 61 7.98 61 798 
165 8.53 125 7.70 	 61 8.18 61 8.18 

150 7.70 	 165 8.18 130 8.18 
150 8.53 	 165 8.53 130 7.70 

ISO 7.70 
150 8.53 

tion times of 14 to 15 s, and these have been 
interpreted as a horizon at a depth of about 50 
km (Branson et at, 1972). Similar two-tier 
increases in velocity at the Moho have been 
recognized under the Canadian shield (Cur-
buz, 1970; Hall & Hajnal, 1973), where the 
Moho velocity of .7.90 km/s at 34 km gives 
way to a velocity of 8.48 km/s at 47 km. 

It is also noted from the harmonic analysis 
of gravity anomalies along a number of pro-
files across Australia (P. Wellman, pets. 
comm.) that the power spectra reveal a dis-
tinct suggestion, that the sources of most of the 
gravity anomalies are shallower than 60 km, 
which is approximately the depth to the sub-
Moho refractor in the TASS-2a model. 

Velocity distributions below 60 km are not 
well determined from TASS data, but inspec-
tion of subsequent seismic arrivals shows little 
evidence for a P-wave low-velocity zone sinli-
Lu to that indicated in the TASS-1 b and 2b 
models at depths of roughly 130 km. How-
ever, data of better quality are required before 
the presence of such a zone can be disproved 
conclusively. Masse (1973h) has mentioned 
the possibility of such a low-velocity zone for 
the shield areas of Australia, but his velocity 
model is markedly different from the TASS 
models and the Ord model of Simpson (1973) 
and does not fit the observed data. 

A number of points are raised by the wedg-
ing out of the 7.98 km/s sub-Moho layer from 
east to west. Associations can be made with the 
age of the upper crust, which is predominantly 
less than 500 my. in eastern Australia but 
increases to more than 3000 my. in the 
Archaean shield areas (Geological Society of 
Australia, 1971), and with heat flow, which 
decreases from east to west (Jaeger, 1970). 
If thinning of the sub-Moho layer with age is 
postulated, this implies a possible aging pro- 

cess associated with phase changes in the 
Lipper mantle. If this transformation is 
associated with energy release, it may account 
for gross features of heat flow across the con-

tinent. 
Variations in the crustal and upper mantle 

velocities have been recognized as the source 
of P-wave travel-time residuals to Australian 
permanent seismic recording stations (Cleary, 
1967). Negative residuals up to 1.5 s have 
been found in the shield areas and positive 
residuals up to 1.1 s in southeastern Australia. 
From the Canniken explosion Cleary ci al. 

(1972) also found a residual difference of 1.3 
s along their recording line from the Snowy 
Mountains to NI aralinga. We estimate that 
the velocity variations in the tipper mantle 
determined from the TASS results can only 
account for 0.5 s in the region down to 60 
km; deeper regional velocity differences must 
account for the remaining travel-time residuals. 
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Summary. Nine portable seismic stations deployed across the Western plains 

of New South Wales recorded signals in the distance range 250-1000 km 

lroiii large tinted explosions at both ends of the line. A velocity—depth model 

derived f rom the tiavel-tiiiie data has the following features: a two-layer crust 

with a thickness of 35 kin; a sub-Molto velocity of 7.98 kiit/s; :111 abrupt 

increase to 8.36 km/s at IOU kin depth; a further step to 832 km/s at 190 kin 

depth, with a low-velocity channel immediately above the discontinuity. The 

model has several features in common with others derived from long-range 

profiles in Australia and elsewhere. The data, however, provide the lust 

suggestion of a low P-velocity channel in East em Australia. 

Introduction 

In 1972 a seriesof long-range seismic experiments within Australia, collectively named TASS 

(Trans-Australia Seismic Survey), was organized by the Bureau of Mineral Resources; an 

analysis of TASS data obtained from BMR and University of Adelaide stations has been 

presented by Finlayson, Cull & Drunmimtoimd (1974). As foreshadowed In that publication, 

we present here an analysis of data obtained from nine Australian National University port-

able stations deployed across the Western Plains region of New South Wales between time Mt 

Fitton and Bass Strait explosions of the TASS series, together with data from other stations 

in the region (Fig. J). The Western Plains region is blanketed by Quaternary soils and allu-

vium. It is bounded in the east by the Southern Tablelands and by Palaeozoic granites of the 

Lachlan Mobile Zone, and in the west by the so-called Adelaide Ceosynclhme, of Precambrian 

age, which includes the Flinders and Mt Lofty ranges. 

Details of time two explosions have been given by Finlayson at at (1974). The portable 

stations consisted of Wilhinore Mark 11 seisinometers recording on long-playing magnetic 

tape recorders of ANU design and construction (Mtiirhiead & Simpson 1972). CAN, TAO, 

KI IA, WAM, CBR, INV, JNL and WElt to the east of the line are permanent stations of the 

ANU network; UMB, l'NA, ILN, I ITT, AD[ -nd CLV are stations of the University of 

Adelaide network; BED, 100 and KF are BMI. .rations. 
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Figure 1. Map of South-eastern Australia, showing the two explosions (4, the portable stations (.), and other recording stations (o). The topography 
of the region is also shown. 
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Data and results 

The data recorded fruits buth explosions by the portable stations, and by a few of the pernia-

nient stations at (lie end of (lie Mt Fitton line, have been digitized and played out  on a 
liiiie-- distance plot with a reduction velocity of S kin/s (Fig. 2). 'Flie amplitudes have been 
normalized to maxinjull, trace a nipi it tide. On this  plot the times of tine Bass St rail recoids 

have been reduced by 0.8 s so that their first arrivals line up with those front Nit Fitton. The 
Bass Strait shot is believed to have taken place on the sea bottom (Finlaysoit etal. 1974), so 

the larger delay unites Irwin that event are probably all effect of low-velocity sediments 
bemmea lii the shot p°oi t (cf Underwood 1969). The Bass Strait records are d ist ingimislied from 
those of Mt Fitton by the relative weakness of frequencies greater than about 2 lIz. 

Distances and first arrival times for all stations ale listed in Table I 

It can be seen from the figure and the table that the reduced first-arrival times from the 

portable Stations are approxin a (ely constant out to a distance of about 800 kin and (lien 

progressively decrease. The justification for combining the data from both explosions in the 
figure is that  the two series of arrivals do not systematically depart from one anot ncr with 

distance, indicating that there are no systematic variations in structure along the traverse. 

(The arrivals of I IWll-13S and WAM-MF are late with respect to the others; these and other 

'anomalous' arrivals at sonic of (lie permanent stations will he examined in a later Section.) 

In tIne first five records, at distances between about 250 and 500 kin, there are later arrivals 
which can be identified as the crustal phases P and P. Beyond 500 kin a series of later 

Table 1. Data from Mt Fitton and Bass Strait explosions. 

Mt litton Bass Strait 

a(kkill I(s) 1-- 6/8(s) a(kilk) i(s) i- 	a/H (s) 
UMB* 49.3 8.2 2.0 1260.7 162.6 5.0 
SVB t  254.5 38.2 6.4 998.4 130.8 6.0 
PNA 258.8 39.6 7.2 
ILN 300.3 45.0 7.4 Qfj* 

338-6 48.6 6.3 
IITT 384.4 56.0 7.9 1042.6 136.0 4.9 B111 *  423.9 59.7 6.7 835.5 113.3 6.9 CLV 501.2 68.2 5.5 
111)11* 513.0 70.4 6.3 753.3 101.1 6.9 ADE 555.9 77.2 7.7 
MOB* 
11011* 658.6 88.7 6.4 

681.8 92.4 7.2 

VAIlt 825.6 109.1 5.9 
BFI) 841.8 110.8 5.5 565.9 77.0 6.3 1(011* 913.7 119.8 5,6 372.1 53.5 7.0 IIWIJ* 
TOO 1002.1 130.0 4.7 

298.1 
302.6 

45.0 
45.1 

7.7 
7.3 TAO 1025.9 133.4 5.2 301.2 45.9 8.3 KIM 1054.1 136.5 4.7 238.6 37.6 7.8 CuR 1056.5 137.1 . 	5.0 264.8 41.3 8.2 

CAN 1062.4 137.2 4.4 330.4 49.2 7.9 JNI. 1075.2 139.0 4.6 507.7 70.7 7.3 K  1083.8 139.7 4.2 
INV 1096.5 141.3 4.2 377.2 55.5 8.4 WAM 1106.7 1433 5.0 233.7 36.9 7.7 
WEB, 

507.6 71.1 7.7 
CFA 1288.9 164.0 2.9 

* Portable ANU stations. 
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arrivals apparently belong to triplication branches associated with the change in slope at 
800 km. There is evidence of another branch of greater slope in the later arrivals beyond 
about 850 kin. Between 600 and 900 km there is also a set of arrivals with reduced times of 
about 13 S. In addition, there aic sonic aj'j)aiciltly nori-systciuiatic arrivals which will be dis-
cussed later. 

A time—distance curve has been fitted to the data by trial-and-error inversion of 
velocity —depth proliles The simplest profile giving a reasonable fit is shown by file solid 
line in Fig. 3, and its corresponding tine--distance curve is shown superimposed on the 
record section in Fig. 4. In this figure the WAM-MF record has been displaced downward by 
a further 0.8 s so that its first arrival corresponds to that of IN V-h-IF at almost the same 
distance, in order to show the correspondence of later arrivals with those of nearby stations. 
Signal amplitudes have been used to establish the approximate positions of the cusps at the 
near ends oft lie retrograde branches. 

The velocity—depth profile of Fig. 3 has been tabulated in Table 2, In the model, the 
two-layer crust has P1  and P2  velocities of 6.15 and 6.75 km/s, with Conrad and Mohto dis-
continuities at depths of 20 and 35 km. Beneath the Moho, the (Pa ) velocity is constant at 
7.98 km/s down to 100 km, where it increases abruptly to 8.36 km/s. The later arrival data 
near the end of the record section have been fitted by another abrupt velocity change to 
8.72 km/s at a depth of 190 kin. In order to model adequately the triplication branch 
associated with this discontinuity, an 8.1 km/s low-velocity channel was inserted in the 
depth range 155-190 km. 

V, km/s 

E 
S 

is 
0- 
uJ 
C 

Eire 3. P-velocity model (solid line) from which the travel time curve shown in Figs 3 and 5was 
derived. The dashed section critic model (no low-velocity channel) Jcorresponds to the dashed travel-tiinç 
curve in Fig. 5. 

The later arrivals having a phase velocity of about 8 km/s in the 600-900 km range lie 
close to the dashed line in the figure, which correspoi ds to P,,P, (i.e. with a single reflection 
at the surface). Similar arrivals were observed by I l;iles & Nation (1966), who identified 
them as and discussed the conditions nec. ary for the appearance of a phase of 
this type. Similar observations have been made in hmi. -  US by Green & Hales (1968) and in 
Western Europe by I liriict aL (1973). . - 
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Table 2. Earth models shown in Fig. 3. 

(a) With low-velocity channel 

Depth (kin) 	Velocity (kin/s) 

(b) Without low-velocity channel 

Depth (kill) 	Velocity (k m/s) 

0 6.15 0 6.15 

20 6.15 20 	, 6-I5 

20 6.75 20 6.75 

35 6.75 35 6.75 

35 7.98 35 7.98 

100 7.98 100 7.98 

100 8.36 100 8.36 

155 8.36 205 8.36 

155 - 	 8.10 205 8.72 

190 8,10 

190 8.72 

As shown in the figure, some other arrivals in the records can be associated with multiples 

of the high-amplitude  arrivals near the cusps in a rked A, B and C, corresponding to single 

reflections at the surface (A', Ii', C) and perhaps double reflections (A", B") as well. The 

contribution to signal complexity of multiples of this kind seems to be insufficiently recog-

nized. 

DATA t"l(OM OTIIEI( STATIONS 

To this point we have been concerned mainly with data from the ANU portable stations. In 

Fig. 5 [lie travel-time curve derived froimi these data is compared Willi arrivals from the other 

stations in the region. Once again the Bass Strait tunes have been reduced by 0.8 s. 

It is apparent, first olahl, that time Bass Strait times lroin the stations in tIme vicinity of time 

Snowy Mountains - Southern Tablelands region (WAM, KIIA. ('lilt, TAO, CAN, INV -- and 

also I lWB) are on average about I s late with respect to the curve. The results of a number of 

seismic experiments in time southwest corner of Australia (Doyle, Everinghani & Hogan 1959; 

Doyle, Underwood & Polak 1966; Underwood 1969 and a sninniamy by Cleary 1973) 

indicate that time I' velocity is about 7.9 kin/s -- slightly lower than that given here for the 

legion to tIme wesl -.- and that the crustal tluckness belicalli time Snowy Mountains is about 

42 kin. The magnitude of the delays observed here is eonmpaiible with Such a immodel. ']'lie 

delay at WElt, on time oilier hand, is probably due to time sedimnemmts of time Sydney Basin 

(Doyle c/aL 1966). 

Willi the exception of.WAM, the delays at these stations [ruin the Mt Fitton explosion 

are nnuelm less marked, which suggests that time crust thins rapidly to the west of tIme table-

lands. That this is an effect ui isostasy is further suggested by time topography of the region, 

as shown in Fig. 1 

Stations UMB, I'NA, ILN, HTT and ADE also have marked delays from Mt Fitton, which 

may be attributed to increased crustal thickness ( 38 kin) and low-velocity sediments in the 

Flinders—Mt Lefty ranges/Adelaide Geosynchine area (cf Stewart, 1972). Of these stations 

UMB and In"!' recorded first arrivals from Bass Strait, and only UMB has a significant delay, 

again suggesting an imziinutlial effect. 

Stations BFI) (from both shots) and CLV (front Mt Fitton) are both early by about 0.5 s, 

which suggests that the crust is a few kilometres thinner beneath these regions than beneath 

the Western Plains. 

At the extreme end of the range (1289 kill) is an observation of the Mt Fitton explosion 

at CTA, Queensland, which has been included as an indication of the similarity of eastern 

Australian paths. 
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OIlIER POSSIBLE INTERPRETATIONS 

Floor Fig. 5, it might be argued that it is possible to lit all the first-arrival data from the 

portable stations by ii line corresponding to a velocity in (cr11 ied late between the two first - 

inival branches. We consider such all interpretation unlikely to be valid, for (lie following 

Icasons 

Firstly, the residuals at the stations east and west of the traverse would then be positive 

it one end of the line and negative at the other. While we have argued above, on the basis 

clout interpretation, that there may be some azimuthal variation in the time ternis at these 

iotious, we consider that an wI hoc assumption of" an aziiiititlial variation of ti to 2 s fit 

these terms would be difficult to defend. 

Moreover, such an interpretation ignores. the evidence from later arrivals of a triplication 

in the travel-time curve in this range. The amplitude of a reflection branch increases with 

decreasing distance as the critical distance is approached, and decreases rapidly at sub-critical 

distances (i.e. when the energy is no longer totally internally reflected). This is the type of 

behaviour observed in the vicinity of cusp C of our model (Fig. 4). No alternative interpreta-

- tion could be found for these later arrivals. - 

A similar argument applies to the placement of cusp 0, although here the character of thd 

Mt Fitton record R013-MF at about 900 km distance is different from the lower-frequency 

Bass Strait records BTII-BS and SVIJ-BS on either side. The presence or absence of a low-

velocity channel above a depth of about 200 km depends critically upon the position of this 

cusp, and thus upon the interpretation of the later arrival at BIll-hIS. We consider that the 

BTII-BS arrival is too strong to be omitted from the interpretation. Nevertheless, we have 

provided an alternative model in Table 2(b), shown dashed in Fig. 3, in which the low-

velocity channel is absent. As shown by the dashed curve in Fig. 5, the triplication branch 

for this model extends back only to a distance of about 1000 km. It should be pointed out 

that (lie backward extension of the cusp ill our preferred model could have been achieved 

equally well by means of a wider channel with less velocity contrast, or by a narrower, 
higher contrast channel (cf. Steinmetz, Iffin & Perrier 1974). Obviously, it would be desir-

able to test the interpretation with additional data front the same region; we are satisfied, 

however, that the present model is a reasonable interpretation of the data available to us at 
this time. 

Discussion 

Since the experiment was designed to study the upper mantle beneath New South Wales, no 

great precision is claimed for the crustal part of the model in Table 2 and Fig. 3. Neverthe-

less, the data do provide evidence for a two-layer crust, additional to that found previously 

and summarized by Cleary (1973). The study provides clear evidence that the crust beneath 

the Western Plains is several kiloinetres thinner than that of the tablelands to the east. 

The P, velocity of 7.98 kin/s for the region confirms the east-west gradation of/, noted 

by Cleary (1973), with velocities of 7.9 kin/s to the east, 7.99-8.02 km/s beneath the 

Adelaide Geosyncline (Stewart 1972) and 8.05 km/s and higher to the west of the geosyn-

clime (Doyle & liveringhiain, 1964; summary by Cleary 1973; Finlayson et at 1974). 
The abrupt increase in velocity from 7.98 to 8.36 kin/s at 100 kin depth is similar to, but 

-slightly deeper than, that found in other repions. Green & Hales (1968) found a 7.9-8.3-

km/s increase at 93 kin depth for ilie CentiiI US; Mercu & Ilunter (1969) an 8.05-8.43-

kin/s increase at 84 km for the Canadian Shield; Hales, IleIsley & Nation (1970) an 

8A- 8.67-kin/s increase at 57 kill beneath ti (;oil fof Mexico; and Ihirn etal. (1973) a more 

gradual change from 8.2 to 8.45 km/s at 80 -90 kin in France. It seems very likely that a 
velocity jump of this kind is universal. 
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The further increase to 8.72 km/s at 190 km depth is similar to an increase to abou 

8.8 km/s at 190 km found for the Gulf of Mexico by Hales et al. (1970), and to an 

increase to 8.74 kin/s at 193 km beneath France by Steinmetz ci al. (1974). The lauri 

authors also found it necessary to include a low-velocity channel above this d iscontinuii). 

for reasons siiiiilau to the ones given in (lie pieced ing Section. 

The model described here has some resemblance to those derived from other seisnu 

experiments in Australia. Simpson's (1973) model for Central Australia has a 1% velocity of 

8.1 km/s, with increases to 8.24 km/s at 85 km and to 8.53 kin/s at 175 kin, but with no 

low-velocity channel. Finiayson el at (1974) have similar steps in their TASS-2a unodri 

(central Australian and Sotutlu-Australiaui-Viciorian data) but their ']'ASS- I a model (Nnllahur 

data) has no step between 40 and 165 kiii. They found 'no convincing evidence' for a 1u%- 

velocity channel. It may be mentioned also that Gone,. & Cleary (1976) found evidence cii 

low S-velocity channel centred at 130 km in Eastern Australia from Rayleigh wave group 

velocity data, although the validity of this interpretation has been questioned- by Mills 

& Fitch (1976). 
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FIRST ARRIVAL DATA FROM THE CARPENTARIA 
REGION UPPER MANTLE PROJECT (CRUMP) 

By V. M. FINLAYSON 

(With 8 Tables and 8 Text-Figures) 

(Received 7 November 1967; read in abstract at Canberra, 23 January 1968) 

ABSTRACT 

Travel-time from -explosions fired on the continental shelf round the Cape York 
Peninsula were recorded by a number of mobile seismic recording crews and seismic 
observatories. Least squares analysis of the results from various groups of shots 
indicated upper crustal velocities between 5-22 km/sec and 5-94 km/see, lower 
crustal velocities between 662 km/sec and 683 km/sec, and upper mantle 
velocities between 7-84 km/sec and 809 km/sec. Subsequent time-term analysis 
of the results gave depths to the intermediate refractor of 10 km at the continental 
margins increasing to 25 km in the Gilbert River region of Cape York. The 
Mohoroviid "Discontinuity" (M) dips at an average of Y from depths of 25 km 
at the edge of the continent to 45 km in Central Cape York and the regions 
northwest of Charters Towers. 
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INTRODUCTION 

The Carpentaria Region Upper Mantle Pro-
ject (CRUMP) was organised by the Bureau 
of Mineral Resources, Geology and Geo-
physics (B.M.R.) as a large scale seismic re-
fraction survey in the Cape York Peninsula-
Gulf of Carpentaria region. The field work 
was carried out during September and October 
1966 by parties from a number of government 
and academic organisations who had gained 
experience from a similar experiment in the 
Bass Strait earlier in 1966. The Royal Aus-
tralian Navy organised the detonation of the 
charges from H.M.A.S. Ki,nbla, a mine-
sweeper which had previous experience of this 
type of work. 

Crustal studies were carried out indepen-
dently to the west and northeast of the survey 
area and it was hoped eventually to tie in these 
results. A number of exploration seismic and 
gravity surveys had been done in the region 
and some of those results have proved useful 
in interpreting the CRUMP results. 

ORGANISATION 

1-I.M.A.S. Kim/la detonated fourteen charges 
on the sea bed at predetermined positions on 
the continental shelf round Cape York Penin-
sula. The charges were made up to either 
one ton or half a ton and exploded in 10-13 
fathoms (18-54 m) water. In order to make 
the best use of these explosions, the B.M.R. 

.LgeoLsoc.Aust., 15(1): pp. 33-50, 1968 

extended invitations to other government and 
academic bodies to contribute equipment 
and/or personnel for the duration of the ex-
periment. Those who eventually participated 
in the field work were B.M.R., the Universities 
of Queensland, Sydney, and Melbourne and 
the Australian National University ( A.N.0 - 
the Commonwealth Department of Works, the 
Geological Survey of Queensland and the Uni-
versity College of Townsville. 

In all, seventeen mobile and seven stationary 
seismic recording crews were organised. Three 
of the mobile crews were organised by A.N.U. 
in the Northern Territory in the direction of 
their seismic array at Tennant Creek. Their 
results have been analysed elsewhere (R. 
Underwood (unpublished)). Five of the fixed 
recording sites were organised by the B.M.R. 
Port Moresby observatory staff in the Terri-
tory of Papua and New Guinea, but results 
have only been used from one of these stations 
in this analysis. 

Each recording crew was equipped with 
short-period seismometers or exploration geo-
phones matched to recorders running at speeds 
capable of resolving arrival times to better 
than 01 sec. Some form of timing was re-
quired on the records. Absolute time marks 
could be obtained from the VNG time signal 
transmission or relative time marks could be 
obtained from the ship's broadcast timing 
sequence used for each of the shots. There 
is already adequate literature on the type of 
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equipment and organisation required for pro-
jects such as CRUMP (Doyle, Everingham & 
Hogan, 1959; Doyle & Everingham, 1964; 
Doyle, Underwood & Polak, 1966; Steinhart 
& Smith, 1966; Finlayson, 1968). 

The shot positions and the recording sites 
from which results have been used in this 
analysis are shown in Figure 1. It should 
be emphasised that the abbreviations allotted 
to the various recording sites do not necessarily 
correspond to any U.S. Coast and Geodetic  

necessarily a subjective procedure because the 
signals were very weakly recorded or the 
signal-to-noise ratio too low to give a definite 
arrival time. Arrivals that were "late" when 
plotted on the travel-time curve or were doubt-
ful have been rejected and the remaining results 
have been given equal weight in the analysis. 
The distances between the various shots and 
recording sites were calculated on the 
C.S.I.R.O. CDC 3600 computer using pro-
gramme EPICENT (DF). 

TABLE I 

Shot Positions and Timing 

Shot 
No. Lat. S. Long. E. Date Time of Detonation Group Size 

1 18 0  001 0 146° 25'0 21/9/66 0650 -3316±0020 A I ton 
2 17° 42'- 0 146° 12'0 21/9/66 1150 3250±0-005 A 4ton 
3 17° 	15' - 0 146°  03'0 21/9166 1950 4574±0020 A 4ton 
4 17°  02'- 0 146 0 	18'0 21/9/66 23-51 5860±0050 A 1 ton 
5 16° 40'-O 146° 	14'-O 22/9/66 07-50 0950±0005 A I ton 
6 16° 53'-0 146° 02'-O 22/9/66 1150 1129±0005 A Pan 
7 13° 	59'-8 144°  35'-0 24/9/66 1750 03-22±0020 B I ton 
8 14° 05'-0 143 °  50' - 0 25/9/66 0650 2257±0020 B 4ton 
9 13° 04"4 143 °  51'0 25/9/66 1650 08-85±0 - 020 B 1 ton 

10 09° 10 1 -0 143 °  54'-0 1/10/66 1750 1905±0006 C I ton 
11 09° 30'-6 143 °  28'-3 2/10/66 2250 1788±0 - 006 C I ton 
12 10° 00 1 -0 143 0  04'-O 3/10/66 0950 0559±0006 C 4 ton 
13 CANCELLED 
14 CANCELLED 
15 15 1  33'-6 141 °  07'-O 6/10/66 1320 58 - 46±0006 D I ton 
16 15° 33'8 141° 00' - 5 6/10/66 1720 3432±0006 D I ton 

Survey abbreviations and no confusion should 
arise since all the CRUMP stations are listed 
in Tables IL-V. The shots were fired in four 
groups (A, B, C and D) with some of the 
recording sites common to more than one 
group. The positions of the recording sites 
were pinpointed on air photographs or detailed 
maps by the geophysicist at the site and the 
latitudes and longitudes subsequently computed 
from base maps. Most of the area had been 
recently surveyed for a B.M.R. helicopter grav-
ity survey carried out during 1966. The ship's 
position was calculated by taking fixes on 
land marks or by sun shots (for Group D shots 
only). These position fixes were not noted or 
subjected to a close check and thus could be a 
source of error in the subsequent calculations. 

Details of the shot positions and timings 
are given in Table I. 

3. RESULTS 

Only the first longitudinal (F) wave arrivals 
have been analysed in this paper. The picking 
of first arrivals from some of the records was 

Group A 

The results from the Group A shots are 
presented in Table 11. The travel-time plot of 
the results is given in Figure 2 where the time 
scale has been reduced by A/S (A = distance 
from shot to recorder in km). On considera-
tion of the travel-time curve, a crustal model 
that splits the curve into three sections has 
been assumed for the purpose of interpretation. 
This implies that there are two layers in the 
crust above Al. The selection of this par-
ticular model does not imply that the travel-
time curve cannot be approximated by other 
models, but for a first analysis, it has been 
found suitable. Later on in this paper (Section 
4), data from other geophysical surveys will 
be used to give information on a third surface 
layer. 

For the purposes of identification, the longi-
tudinal (P) waves with an apparent velocity of 
approximately 59 km/sec will be denoted as 
P, arrivals, waves having an apparent velocity 
of 6-5-70 km/sec will be denoted as F, 
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TABLE II 

Travel Times for F, Group A 

Station Lat. S Long. E. Shot 
Distance 

km 
Travel Time 

sec Equation 

Wyrema(WYR) 17°36'-9 145°43'-2 1 853 146 1,2 
2 518 91 I 
3 53-5 9-5 I 
4 89-1 15-7 1,2 
5 118-3 20-3 1,2 
6 87-5 15-4 1,2 

Coalbrook (COA) 200 13'-9 143° 24'-4 1 4017 57-8 3 
2 406-2 57-8 3 
4 4674 66-0 3 
5 4947 69-3 3 

Oak Park (OAK) 19? 17°-I 144° 10'5 1 276-1 418 3 
2 276-6 419 3 
4 335-6 490 3 
5 362-5 52-7 3 

Conjuboy (CJY) 18° 37'- 5 144 0  43'-6 1 1916 30-27 2, 3 
2 1865 30-70 2,3 
4 242-6 37-40 3 
5 269-3 40-60 3 
6 237-3 36-42 3 

Minnamoolka (MIN) 18° 11'-3 145° 05'-4 1 142-0 23-30 2 
2 129-4 21-74 2 
5 207-6 33-28 2.3 
6 175-7 28-79 2,3 

Ravenshoe (RAV) 170  38°-I 145 0  24°-S 1 114-3 19-07 1,2 
2 84-3 14-40 1,2 
3 80-4 13-64 1,2 
4 115-9 20-10 1,2 
6 106-4 18-38 1,2 

Silkwood (SIL) 17° 45'-0 1460  00'-9 1 50-8 8-85 1 
2 20-4 3-70 1 
4 84-9 14-44 1 

Ord (ORD) 17° 33'-7 144° 57°-S 3 120-5 20-40 2 
4 153-7 25-90 2 

- 5 167-5 27-50 2 

Almaden (ALM) 17° 20'-4 144° 40'-4 I 198-9 31-41 2,3 
2 167-0 27-49 2,3 
5 182-1 29-67 2,3 
6 153-3 25-39 2 

Charters Towers (CTA) 200  05'-3 146° 15'-0 3 314-7 46-4 3 
4 338-0 49-5 3 
5 378-5 54-9 3 
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DISTANCE 151k, 

Fig. 2. Travel-time plot for Group A results. 

arrivals, and those waves with an apparent velo-
city of approximately 80 km/sec will be de-
noted as I-',, arrivals. The data in each section 
of the travel time plot have been analysed by 
the least squares method to give a linear ex-
pression for the travel time. The sections have 
been overlapped because of the difficulty in 
allotting datum points to a particular section 
in the region of the cross-over. 

For Group A shots at distances less than 
120 km the least squares analysis gives the 
P1  travel time, 

T034±02l +&594±0O8... 1 
N = 14 

where 

T = travel time (secs) 
A = distance along the surface between 

shot and recorder (km) 
N = number of datum points 

Least squares analysis of data lying between 
80 and 210 km gives a travel time for P2  
arrivals, 

T = 208 ± 030 + a/662 ± 009. ..2 
N=22  

The P. travel time is given by 

7= 642 ± 012 + 6/784 ± 001.. .3 
N = 21 

The data used in determining the various 
expressions are indicated in the last column 
of Table II. 

If it is assumed that the crust is horizont-
ally layered over the whole region and that 
there is a surface layer with mean velocity 
= 4-5 km/see, then a formal solution to the 
expressions for the travel times (Eiby & 
Dibble, 1957), using the parameters in Equa-
tions 1, 2 and 3, gives depths to the refractors 
of 1 km, 12 km and 34 km. 

Group B 

The results from the Group B shots are 
shown in Table Ill and plotted in Figure 3. 

The travel-time curve for the Group B re-
sults has been split into three sections like that 
for Group A. Because of the limited number 
of results at distances less than 120 km from 
the shot point, one Group D result has been 
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included in the data used to derive Equation 
4 for P1  arrivals: 

1-024±011+&/5-82±0-OL.4 
N=4 

Analysis of the data between 80 and 210 km 
gives the travel time for P2  arrivals, 

T =276 ±051 + &6-71 ± 013 .. .5 
N=1O  

50 and 210 km, the analysis gives, the travel 
time for P2  arrivals: 

T = 269 ± 0-01 + a/672 ± 005 . . . 7 
N=3 

At distances greater than 160 km the least 
squares analysis gives the P. travel time: 

T=6-44±0-24+t/800±0-09 ....... 
N=12 

DISTANCE cMi. 

Fig. 3. Travel-time plot for Group B results. 

At distances greater than 160 km, the 
analysis gives the P9  travel time: 

T = 7•70 ± 037 + a/809 ± 0-08 ... 6 
N = 12 

A formal solution to a horizontally layered 
crustal model using the parameters in Equa-
tions 4, 5 and 6 gives depths to the refractors 
of I km, 15 km and 39 kin. 

Group C 
The results from the Group C shots deton-

ated in Torres Strait are given in Table IV and 
plotted in Figure 4. 

Because of the scarcity of data near the 
shot points, only two sections of the travel 
time can he defined. For the section between 

Group D 

The results from the Group D shots are 
listed in Table V and plotted in Figure 5. From 
the appearance of the travel-time curve it was 
obvious that the velocities and intercepts were 
going to be markedly different from those of 
Group A, B and C results. This led to a critical 
examination of the results for possible errors. 

No proof of errors could be found but be-
cause it was felt that the calculated position 
of the ship might be in error, the Group •D 
results have subsequently been given a much 
lower weighting in the interpretation of results. 

At distances less than 120 km there was 
only one result and this has been included in 
Equation 4 with the Group B results. 
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TABLE III 

Travel Times for F, Group B 

39 

Distance Travel Time 
Station Lat. S Long. E Shot km see Equation 

Highbury (HIG) 16° 25''7 143'08'-6 8 2698 41-52 6 
Strathleven(LVN) 15°54'2 143'23'-1 7 2470 3820 5.6 

8 2069 3340 6 

Rutland Plains (RUT) 15 0  38'5 141° 48'5 7 3498 5040 6 

Coleman River (COL) 14 0  49"4 142° 30'7 8 164-4 2760 5,6 
9 2417 3795 6 

Strathmay (MAY) 14° 53'0 142° 46'-1 8 1450 2449 5 

Strathburn (BRN) 14° 28'-4 142° 49"4 7 1971 3209 5,6 
8 117-2 20-31 4,5 
9 190-6 31-61 5,6 

Hann River (HAN) 15°11'3 143°52'4 7 1524 25-48 5 

Ebagoola (EGO) 140  18''5 143 0  16'3 7 1451 24-41 5 
8 65-6 IL-SI 4 
9 150'3 24'76 5 

Moreton (MOR) 120  27'- 1 1420  37"7 7 272-3 407 6 
8 222-8 353 6 
9 149-4 250 5 

Stewart River (STW) 14° 06'-8 143° 30'0 8 36-2 645 4 

Abingdon Downs (AR!) 17° 40'-7 143° 09'- 5 7 4349 61-63 6 
8 4042 57-85 6 

At distances between 80 and 210 km the 
least squares analysis gives the travel times, 

T=285±108+Ex/683±O22 ... 9 
N=5 

At distances greater than 160 km the plot 
has been split into two sections depending on 
the location of the recording stations. The 
results from the southern stations at Highbury 
(HIG) and Staaten River (STA) give: 

T = 7-93 ± 0-25 + a/8-26 ± 0-08 . . 10 
N=3 

And the northern recording stations round 
Strathburn (BRN) give: 

T= 7-66 ± 0-56+ a/8-45 ± 0-05 . . 11 
N=7 

These velocities at distances greater than 
160 km are higher than have been obtained 
from other CRUMP results and could be inter-
preted in terms of structural differences but 
until further work is carried out in the area 
they cannot be confirmed. 

4. SURFACE GEOLOGICAL AND 
GEOPHYSICAL INFORMATION 

Because of the design of CRUMP it was not 
possible to obtain very much geophysical in- 

formation on any surface layers of rock that 
might lie above basement. This information is 
available in a number of reports from other 
geophysical and geological surveys done in 
the area (Robertson & Moss, 1959; B.M.R., 
1965a; B.M.R., 1965b; Tectonic Map, 1960). 
The information in these reports has been sum-
marised in the remainder of this section to 
give many of the h 1  data in Table VIII used 
subsequently in the derivation of depths to the 
Intermediate Refractor and Mohoroviéió "Dis-
continuity" (see Section 5, Interpretation). 

The recording sites to the southwest of 
Group A shots are nearly all situated on the 
tablelands, straddling the Great Dividing 
Range. Inland, surface rocks consist of Caino-
zoic volcanics (mainly basalt) and granites, 
and the coastal rocks consist mainly of lower 
Palaeozoic metamorphics (Tectonic Map, 
1960). Therefore, for the majority of record-
ing sites the depth to basement can be taken 
as zero but - along the coast and under the 
Group A shot points basement rock might be 
expected at some small depth beneath the sur-
face. 

The sites for the Group B shots are situated 
in Princess Charlotte Bay where a considerable 
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Fig. 4. Travel-time plot for Group C results. 

TABLE IV 
Travel Times for P. Group C 

Station Lat. S Long. B Shot 
Distance 

km 
Travel Time 

see Equation 

Daru (DRU) 09° 05'- 3 143° 12'3 10 767 142 7 
11 549 108 7 
12 1019 178 7 

Moreton(MOR) 12°27'l 14r37'7 II 338-1 49-0 8 
12 2753 409 8 

Skardon River (SKA) 11°38'9 142° 270 10 3171 4657 8 
II 2616 3898 8 
12 1944 30-57 8 

Batavia Downs (RAT) 12° 45'-8 142° 42'-6 11 3693 5250 8 
12 3081 4495 8 

Wenlock Road (WEN) 13° 12'5 142° 48'- 2 10 4628 64-93 8 
11 415-5 5828 8 

- 12 3560 5108 8 

Coca Airport (COE) 130 45.9 143°07'O II 472-2 6481 8 
12 4165 5855 8 
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depth of sediment is expected, as this area lies 
in the Laura Basin. Depth to basement under 
Shot 7 is estimated to be at 07 km and under 
Shots 8 and 9 at 15 km. The velocity at 
basement is approximately 5'7 km/sec. The 
recording sites for Group B shots were situated 
to the southwest and south of the shot points, 
again straddling the Great Dividing Range; 
Those stations on the ranges were normally 
sited on granites but farther west stations were 

York Peninsula have a depth to basement 
varying between 05 km at Moreton (MOR) 
to zero at Coen Airport (COE). The velocity 
at basement varies between 5-1 and 60 
km/sec. 

5. INTERPRETATION 
Because of the complex distribution of shots 

and recording sites, a method of interpretation 
must be used that is capable of handling all the 

7 ,  

S 

t 

2 
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Fig. 5. Travel-time plot for Group D results. 

situated on Mesozoic sediments which cover 
most of the central and western areas of the 
Cape York Peninsula. The depth to basement 
varies from .about zero at Abingdon Downs 
(ABI) increasing in a northwesterly direction 
to about 0-9 km at Rutland Plains (RUT). 
The depth to basement at the Group D shots 
is estimated at 09 km. The velocity at base-
ment is approximately 55 km/sec. 

At the sites of Group C shots in Torres 
Strait the depth to basement is considerably 
greater than for any other shot or recording 
site. At Shot 10 the depth is 40 km. at Shot 
11, 3-3 km and at Shot 12 it is 2-5 km. The 
Group C recording sites in northern Cape  

data and arriving at a best-fit solution. Such a 
method was developed by Scheidegger & 
Willmore (1957) and elaborated by Wilimore 
& Bancroft (1960) and involves the concept 
of "time terms" at the shot and recording sites. 
This method has been applied to a number of 
seismic refraction experiments in Britain 
(Agger & Carpenter, 1964), and America 
(Berry & West, 1966). The latter authors 
have given a lucid account of the theory of the 
method which will only be summarised in this 
paper. The application of both time-term 
analysis and conventional exploration type 
analysis to large-scale refraction experiments 
is given by Steinhart & Smith (1966). 
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TABLE V 

Travel Times for P, Group D 

Distance Travel Time 
Station Lat. S Long. E Shot km sec Equation 

Inkerman (INK) 16° 17'1 141° 26'9 16 927 16-17 9 

Highbury(HIG) 16°2Y7 143°08'-6 15 2373 36-73 11 
16 2478 3791 11 

Staaten River (STA) 16° 29'2 142° 17'7 16 171-5 287 9,11 

Dorunda(DDA) 16°33'-3 141°49'i 15 1340 2270 9 

Coleman River (COL) 14° 49'-4 142° 30'-7 16 1811 29-I 9,10 

Strathmay (MAY) 14° 53'-0 142° 46'-1 15 1927 30-64 9, 10 

Strathburn (BRN) 14° 28'-4 142° 49'-4 15 2195 33-40 10 

Musgrave(MGV) 14°47'3 143°30'-1 15 270-2 401 10 

Ebagoola (EGO) 14° 18'-5 1430  16'-3 15 270-1 3933 10 
16 2803 -40-73 10 

Stewart River (STW) 14° 06'- 8 143° 30'-0 16 312-6 44-71 10 

The essence of time-term analysis is the 
solution of a set of equations of the form 

	

T1, =n,,jl+ a + a1 	. 	12 
where 

a1  and a5  = time terms, which characterise 
the shot and recording sites;. 

= distance along the surface be-
tween shot and recording sites; 

V = velocity along the refractor; 
T 5  = travel time. 

The analysis may be applied to each section 
of the travel-time curve for the various groups 
of shots but in a number of cases the results 
from different groups can be combined pro-
vided there are common recording sites. If 
Ti, is the observed travel-time then the differ-
ence between the theoretical and observed 
travel-times, R 15, is given by 

13 

	

therefore R 5  = X, j -  a - a, 	. - . 14 
where X q  = T15 — A q/V 	... 15 

X 3  has been introduced because it contains 
two of the observable parameters 7', j  and A15. 
If it is assumed that there are a total of N 
sites then a total of N(N— I) equations of the 
form of Equation 14 may be expected if there 
are shots and recordings at each site. How-
ever, there will in general only be N + 1 un-
knowns; the N time-terms and the refractor 
velocity. The criterion used for a best-fit solu- 

tion is that the sum of the., squares Of the 
residuals should be minimised with respect to 
each time term and the velocity. 

Ideally there will be N(N — I) equations 
of the form 14 but in practice this is unlikely 
to be the case. 

Take ", = I if T4, data exist 
= 0 where it does not exist. 

Hence Yu  = 0 

The sum of the squares of the residuals, I. is 
then given by 

/ = 	(X 1, - a 1  - a1) 2  

and for this to be a minimum with respect 

	

to each time-term 	 - 

d//da1  = 0 

This leads to a set of equations which are more 
easily expressed in matrix notation; 

[c] [a; ] = 

where 

C;; = 

IV 

C; ; = 	Vu 
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= 	X ii  y 

Hence 

[ a;] = [ci,]_1 [xi ] 

The matrix inversion was performed on the 
C.S.I.R.O. C.D.C. 3600 computer and the re-
sultant time-terms are calculated using the 
velocities derived in Section 3 by the least-
squares method. 

based on other geophysical evidence such as 
that in Section 4. 

The time terms at distances 0-120 km are 
determined uniquely using the velocity from 
Equation 1 and using the criterion postulated 
by the author that the time term at kavenshoe 
(RAY) will be zero. 

At distances between 80 and 210 km the 
velocity used is obtained from Equation 2 and 
the assumption used to determine the constant 
$ is that the time terms are the same at the 
neighbouring sites of Silkwood (SIL) and 

TABLE VI 

Time Terms, Group A 

Station 

0-120km 80-210km >160km 

IT (see) Tr (see) IT (see) TI' (sec) TI' (see) TT (see) 
v = 594 if y = 0-00 v= 662 if 	= 187 v = 7-84 if. 	3-70 
km/sec km/sec - km/sec 

SI O - OO — y 000 2-03—fl 016 632—a 262 
S2 018—y 0-18 2-57—p 070 638—a 268 
S3 0-14 2-09-9 0-22 
84 035—y 0-35 279—fl 092 6-16---a 246 
S5 240-9 0-53 627—a 257 
S6 044—y 0-44 2-72—p 0-85 597—a 2-27 
ALM —041+fl 1-46 —008+a 3-62 
MIN —0-37+9 150 049+a 419 
WYR 027+y 027 —0 - 33+fl 154 
RAy +7 000 —052-ffl 135 
CJY —0-354-fl 1-52 0104-a 3-80 
01W +fl 1-81 
CTA 0504-a 420 
OAK 0194-a 389 
COA +a 3-70 
SIL 0 - 06+7 0-06 

The time-terms can only be determined 
uniquely if there is a coincident shot and re-
corder site but this was never the case for 
any of the sets of CRUMP data. In one or 
two cases the neighbouring shot and recorder 
sites have been assumed to have the same 
time terms, otherwise an arbitrary constant is 
introduced, which is of opposite sign for the 
shot and recorder time terms, in order to keep 
the solution general until final assumptions are 
applied. 

The time terms for the stations in the three 
sections of the Group A results are given in 
Table VI. , /3 and y  are the arbitrary con-
stants introduced into the general solution of 
the equations and are evaluated by considering 
possible structures at shot and recording sites 

Shot 2. Thus an observation of Shot 4 at SIL 
can be used to determine /3. 

The velocity used to determine the time 
terms at distances greater than 160 km is ob-
tained from Equation 3. The value of the 
constant cannot be determined uniquely so 
that it must be estimated from other geo-
physical evidence. Doyle, Underwood & 
Polak (1966) have suggested a structure of the 
continental shelf off New South Wales which 
might give, an indication of the structure to 
be expected. The CRUMP results from 
Groups fl and C shots give an approximate 
value of a = 370 and since the time terms are 
similar to those for Group A sites, the same 
value has been used in determining the Group 
A time terms uniquely. 
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The Groups B, C and D data have been 
analysed collectively but because of the un-
certainty in the Group D results, the data have 
been weighted in favour of the Groups B and 
C results. The resultant time terms for the shot 
and recording sites are given in Table VII. 

Because of lack of data there are no time 
terms for the section of the travel-time curve 
at distances less than 120 km. In the section 
between 80-210 km the Groups B and 0 re-
sults have been combined. The velocity used 
in determining the time terms was obtained 
from Equations 5 and 9. 

The constant p has been evaluated by as-
suming that the time terms at the site of 
Shot 8 and at Mann River (HAN) are the 
same. 

5—I 

= 2 [(as - 	h,/K(V1V1) ) K(v,J') 
 ] 

where H = depth to the nth refractor 
hi  = thickness of the jth layer 

= time term for the jth layer 
V 5  =velocity in the jth layer 

K(V + 1 V 1 ) = time-term conversion factor 

= 	vs+lv.. ,  

TABLE VII 

Time Terms Groups B, C and D 

80-210km >160km 

Station fl (sec) TT (sec) TI (sec) TT () v = 677 km/sec if ft - 1-94 v = 805 km/sec if a 	350 

57 3469 1-52 658—a 308 
58 3-399 1-45 676—a 326 
59 357--fl 1'63 719—a 369 
510 7'08—a 358 
Sit 6-29—a 2'79 
512 646—a 2-96 
815 2-58—p 0-64 585—a 235 
516 2-29—fl 0-35 5-88—a 238 
fIG 1-31+a 481 
MOR 0'53+a 4-03 
MAY LVN 037+9 157 089+a 4.39 
COL +fl 1-94 064+a 4-14 
AIM 096+a 446 
BRN —0 - 30+fl 164 089+a 439 
SKA 0'07+a 357 
BAT 010+a 3'60 WEN 038+a 388 
COE 0-13+a 3-63 
EGO —0-78+9 1-16 +a 3-50 
DDA INK 0-27+fl 2-21 

The analysis for Groups B, C and 0 results 
at distances greater than 160 km has been 
done in two steps, which favour the Groups 
B and C results. The analysis has first been 
carried out on the Groups B and C data; then 
the Group 0 data have been added and the 
analysis repeated so that the time terms from 
the first analysis remain unchanged. 

Berry & West (1966) present a method for 
interpreting the time terms to give structure. 
Depths to various refractors are given by the 
expression; 

For the purpose of interpreting CRUMP 
data the model shown in Figure 6 has been 
used. 

In time-term analysis, such a model does not 
imply that this layering is uniform throughout 
the whole region covered by the survey but 
only that there is continuity of the refractors 
in the immediate vicinity of the shot and re-
cording sites. Willmore & Bancroft (1960) 
have shown that there has to be considerable 
distortion of the refractors before the time-
term analysis breaks down. The method of 
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TABLE Viii 

Time Terms and Depths to the Various Refractors 
Group A 

Station h1  (km) 

80-210 km > 160 km 

h 1 +h, h1 +h,+h, TI' (see) h, (km) TI' (sec) h, (km) 
(km) (km) 

SI 00 0-16 22 262 295 2-2 31-7 
S2 1-2 0-70 69 268 210 8-1 29-1 
S3 0-9 0-22 09 2-52' 28-0 1-8 29-8 
S4 24 0-92 7-2 246 152 9-6 24-8 
S5 2-5' 0-53 16 257 24-0 4-1 28-1 
S6 3-0 0-85 4-9 2-27 14-6 7-9 22-5 
ALM 0-0' 1-46 19-7 3-62 18-1 19-7 37-8 
MIN 0-0' 1-50 20-3 4-19 24-3 20-3 44-6 
WYR 1-9 1-54 16-6 3-90' 21-4 18-5 39-9 
RAV 0-0 1-35 18-3 3-90' 23-4 18-3 41-7 
CJY 0-0' 1-52 20-6 3-80 19-1 20-6 39-7 
ORD 0-0' 1-87 25-3 3-90' 13-9 25-3 39-2 
CTA 0-0' 154' 20-8 4-20 23-7 20-8 44-5 
OAK 0-0' 1-54' 20-8 3-89 19-9 20-8 40-7 
COA 0-0' 1-54' 20-8 3-70 17-6 20-8 38-4 

Groups B, C and I) - 

Station h (km) 

80-210 km >160km 

h 1  +/i, h 5 +h.+h, TI' (sec) h, (km) TT (see) h (km) 
(km) (km) 

SI 0-7' 1-52 16-2 3-08 12-8 16-9 29-7 
SB 1-5' 1-45 13-9 3-26 16-5 15-4 31-9 
59 1-5' 1-63 16-0 3-69 18-8 17-5 36-3 
Sb 4-0' 1-35' 8-0 3-58 23-5 12-0 35-5 
Sit 3-3' 1-35' 9-3 2-79 13-4 12-6 26-0 
512 2-5' 1-35' 10-9 2-96 15-0 13-4 28-4 
$15 0-9' 0-64 5-7 2-35 18-6 6-6 25-2 
516 0-9' 0-35 2-3 2-38 24-1 3-2 27-3 
I-HG 0-6' 1-89' 20-7 4-81 28-0 21-3 49-3 
MOR 0-5' 1-45' 15-9 4-03 25-5 16-4 41-9 
LVN 0-6' 1-57 17-0 4-39 28-1 17-6 45-7 
MAY 0-2' 1-57 17-8 4-39 27-8 18-0 45-8 
COL 0-3' 1-94 21-9 4-14 18-5 22-2 40-7 
ABI 0-0' 1-89' 21-9 4-46 23-I 21-9 45-0 
BRN 0.0 0  1-64 19-0 4-39 26-6 19-0 45-6 
SICk 0-3' 1-45' 16-2 3-57 19-9 16-5 36-4 
BAT 0-3' 1-45' 16-2 3-60 20-3 16-5 36-8 
WEN 0-3' 1-45' 16-2 3-88 23-7 16-5 40-2 
COE 0-0' 1-56' 18-0 3-63 18-6 18-0 36-6 
EGO 0-0' 1-16 13-4 3-50 23-7 13-4 37-1 
DDA 0-8' 2-21 24-1 3-87' 10-7 24-9 35-6 
INK 0-8' 2-21 24-1 3-87' - 	10-7 24-9 35-6 

0  indicates values that have been approximated from other geophysical data. 
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calculating the depths implies that the velo city 
increases with depth, is constant in 1a3 ers 
h 1 , Iz., and ha and that there are no velo city 
reversals. 

The thickness to the first refractor (h 5 ) has 
been interpreted from the results Of other eo-
physical surveys presented in Section 4 of this 
paper. The average velocity in this la Lyer 
(') has been taken as 45 km/sec. The 
depths to the various refractors are given in 
Table VIII. 

Surface 

V 1  = 4.5 km/sec approx. 	thickness 

Basement 

V = 5.9 km/sec approx. 	thickness 

Intermediate 
Ref raclor 

V 3  = 6.5-7.0 km/sec approx. 	thickness 

Mohoruviie 
"Discontinuity"  

V = 8.0 km/sec approx. 

Fig. 6. Model used for the interpretation of 
CRUMP time terms. 

The depths to the intermediate refractor 
and to M are illustrated in the contour maps 
in Figures 7 and 8. 

On the western side of Cape York Peninsula 
the contours are influenced greatly by the 
values for the time terms at Shots 15 and 16 
and are therefore not as reliable as those in 
other areas. 

DISCUSSION 

The refraction work carried out on CRUMP 
gives some indication of crustal structure in 
an area that has not been studied before. The 
distribution of shot and recorder sites does 
not enable detailed structure to be studied but 
a broad structure may be inferred. Crustal 
thickness appears to increase from a value of 
about 25 km on the continental shelf to about 
40 km in the interior of the continent with 
some local values greater than 45 km. The 
thinning of the crust in the Gulf of Carpentaria 
suggested in Figures 7 and 8 will have to be 
confirmed by further work. Across Torres 

Strait there appears to be a thinning to 
values of about 28 km from values both to 
the north and south of 35 km. 

Upper mantle velocities vary from 782 
km/sec in southeast of the survey area to 8-00 
km/sec in the northern region and 809 km/sec 
in the central region. 

The crustal thickness over the area is 
greater than might have been expected from 
surface-wave dispersion studies carried out 
across the area (Bolt & Niazi, 1964) and the 
future results of refraction studies carried out 
by A.N.U. (R. Underwood [unpublished]) in 
the adjoining areas to the west will be of in-
terest. Surface-wave dispersion analysis is 
currently being carried out at the University 
of Tasmania on results obtained from the out-
stations in Papua run by the geophysical ob-
servatory staff at Port Moresby (Brooks & 
Ripper, 1966). This analysis should provide 
structural information to the northeast of the 
CRUMP survey area. 

The time-term method seems admirably 
suited to this type of seismic refraction survey 
and future work in the area might well be 
designed to extend the sets of data used in 
CRUMP by re-occupying a number of record-
ing stations. Future work must also be de-
signed so that there are coincident shot and 
recorder stations in order to eliminate all un-
known factors inherent in time term analysis. 
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Explosion seismic profiles, and implications for crustal. 

evolu t ion, in sou t heastern Australia 

D. Al. Finlayson, C. Prodelil', & C. D. N. Collins 

1 lie'uiterprcled vt'Iuetty.clel , ll, structure in the crust of the l_arlilau Fold licit insootl,easlern 
Australia I ,,dicat es that velocity gradients, rather (miii disco,il inn no. ve locity changes, cli scat-
tense the region. The velocity-depth ntorptioiogy varies across the region. In the upper crust 
at depths less than 12 kin, (litre is evidence in three areas for velocity decreases within a 
general velocity increase from about 5.6 kin/s to 6.3 km/s. in (lie middle crust (depth range 
16 Lu, to about 35 kni) a low velocity zone is inlerpreted within a goiter-al Increase in velocity 
from 6.3 kill/s to greater than 7 kin/s; (lie prominence of the tow velocity zone varies 

throughout the region. The upper mantle velocity is in the range 8.02 to 8.05 km/i; this 
velocity is reached at a depth slightly greater than 50 but under (lie highest topography it, 
Australia, and at depots between 40 and 50 kin elsewhere. 

Them a re similarities between the velocity-depth structure in southeastern Australia and 
that to It., Appalachian Or,,gett of North America- Gcort,ernieal tithing turd/or eonz1,osilional 
i,tt,oniogeneily is a likely reason for the veloeily-deplh structures, and such intiomogeneity is 
probably Mill influencing  current moderate earthquake activity and continuing highland uplift. 

In pre-Ordovician times the region of (lie I.ttcl,lan Fnitt Bell probably consisted of continental 

crust airich, s.as submerged and thickened by episodic crustal development similar to the 
proéesses which, resulted in the Appalachian Orogen. 

Introduction 

In the period 976-78 the Bureau of Mineral 
Resources, Geology and Geophysics (BMR) made 

seismic record itigs along four profiles radiating from 
the Dartmouth Darn construction site in southeastern 
Australia (Fig. I). Fintayson & others (1979) have 
reviewed seismic crustal data from the area, presented 
an extensive bibliography, and have interpreted the 
976-77 data from one profile t Darimouth-Marulan). 

they indicated that the crust in the Lachlan Fold Bell 
is neither uniform liar homogeneous; it is characterised 
by vcloc,ty transitions rather Itiats discontinuities, 
it may contain one or more low velocity zones, and 
t lie ci uisl a I thickness exceeds 50 kttt in places. These 
reso I is were significantly different from earlier, rela-
ii ret y si mple. twa-Ia ye r, crustal nsodels. 

This paper reports interpretations of recordings made 
during 1978 along three other profiles radiating 
front Dartttiortth (Fig. l), and suipptensents the earlier 
ilitcrpretalicsts ( Finlatyson & others. I979) along a fourth 
profile. Two of these 1978 profiles exceeded 400 km in 

length and were deployed to record upper mantle 
P-waves as first arrivals. This was not done satisfactorily 
during 976-77, because the maxim tint recording 
otis, a rice ( lOt) kill) was too short to record first arrivals. 

from the upper mantle through the unexpectedly thick 
crust. The profiles were chosen to try to determine the 
variation in velocity-depth Structure  along different  
az,tuuths from Dariniouth within the Lachlan Fold Belt, 
from which geological/geochemical differences may be 
inferred. 

Geological setting- 

The geological development of the crust in the 

Lachlan Fold Belt of southeastern Australia is still the 
subject of debate. Discussion at a recent symposium 
run [lie Crust and Upper Mantle of South East Ans-
r;ilta (CU MS LA) recognised that, although the oldest 

I. (;eopl,y s ,k;i li.e hics  ltsshitut, 	Universitat, 	I lerlzslr, 	16, 
1)7500 KARLSRU}IE 21, Federal Republic of Cerinany. 

positively identified rocks are Ordovician, they must 
overlie older conlinental-style rocks. These are the 
source rocks for many graniloids which eotistilule 
about one quarter of the land surface (for recent 

refer enecs see Denham, 1979; Ferguson & others, 
1979) (Fig. I). White & Chappell (1977) have described 
a mechanism to derive granitoids from ttictasedtttten-
tary (S-type) and igneous (]-type) source rocks; both 
types imply sources of material at depths of 12-25 knt 
and greater. White (1979)    indicated that these sources 

are probably  Precast brian and constituted [lie bulk of 
the crustal material at that time. However, they are 
now obscured by overlying Palaeozoic rocks, 

A tectonic nsoctet for these features of the Lachlan 
Fold Belt may be evident at present-day tiltioptueric 
plate boundaries and passive continental margins. Dietz 

(1963) and Dewey & Bird (1970) have proposed 
nsode Is for continental evolution  which involve multiple 
de fornsa 'ion episodes at continental margins. 'these 

I tsudehs require a passive continental margin for the 
build tip of considerable sedimentary sequences out to 

300-400 km from the shore, followed by dynamic 
crustal shortening accompanied by subdtietion of 

oceanic lithosphere. Finlayson & others (1979) have 
already  tio iii led Out that  I se thickness  of the crust in 

the Lachlan Fold Belt favours stubduction of oceanic 
lithosphere at a continental nsargin, rather than at the 
margin of another oceanic lithospheric plate as in some 
western Pacific-type models. Ferguson & others (1979) 
indicate that the Ordovician rocks of the Lachlan Fold 
Belt are compatible with a thickened, possibly conti-
nental, crust. Nicholls (1979) envisages a faith-bounded. 
post-orogenic, Basin-and-Range type province within a 
continental environment for the emplacement of Situ-
ri;tn votcanics near Dartmouth. 

The geology of the Lachlan Fold Belt supports the 
concept of lateral inhotisogcneity in the lower crust and 
tipper mantle in the past. Beanss (1979) has drawn 
anenl Intl to the considerable extent of the I-type Bella 
tiattitiltili (Fig. I), and cc,ticlmuuhcs [flat at tI,c tunic of 
clii p accuse nt there al utst have been large-scale lateral 

variations in the lower crusl, involving hundreds of 
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I gore I. Location of scisnuic traverses and granitoidsin sooiht'a.slern Australia. 

cubic kiloinetres of rock. The tiega tialliolith is the 
major component of exposed I-type granite in south-
eastern Australia. The eastern Jima of S-type granites 
has recently been re-defined by Flood & others (1979) 

(the I-S Line, Fig. I), and this certainly marks a major 
crust at lea Itt re from Palaeozoic times. Wass (1979) has 

drawn attention to the inlionlogeneities in lie tipper 
iliantle winch can he inferred from the geochemistry 
uI (ainuizutie- alkali hasahts in sottuhteaslern Australia. It 
is therefore not unreasonable to assume that unhonto-
genetties persist to the present thy in both tile crust 
and tippet tnuittte as welt is at the stirlace and that 
detailed seismic Investigations should he capable of 
idetttifying tttens. 

Survey operations and data 
At Dartmouth (Fig. I), shots of between 1.5 and 

60 tonnes of explosive were tired in gianudiorite and 

Silurian vulcanies to form the darn spillway and provide 
ntaterial for the rockhhl darn. At Marotlan, shots of 
between 2:0  and 4.0 tonnes of explosive were fired in 

Silurian limestone to provide material for cement 

otanutl aetLire. All shots were reel in shiithule patterns, 

oust with no delays in the tiring line, hut some with 
total delays of tip to 50 ins. Stint timing ialp, recorders 

were installed at both stint sites far the duration of 
survey operations; the est in at ed error in shot tinning 

is ± I Onis Shot locations are known to within ± 50 in. 
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Figure 2. General features of travel-time curves identified in sootheiasterü Australia. Letters indicate travel-time branches 
-referred to in the test. 

Recordings were node or sites 10-15 kIts apart along 

the lines shown in Figure I. IJMR-designed seismic tape 
recorders were usually deployed for about 1-2 weeks 
at each site- Seismometers were often placed on rock 

outcrop, but even where outcrop is riot evident, the 
unconsolidated cover is generally not thick—usually a 
few ttietres at most. 

The seismic tapes were played back. Seismic record 
sections were produced; these could be normalised to 
the maximum amplitude on each trace or for shot size, 
recorder gain or recorder distance. Digital filtering of 
the records was done using a number of bandpass titers, 
'I hose sirown in Figures 3-7 were filtered using a 4 tu 
12 Hz handpass. 

Seismic record sections and interpretation 
Of rite too, recording lines radiating from Dartmouth 

(Fig. I). only that between Dartmouth and Maruian was 
reversed (Fittlayson & others, 1979). This line has been 

included in the work presented here because further 

interpretation has been done on the data. 
The general features of the seisntic travel-lime curves 

are contained in Figure 2, The seismic record sections 

interpreted in this paper are contained in Figures 3 to 

7, together with the travel-lime cttrves and synthetic 

seisrisogranis for the preferred models. 

In the directions of the four recording lines within 
20 km of the Dartmouth shot source, the surface rocks 
consist of low-grade metamorphosed Ordovician sedi-
nlcttts and Silurian volcaruics, with granodiorite out-
crops close to the danisite. Seismic records out to 50 km 
were interpreted using the Herglotz.Wiechert inversion 
of first arrival data (Buller, 1963). This resulted in an 
average velocity-depth model near the sottree with an 
initial velocity of 5.67 km/s at the surface, increasing 
to 5.85 km/s at 2.2 km depth, and to 5.95 km/s at 

about 2.4 km depth. On the scale of the seismic work 
undertaken, this effectively represents the near-surface 

geology, but detailed work wottid have to be under-
taken to determine a more precise model of all near-  
surface rock Ltnits. Laboratory tests on hand samples 
of the Silurian volcanics and gra nodiorites indicated 
P-wave velocities of between 4.83 and 5.71 km/s, the 
latter velocity being in the least weathered rock and 
agreeing substantially with the velocity observed in the 
kid data, 

'Fite idctitifieation of distinct phases, apart from first 

arrivals, is not easy on the record sections from Dart-
Mouth shuts (Figs. 3-6), At distances less -  than 200 km, 
he record sections could perhaps be best characterised 

by their Lck of strong subsequent arrivals. 

Some generalisations can be made about tite Dart-
ntourh record sections; these are illustrated in Figure 2, 
'this shows the seismic phases on the sections which 
have influenced the interpretation of velocity-depth 

functions. Phases a,, and o r  depict the arrival times of 

waves through the surface rucks and uppermost part of 
the crust, and generally have apparent velocities of uts 
to (t,t) km/s. Tire a., phase usually has an apparent 
velocity greater than 6.2 kni/ s, which probably indi-
cates higher grade metamorphic rocks within the upper 
erttst, Finlaysttn & others (1979) have indicated the 
presence of such veloeil ies in surface rocks near Can-

berra and NI a ru Ian. Phase It is not present on all record 
sections, but is interpreted on those toward Marulan 

and Merimhula as a retlected phase from the base of a 
low-velocity zone within [tie tipper crust. Its presence is 

clearly evident only on some records, which indicates 

inhonsogeneity in the upper crust. 

Mid-crustal 	phases 	correspond 	to 	travel-tinie 

ht - atiehcs e, If and c in Figure 2. The d-phases have 

an appareni velocity between 6.9 and 7,4 ktn/ s, and 

are interpreted as refracted arrivals from the lower 
crust. The reflection phases from the lower crust 

(c-phases) are only recorded over a short distance, 
ittdieauing it velocity transition - rather titan it sltarp 
boundary. The critically refracted arrivals from the 
lower crust are identified in the distance range 
110-1 40 km. The c-phases depict a band of arrivals 
which is evident on all record sections, but perhaps more 
clearly on the Dartmouth-Marulan and Dartmouth-
Cundobolin sections. It has an apparent velocity of 
6.0-6.3 km/s and is interpreted as energy returning 

from the base of a mid-crustal tow-velocity zone 

(Fintayson & others, 1979). 

The phases f and g (Fig, 2) are associated with the 
lower—crust/upper-mantle (Molso) boundary, In the 
observed data, the general lack of strong f-phases 
reflected front the Moho indicates that the liounuttry 
is tratisit iunal rather than sharp. The g-phases refracted 
through rite upper nuoule are evident on the record 
sections towards Dulibo and Condobolits as first arrivals 
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Figure 3. (a) Darlinouti. to Condotiotin seismic record section, (b) DcN:1 nuodel iravtl-tinie curves and (c) synthetic 
seisntogrants. and (d) velucily-depels model DCN-l. 

with an apparent velocity of 8,0-8.1 km/s. First arrivals 
at distances greater than about 150 Lot become earlier 
going Iron] the Murulan to the Dubho, and then to the 
Conduboltn, lines. This decreasing travel-time pattern 
indicates a general thinning of the crust towards the 
west. It also gives a general indication that the critical 
point for lower crust and upper mantle arrivals must be 
it distances of 160-200 km. 

The record section for the reverse profile from 

Marulan to Dartmouth (Fig. 7) can also be described in 
he general terms of the foregoing discussion. Details 

described later indicate some differences between this 
Profile and the reverse profile from Dartmouth shots. 

loller/ne foiioni nit flint/s 

Only the profile towards Murulan has reverse data, 
therefore the interpretations along the other three lines 

were Ii ni ted to features which could be identified  from 
the Dartmouth shot source. Methods outlined by Giese 

(1976a, b) were used on the .various seismic phases 
mentioned above to arrive at approximate velocity-

depth models. These were then tested using various 
computer program, to calculate travel-lime  ciirve.s and 
to generate synthetic seismograms (Fuchs, 1968). Many 
models were tried in attempts to test the sensitivity of 
the Procedure to changes in velocity-depth morphology. 
The velocity-depth functions finally determined for the 

tour recording lines probably represent the simplest 
I tinctions which adequately satisfy the observed data. 

Further recording using closer spaced stations and other 
shot points would be required to resolve finer detail. 

All velocities quoted have been corrected to a spherical 
earth model, 

Duriniotalt -Co,t ci oboEin 
On the record section towards Condobolin (Fig. 3) 

the 3 ,11 a 5  and a., phases are evident out to distances 
of about 120 km. '[here is no convincing evidence for 
b-phases, and therefore no low-velocity layers are inter-
preted in the upper crust. Between IOU and 190 km 

there are events after the first arrivals which are inter-
preted as being front mid-crustal (c and d-phases) and 

Moho If and g-phases) transitions. There are no 
markedly developed reflection phases front either 
transition, which is taken to indicate that there are no 
strong velocity gradients at either boundary. The 
c-phases are evident as arrivals in the distinct: range 
200 to 430 km. - - 

Figure 3 shows time preferred velocity-depth model 

(DCN. I) which has been used to illustrate features of 
the record section. No marked velocity gradients are 
interpreted. Model DCN.l includes a decrease in 
velocity in the middle crust; this feature seems neces-
sary to satisfy the travel-time separations of e and 

9-phases at distances beyond 200 km. 1 h depth to the 
tipper mantle velocity of 8,05 km/s is 42 km. 

Dortp;,oue/,-Dubbo 

No recordings were made on the line towards Dubbo 
within 80 kin of Dartmouth. The records shown on the 
record section (Fig. 4) for this part of the line are taken 
from the Condobolitu line. There are not great differ-
ences in travel-times within the upper crust in the 
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Figure 4. Dart'i. out!' in Dubbo seisnuic record seclioii, Bit Duo-I model trasel-Iline curses and (c) syttlheii cot bob-

grams, and (it) velocity-deplli model DD0-I. Note that r,-e ordiitgs in the range 0-80 kin are the san it as 
those in Figure 3. 

distance range 80-120 km. At greater distances seismic 
arrivals generally conic in later than along the Condo-
'olin line, indicating a thicker crust. 

the c and d-phases from the mid-crust are not well 

developed, so that identification of any cusp points in 

the trivet-time curves is ditlicult. Some later phases in 
the dislanee range 120 to ISO kto are interpreted as 

critically refracted phases from the middle crust but, 
as on the Condobolin line, the limited distance over 

which they are - seen indicates no marked velocity 
gradients. 

'[he I and g-phases from the Moho transition are 
again only weakly developed, although first arrivals 
out to distances of over 400 km are evident. The 

pattern of c-phases is not as clear as on the Condoholin 
line. Ins is inteipreted as indicating that any mid-
crustal low-velocity zone is not a prominent feature. 

l:igilrc  4 shows the preferred model (DDO- I) whose 

travel-tittie curve and synthetic seismogram contain 
features evident on the record sections. The model 
contains a weak, low-velocity zone in the middle crust 

which serves to satisfy more closely the arrival times 
of weak c-phases beyond 200 km. An upper mantle 
velocity of 8.04 km/5 at 44.5 km depth in DuO-I 
satisfies the first arrival data beyond 200 km. 

flot'I,nou ii: -Mar,, (ott 

'[he seiin ic record section between Dartmouth and 
NI arulan (Fig. 5) was examined to determine whether 
any 'ii p roventen Is eu ti Id be in ade to the ye I oci I y-depi Ii 
model DMA-I) of Finlaysoti & others (1979). In 

part Ic ti tar - some further recording have been made at 
the Marulan end of the line at distances beyond 
190 kit]. These recordings served to reinforce the 
interpretation of a lower crustal apparent velocity of 

about 7.4 kin/s (Fig. 5). Further modelling of the 

record section features produced a modification of the 
DMA-1 model, The preferred tamodel (DMA-2) has the 

Moho at a depth of SO-SI km with an upper mantle 

velocity of 802 km/s. 

Mar,,io,t-Darj,no,,gli 

'the record section from Marulan towards Dart-
mouth is shown in Figure 6. Beyond 230 km the 
sctstnue records along the direct line were poor, but 
good recordings are available from the Dartnsoutls-
Con dohol in and Dart 'loot th - Do hho lines in [tie vicinity 
of Dart mou tt,. 'lit cse latter recordings have the 'c tote 
been used in Figure 6, In the distance range 80 to 
I 1 ktta there are a series of later arrivals which indi-

cate sonic complexity in the upper and middle crust. 
Beyond 220 km the first arrivals are later tItan along 
the reversed line. It is possible that the g-phases are so 
weak that they cannot be identified within the seismic 
noise. However, if this is so, it indicates yet again a 
very weak velocity gradient at the Moho, and possibly 

a velocity decrease in the upper mantle. Figure 6 shows 
the velocity-depth model M Dl')- I interpreted from the 
record section. 

Darn mn ill: -M cr1 ot ho/u 

i'Itc recording line front t)artntouth to Ntcritnhula 
only extcttds 220 km front the shot source (Fig. 7), and 
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Figure 7. (a) Dariniouth to NI cr1 ii ibula seismic record seelloit. WE I)M A-I inodd Ira vet-ti tic 
curves arid (c) syntiiciic scisiliograhtis. and (it) velucily depth iitodel DMA- I. 

therelore the detailed it lureof the lower crust and 
Lipper mantle is not as well delined as along the other 
Intel, In the ilistsiace range SI) to 90 kill there is sonic 
evidence br subsequent arrivals within ahaotit 0.5 a of 
the first arrivals; these are interpeled as h-phases from 
a low- velocity layer in the tipper crust. 

tieyutad 140 kni there are phases which are inter-
are led as c and d- ill ase v.a and as f and g-jsla ases - front 
the ihiddle and lower crust respectively. Figure 7 shows 

the preferred velocity-depth model which displays 
Ira se I - Iota e and synthetic  Se is tiaogra ni features close to 
those observed. Between 150 and 170 km there is a 
delay it ,  first-arrival energy compared with the extra-
polation of the travel-time curve it shorter distances. 

Sy ntlietie seismograms and travel-time curves from 
titotlel DMA - I indicate that these phases are c and 

cl-phases The model DMA-I also has a weak low-

velocity zone it the middle crusi, it Who depth of 
50 ktii, and an upper mantle velocity of 8.03 km/s. 

Discussion 
line intctprcl:mhittt, of file seismic record sections 

iadianng northward mit eastward front l)artnioutlt 
indicates that the erastal structure is not simple, in the 

Lipper crust (at depths less than 12 kin) there is 
cv idetmee for velocity decreases within a general increase 
in velocity front about 5.6 kits! s to 6.3 kin! s- The 
diagnostic features of such velocity decreases occur on 
the record sections over a short distance range and the 
it terpreicd geological structures may extend over o n l y  
a few tens of kilonietces. Such strttclures cook) only  

he defined more accurately by further detailed seismic 
field work. 

In the middle crust, file velocity- transitions take the 
form of weak velocity gradients rather than sharp 
boundaries. Some features can be explained most simply 
by introducing a low-velocity zone in the middle crust, 
where velocities generally increase from about 63 km/.s 
at about 16 kin depth to greater than 70 knt!s at 
depths of ;ihtittt 35 kin. [lie low-velocity zone can he 

interpreted along all profiles, but is more prominent 
On the Do rt no u th -Coit dobol in and Dartmouth-Ma rota ti 
profiles. On the Dartinouth-Dobbo profile the low-
velocity zone probably disappears, or is only very 
weakly developed. 

The velocity-depth interpretation at the crost!m-antle 
hotttmtlary indicates that the Who is a velocity tiatssi-

thin with a gradient of about 008-0.23 knas_t/ km 

extending over a depth of up to 10 km. The velocity 

in the tipper mantle is in the range 8.02 to 8.05 km/s. 

The depth of these tipper mantle velocities is greatest 

between Dartmouth and Marulan, i.e. under Australia's 

highest mountain range, and is shallower towards the 
cast anti west (Fig. 8). 

(Jet dogu-cu/ ,IiIeqJfl-Iar,on 

The translation of the velocity-depth strUctUres into 

geological terms is not an exact process. Black (1978) 
has iti:mde a study of the processes likely to - itilitmence 
the seismic parameters in crustal rocks based on results 
from USA. lie has considered the inter-relation of 
seismic velocities and atientmation with temperatore, 
effective pressure, bulk density, mean atomic weight and 

SEISMIC 

l"igurc 5. (a) Dart,iiouiti 10 l%lamrolaau seismic record section, (h) MINA otothet Ira. cl-ti nit curves and (c) syuitltetic 
- seistiuogriaiiis, and (dl velocity depth model tThIN -2. 

Figure 6. 	(a) rolartitsu to t)arimtiuutt, scisii tie rc cord set- tioo, (Ii) MIII i-i riiodvl travel-nine curves and (C) synhlteiic 
stisutogramims, amid (d) veluc-ily depiti tnudct Moth-I. 
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iluiti iliases wiiliirt erusial tucks. Sorite ci his conelti. 
slitit,, tcre that clrlrlltosil,ttplal ci i:itigc. wilt ticptlt will 
overshado w pressure it id (cull ,craunc ci eels; that 
pressure and tcittperai ure effects cancel 0111 in most 
areas if non-exlreisie heat how tin continents; the lack 

of velocity gradients in a Crustal layer implies an iso. 
clretiiic:il eutlrposilion; vtil;ttilcs in the tipper and middle 
crust c,uh in low eli cc live pressures: low- vet, icily 
layer, in the Basin n and Range I IOV 0cc UI Wcsle ii 
USA an. eoirsislcitl wait small aniound., of nell in the 

crust; kill C ra lines and velocities in continental crusts 
reach their equilibrium values within 200 lIly, of 
formation; and that vcloeity.dc1irlr structures in eastern 
and wesicril USA represent dilicreni stages of the evolu. 
Iloltary process br euntirrctttal crust. 

A corollary 10 Black's conclusion that the lack of 
'- clocily gradients in a crustal layer implies an iso' 
chemical composition may be that velocity gradients, 

such as those found in southeastern Australia. are 
caused by compositional mixing. If this corollary is 

correct, the Moho tinder southeastern Australia can be 
interpreted as a zone of geochemical differentiation. 

The velocity inversions interpreted in the Lachlan 
Fold Belt at the niid.erustal depths of 16 10 35 krtr 

are at the depths at which it is envisaged that Palaeozoic 
granitic partial melts were formed (Clemens & Wall. 
1979). The seismicity of the Lachlan Fold Bell 
Denhani & others, 1979), although not manifest by 

large earthquakes, is persistent, and a testimony to 
present-day tectonic processes in southeastern Australia. 
All earthquakes are regarded as shallow (less than 
30 kin, with most being less than 20 kni deep), i.e. 

above the depth of the mid-crustal velocity inversions 
as interpreted in this paper. The inversions may repre-
sent a depth at which plastic flow is more likely than 
failtle I rae u re. 'the Palaeozoic geoche utica I ditfaenlia-
tiun which occurred at such depth and resulted in the 

widespread emplacement of granitoids, may have 
resulted in a compositional anorisaly, now seen as a 
velocity inversion. Wellman (1979) has reviewed the 
ttpbift of the southeastern Australian highlands, and 

concluded that the pattern is consistent with steady 

uplift over the last 90 my. He eliminates crustal 
shortening and arching of the 'crust as causal, and 

attributes it instead to a crustal underplating driving 
mechanism. it is hy pot hes ised here that the 'lie cha tiisi it 

BROKEN 	 MURRAY BASIN 
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GEOSYNcLtHE 	 MILDuI1A 
tI 	 slit]  

may also be nllcetcd by intra'crtistal itilttittiogctteities. 
is well as involving On, l,iiver erttsi.ulllicr mantle 
tnttindary. 

lit 'liJflhi' C'(J??ip(im'15O?IS 

Prodcltl (1977), among others, ),as made eottipara. 
live studies of seismic crustal structures in a variety of 
tectonic Inovinces tltrotngltoLir the continents. t)illerenl 
scist'iic characteristics such as velocity gradients and 
heir ilelilli extent can he reeogttisctt in shield areas, 

tilt1 erogenic provinces, young orogenie provinces, 

mobile zones, and graben. The gradients and depths 

in I er1,rcted I rum ti the seismic lie record sections in south. 

eastern Australia are simmiilar to those observed in old 
or' ge mic provinces, such as [lie Appalachian  IiigliIattds 
of USA or the southern part of the Caledonide Province 

in southern Scotland. The Appalachian structures, in 
particular. contain features such as velocity transition 
zones and depihrs to Ile upper mantle winch are similar 

to those in the Lachlan Fold Belt. 
The seismic activity recorded in the Appalachian 

region is similar in style 10 that in southeastern Aus-

tralia. Bollinger (1969) describes the central Appala-
chian region as having a moderate amount of low level 

activity. Bollinger (1970) has also examined the travel' 

times front earthquakes within the Appalachian region 
and, using his simple model of a crust with average 
velocity 6.24 km/s overlying mantle with velocity 

8.22 kin/s, the average depth to the Motto is 43 km. 
*]'his depth is likely to increase when a more detailed 
velocity structure is determined. borcherdt & Roller 
1960) determined velocities of 6.3 and 6.9 kin/s under 

the Appalachian plateau with an tipper mantle velocity 
or 8.0 kin/s. Broad transition zones are interpreted 
front the record sections and the upper mantle is at a 
depth in excess of 50 Liii (I'rodehl, 1976,   1977). 

Dewey & Bird (1970) have described how they 

envisage the episodic development of Cordilheran-typc 
mountain belts at continental margins, taking examples 
from their detailed studies of the Appalachian Orogcn 

(IhirtI & Dewey. 1970). The essentials of the tectonic 

sequence include: tile development of a passive conti-
nental margin on which large quantities of marine sedi' 
nients are deposited out to a considerable distance 

offshore; an episode of active subduciion of oceanic 

lithosphere beneath the continental margin: followed 
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by further IlevclopniL'nt of another passive margin. Tire 
gct.ltigicai/ geopilysicLil rectird in sotititeastein Australia 
is cunipa tihie ovuh such processes having occurred. 

Fiolayson & others (1979) have already drawn com 

iarisOtis of lie Palaeuz.oic evolution iii sotitheastern 

Aust rLa to the present.day activity along the Pacific 
coast of Son Ii America.  The crustal thickness that can 
be achieved by this mechanism compares tavourably 
with that in southeastern Australia and in the southern 
part of the Appalachian Highlands (Borclterdt & Roller, 

966), 
In the Lachlan Fold Belt, therciore, it is considered 

that the seismic structure is similar to that of other 
l'alaes,Ioie and older orogenic p uvilice.s which tttettude 
a Cord i lie ran - type mountain belt within their geological 

development.  
There are now interpretations of several seismic 

surveys which may he synthesised into a perspective of 
eruscal structure across southeastern Australia. It is 
appropriate to include in this perspective the present-

day marine area to the cast of Australia. Shaw (1978) 
has described the location of the Lord Howe Rise 
adjacent to eastern Australia prior to the opening of 

lie 'l;isitt:iii Sea. Jongsma & Mutter (978) describe tire 

nature of the continental breakup, winch led to sea-

floor spreading in the Tasman Sea during the period 
(u-Ho nu.y, III'. 'they describe the asynuitetric riftitig 
,if the southeastern Australian margin, which accounts 
for the sharp continental break oil the present eastern 
Australian coast. Mutter & Jungsma (1978) describe 
further features of the Lord Howe Rise and have 
revised the crttstal seismic inter pre tatloti of Shor & 
others (1971)- 'this seismic profile was located on 
structures ,Inch Were adjacent  to the l'asm an Fold 
Belt prior is the opening of the Tasotan Sea. The 
revised model is included in Figure 8, which shows the 
variation in crustal structure across the region. The 
500 kin-wide Lord Howe Rise Puts in perspective the 
9110 km-wide section of present-day continental eastern 
Australia. 

Soute idea of crustal thickness in the NI urray Basin 

west of the profiles discussed in tins paper is obtained 

frotn the ittlerprelation of Muirlteati & misers (1977). 

- 1 heir seismic profiles extended out to I 200 kiss from 
large shuts and the survey was primarily designed to 

obtain upper mantle information. Despite lack of 
detailed intra'crustal structure, a depth to the Moho of 

35 km has been interpreted, a two layer crust being 
modelled with a velocity of 6.15 km/s for the upper 

21) km and 6.75 km/s being used for the velocity in 
the lower crust. 

Near the western boundary of the Tasman Ceo-
sytselin, there are two deep seistitte reflection surveys 
which give sutsie isticaliuti If critstal structure near 
Broken Hill and Miidtira (Brinson & others, 1976). 
i'hc interpretations are shown in Figure 8. 

[tie thickest crttstal section within the Tasman Gee-
syncline is under the region of highest topography 
traversed by the seismic lines interpreted in this paper. 
It is surmised that this region is the location of a pre-
Ordovician subsided continental margin, upon which 
the present-day thick crustal sequence evolved. 
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Finlayson, D.M., Collins, C.D.N. and Denham, fl. 1980. Crustal structure tinder the Lachlan Fold Belt, southeastern 
Australia. Phys. Earth Planet. Inter., 21: 321-342. 

Seismic investigations of the Earth's crust in the Lachlan Fold Belt of soLitheastern Australia, under the conti-
nent's highest mountain ranges, indicate a depth to the Motto of between 40 and 52 kin, with P'wave velocities in 
the upper crust of 5.6-6.3 km s i ,lower crustal velocities of 6.7-7.4 kin s-i,  and upper mantle velocities of 
8.0-8.1 km C'. Velocity changes within the crust and at the Moho boundary are transitional rather than discon-
tinuous. A well-defined low-velocity layer in the crust, at a depth of about 15-20 kin, is evident throughout the 
region, and localized low-velocity layers may be present in the upper crust at shallower depths. The thickness of 
the upper crust increases considerably (from 26 to 35 kin) along a 300 km NE—SW traverse, with the greatest thick-
ness occurring under the highest mountains. S-wave velocities are close to 3.65 kin S_' in the upper crust and 3.9 
kin C' in the lower crust. Many previous descriptions of the erogenic evolution of southeastern Australia invoke 
models analogous to the tectonic processes occurring in western Pacific island arcs. The very thick crustal section 
interpreted in the Lachlan Fold Belt indicates that such orogenic evolution was unlikely, and that an Andean-type 
model is probably more appropriate. Major granitic batholiths in the Lachlan Fold Belt have a P-wave velocity of 
about 5.9-6.0 km s-i, 

 compared with interspersed metamorphosed Palaeozoic sediments which have a velocity of 
about 6.25-6.5 km s-i. 

 There is evidence that the thickness of the batholillis ranges front 15 to 22 kin. 

15 - 1 

I. Introduction 

The Lachlan Fold Belt is that part of the Tasman 

Fold Belt in southeastern Australia bounded by, and 

underlying parts of, the Murray Basin, the Great 

Artesian Basin, the Sydney Basin, and the Otway/ 

Gippsland Basins (Fig. I). Most recent descriptions of 

the evolution of the Lachlan Belt during the Palaeo-

zoic (from "-500--350 My B.P.) use the concepts 

associated with plate-tectonic models which have 

analogues in the present-day western Pacific margins 

(Scheibner, 1973, 1976; Vandenberg, 1976; Crook 
and Powell, 1976). The substrate of the Belt has been 

variously postulated as being continental crustS 

(Rutland, 1973, 1976), substantially oceanic crust 

(Crook, 1974), or continental crust in the west and 

oceanic crust in the east (Scheibner, 1974). A com-

prehensive bibliography on the tectonic evolution of  

southeastern Australia is given by Crook and Powell 

(1976). 
This paper reviews the seismic crustal models pre-

viously used for the southeastern Australia region and 

presents the results of recent seismic investigations of 

crustal structure along profiles within the Lachlan 

Fold Belt. 

The problems associated with crustal structure 

interpretations are complex. Seismic models have 

usually assumed fairly homogeneous layering within 

the crust, which has been difficult to reconcile with 

geological evidence. Smithson and Brown (1977) 
attempted such a general reconciliation with seismic 

reflection and refraction data from the lower crust, 

and conclude that "With no speculative interpretation 

at all, these (seismic) reflections demonstrate the 

presence of numerous interfaces and much more com-

plicated lower crustal structure than has previously 
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been supposed". It is now apparent that, although 

layered models are useful for some purposes, a heter-

ogeneous crust must be expected, with seismic 

models providing only some of the constraints on our 

knowledge of crustal structure. 

2. Previous seismic models for southeastern Australia 

There are a few previous explosion seismic investi-

gations in southeastern Australia which provide infor-

mation on the structure of the crust. Doyle et al. 

(1959) used three large-quarry blast sources at 

Eaglehawk (Fig. I) in the Snowy Mountains; these 

were recorded at a number of stations in the direction 

of Sydney and also at two stations in Victoria. At dis-

tances up to 160 km towards Sydney seismic first 

arrivals gave a consistent velocity of 6.04 km s 1 , 

which was taken as the direct P-wave through crustal 

rock. 

Good first arrivals beyond 170 km were recorded 

at two stations in Victoria and two in New South 

Wales at Marulan and Berrima (Fig. 2). The apparent 

velocity between the latter two stations was 8.2-8.3 

km s, but because of the paucity of data this veloc-

ity can only be regarded as a preliminary indication. 

An indefinite first arrival at Warraganiba in the -' 

Sydney Basin, classified as eP, had a large travel-time 

residual from both the crustal and upper iriantle 

groups of arrivals and was discarded from calcula-

tions. No consistent evidence was seen for further 

layering above the Mohorovi&á discontinuity. 

Doyle et al. (1966) interpreted seismic observa-

tions made during 1965, when five shots were fired at 

sea off Sydney (Fig. 2) and recorded at stations in the 

direction of the Snowy Mountains, with many sta-

tions in common with those used in the Eagleliawk 

survey. They reported that 22 first arrivals between 

25 and 230 km lay on a least-squares straight line 

with a travel-time (7) in seconds given by: 

T= 1.8 (±0.024) + D/6.52 (±0.036) 

where D = distance (km), while at distances between 

203 and 385 km the first arrivals gave a travel-time 

of: 

T= 5.2 (±0.026) +D/7.58 (±0017). 

The apparent velocities of 6.52 and 7.58 km s'  

were noted as being in marked contrast to the values 

derived from previous studies in the vicinity. The 

6.52 km s -1  velocity was taken as the first definitive 

evidence of an "intermediate layer" within the 

Earth's crust in Australia. The data were then com-

bined with the previously rejected indefinite first 

arrival at Warragamba from the Eagleliawk survey to 

interpret a Conrad discontinuity extending from the 

Sydney Basin to the Snowy Mountains, ranging in 

depth from 7 to 21 km. The Moho was interpreted 

as having a depth ranging from 25 km under the 

Sydney Basin to 42 km under the Snowy Moun-

tains, with an upper mantle velocity of 7.86 km s 1 . 

In the light of more recent observations, however, it 

is evident that there are shortcomings in this interpre-

tation. The shots fired in 1965 were all fired offshore 

in about 70 or of water above sediments of the 

Sydney Basin. The data which define the 6.52 km s 

apparent velocity are predominantly from stations 

which lie within 160 km of the shots, mainly where 

the seismic travel path is either entirely or predomi-

nantly under the Sydney Basin. 

Collins (1978) has interpreted the crustal structure 

under the Permo-Triassic Bowen Basin in Queensland, 

which may be connected with the Sydney Basin 

under cover rocks. A basement velocity of 6.39 

Ism 	was found there. If this velocity is used as an 

indicator of that under the Sydney Basin, dips of 

only 1-2 0  are necessary to account for the apparent 

velocity of 6.52 km s found by Doyle et al. (1966). 

Geological and geophysical data indicate that such 

dips are likely. Hence the evidence for an interme-

diate layer and a Conrad discontinuity from this 

survey can also readily be interpreted in terms of the 

structure of the Sydney Basin. However, the idea of 

an intermediate layer and Conrad discontinuity has 

permeated throughout all subsequent interpretations 

of crustal structure in southeast Australia, and the 

1965 survey has been quoted as the best evidence. 

Underwood (1969) mentions the possible existence 

of a Conrad discontinuity beneath northern Tasmania 

in his.interpretation of explosions in the Bass Strait. 

Cleary (1973) envisaged the Conrad discontinuity 

occurring in all parts of Australia at an average depth 

of about 20 km and a lower crustal velocity of 6.5-

6.7 km s 1 . The possible existence of the Conrad dis-

continuity was mentioned by Dooley (1971) and 

McElhinny (1973) in their summaries of geophysical 
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investigations of crustal structure in Australia. In 	 Conrad discontinuity at 20 km where the velocity 

interpreting the upper mantle structure across 	 increased from 6.15 to 6.75 km s- I . 
Victoria and southern N.S.W., Muirhead et al. (1977) 	The crustal structure of the southeastern Lachlan 

used a two-layer crustal model, which included a 	 Fold Belt was further investigated by seismic refrac- 
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tion methods in 1966 (Underwood, 1969; Johnson, 

1973). The crustal interpretation was inconclusive in 
terms of structure above the MoNo because, in most 

cases, the shots were too far from the recording sta-

tions to record reliable crustal data. Seven shots were 

fired in eastern Bass Strait and recorded at stations in 

a line towards the Snowy Mountains. All arrivals out 

to 140 km were complicated by the Gippsland Basin 

structure, where the depth to magnetic basement 

exceeds 5 kin in places. Underwood (1969) inter-

preted a crust with velocity 5.9 km s overlying an 

upper mantle with a true velocity of 7.86 km 

Depth to the Moho was interpreted as being 25 km 

under western Bass Strait and 37 km under the 

Snowy Mountains. Johnson (1973), in his interpreta-

tion, used a mean crustal velocity of 6.0 km s over-

lying an upper mantle with velocity of 8.0 km s'. 

The interpreted depths to Who ranged from 20 km 

under the eastern Bass Strait to '-45 km under the 

Snowy Mountains. 	- 

Muirhead et al. (1977) reported the results of a 

seismic investigation of upper mantle structure across 

the southern Lachlan Fold Belt. Recordings were 

made out to distances of 1200 km of a 10-tonne shot 

fired in eastern Bass Strait and an 80-tonne shot fired 

in the northern Flinders Ranges in South Australia. 

The interpreted upper mantle P-wave structure 

included a velocity of7.98 km s at depths between 

35 and 100 kin; 8.36 km sT' between IOU and 155 

km; 8.10 kin s' between 155 and 190 km; and 8.72 
km s' at greater depth. 

To date, most interpretations of seismic data in 

southeastern Australia have used only the kinematic 

information from the records. However, the dynamic 

characteristics of seismic record sections obtained in 

many parts of the world contain valuable information 

on crustal structure, and have resulted in a ques-

tioning of many of the early simplistic ideas of crustal 

structure. Mueller and Landisnian (1966), among 

others, have emphasised that many significant arrivals 

evident in seismic wave trains can be interpreted in 

terms of seismic velocity gradients and structural 

boundaries. Doyle et al. (1959) described pronounced 

arrivals about I s after the initial arrival at a distance 

of 47 km from the Eagleliawk shots, which Mueller 

and Landisman (1966) interpret, with data from 

other parts of the world, as indicating a low-velocity 
zone at a depth of —6— km. 

The complexity of the crustal structure has been 

further highlighted by the detail evident in deep seis-

mic sounding records of vertical incident waves 

TIDBINBILLA 	 BRAIDWOOD 

Traverse length 
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Number of shots 
3 	 8 
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uncorrected 	 . 6—fold CDP 

5k. 

Fig. 3. Vertical seismic sounding records from Tidbinbitla and 
Braidwood. Arrows indicate interpreted reflecting horizons. 
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(Mueller and Landisinan, 1966). Oliver et al. (1976) 

have described a number of profiles in continental 

north America where vertical reflection data show 

detailed crustal layering in some areas and few seismic 

reflecting horizons in adjacent areas. Smithson and 

Brown (1977) have used such evidence, together with 

geological and geochemical data, to propose a conti-

nental crustal model consisting largely of metamor-

phic rocks. 

Vertical reflection data are available from some 

isolated points in Australia. Branson et al. (1976) 

have interpreted the intra-crustal reflection data in 

the Broken Hill and Mildura areas of western N.S.W., 

where well-defined horizons were recorded with two-

way reflection times of up to 15 s. Adjacent to the 

A—C traverse described later in this paper (Fig. 2), are 

two deep seismic sounding sites at Braidwood and 

Tidbinbilla (Taylor et al., 1972). Record sections at 

these two sites are shown in Fig. 3. 

At Tidbinbilla, the reflections at 3.4, 5.4, 10.7 and 

11.4 s were interpreted as indicating interfaces at 9.5, 

15.5, 33.0 and 35.3 km depth respectively. At Braid-

wood, reflections at 1.9, 4.2 and 5.4 s were inter-

preted as interfaces at 5.0, 12.0 and 15.6 km. The 

reflection times are converted to depths using 

Cleary's (1973) crustal velocities. Work in other parts 

of the world indicates that it is unlikely that the 

intra-crustal reflecting horizons are continuous over 

the large distances covered in seismic refraction 

surveys, although they may be evident as wide-angle 

reflections on some records from long profiles if com-

mon depth-point recording is achieved. 

3. Fieldwork in 1976 and 1977 

Routine quarry blasts in southeastern Australia 

were used as seismic sources for fieldwork conducted 

by the Bureau of Mineral Resources, Geology and 

Geophysics (BMR) during 1976 and 1977. Recording 

sites were located at 7-10 km intervals along two 

profiles, one between the South Marulan limestone 

quarry and the Dartmouth Dam construction site, 

and the other running west from three road-metal 

quarries near Bass Point, through South Marulan lime-

stone quarry to Ardlethan (Fig. 2)- Additional seismic 

sources were situated at four open-cut coal mines 

near Singleton in the northern Sydney Basin and at  

the Googong Dam construction site near Canberra. 

Coal mining shots were typically 20-30 tonnes, with 

shot-pattern delays of up to 250 ins; other shots were 

typically less than 5 tonnes with delays of less than 

IOU ins. Shot-position uncertainties were less than 

100 to and shot-timing uncertainties were estimated 

at less than 50 ms. 

Recordings were made at 112 sites along the two 

profiles; an additional site near Singleton was used 

solely to time the coal mining shots. Seismic tape 

recording systems were deployed for about 7 days at 

each site to enable data from all necessary quarry 

sites to be obtained. Each system recorded two gain 

levels from a vertical component short-period seis-

mometer and amplifier, an internal crystal-controlled 

clock signal, and the Australian radio time signal 

(VNG). Recording site positional uncertainties were 

less than 100 in, and timing uncertainties were typi-

cally less than 20 nis. Details of survey operations 

have been described by Collins (1976) and Finlayson 

(1977). 

4. Seismic record sections 

Seismic tapes from all recording stations were 

played back in analogue form. The amplitudes of 

playback recordings were adjusted so that the surface 

wave amplitudes on all records were approximately 

constant. Instrumental recording noise was substan-

tially reduced by subtracting low-gain from high-gain 

recorded signals and filtering through a bandpass 

filter set between I l-lz and 8 liz (amplitude 3 dB 

down at cutoff frequency; roll-off 24 dB octave'). 

Seismic record sections were produced photographi-

cally for all traverses shown in Fig. 2; these are con-

tained in Figs. 4--8. Elevation corrections have been 

applied to travel-times to reduce them to a mean 

600 in datum level. The seismic record sections have 

their travel-times reduced by distance/6.0. At dis-

tances beyond 200 km, seismic energy from first 

arrivals was generally much attenuated. In many 

instances energy could be detected in the unfiltered 

or enlarged records which is not readily apparent on 

the smaller reproductions. In Figs. 4-8, dots have 

been used to indicate onset times which can confi-

dently be identified on the original records. 

Giese (I 976a) has discussed the many aspects of 
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correlating seismic phases across record sections pro-

duced from crustal seismic investigations. Precise 

phase correlation is usually possible only where 

recordings are made at station spacings less than the 

wavelength of the seismic waves (about I kin). In the 

present surveys with station spacings of about 10 km 

group correlation, characterised by amplitude signa-

tures, was used to identify seismic phases. In a few 

cases phase correlation was possible on impulsive first 

arrivals. 

4.1. Dartmouth—Mandan 

The general features of the record sections along 

the line A—B—C (Fig. 2) between Dartmouth and 

Marulan are evident in Figs. 4a and 4b. The records 

from Dartmouth shots are characterised by clear first 

arrival onsets along the complete recording line, thus 

defining the progressive branches of the travel-time 

curve; there is a general lack of pronounced subse-

quent phases. This lack of well-developed retrograde 

branches to the travel-time curves probably indicates 

velocity gradients rather than discontinuities. The 

correlations used in the interpretation are shown in 

Fig. 4a, together with the associated apparent veloc-

ities. 

Some velocities from these and other traverses, 

were determined by least-squares methods (standard 

errors are quoted for such velocities). Where insuffi- 

01 bTflNCLIQJkm 	
so, 

Sc hoiPhi 

Hg. 4. Seismic record sections along recording line A—B—C from (a) Dartmouth shots and (b)Marul-an shots. Dots indicate seis-
mic lint arrivals which can confidently be identified on enlarged records. 1956 Eaglehawk seismic first arrivals are shown in (a) 
and 1965 N.S.W. coast first arrivals in N. 
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cient data were available to justify least-squares 

methods, graphical methods have been used. Upper 

and middle crustal P-wave velocities of 5.85, 5.90 ± 

0.03, and 6.28 km C' are evident, and beyond 170 

km a lower crustal phase with an apparent velocity of 

7.37 ± 0.07 km C' is clearly evident from first arriv-

als. This phase has not been identified previously in 

southeastern Australia and its presence as a first 

arrival out to 280 km necessitates a review of previ-

ously interpreted upper mantle data. Beyond 140 km 

a retrograde travel-time branch is identified with an 

asymptotic velocity of 6.28 kin s' ,but offset by 

about 0.7 s from the progressive branch with that 

velocity. No phases with apparent velocities 

approaching 8 km s' are seen as first arrivals at 

distances less than 280 kni, but large-amplitude wide-

angle reflections from the Moho can be identified 

near the critical distance at about 200 km. 

Weak S-phase arrivals were clearly evident on some 

of the records (not all shown in Fig. 4a); these arrivals 

fit two straight lines. Front 0 to 145 km the S-wave 

apparent velocity is 3.62 ± 0.05 km s -1 , with an inter-

cept of 0.47 ± 0.27 5; from 155 to 245 km the 

apparent velocity is 3.90 ± 0.04 km C' ,with an inter-

cept of 4.37 ± 0.51 s. There is a I s discontinuity in 

the two lines at about 150 km which is associated 

with the mid-crustal low-velocity layer (see Sec- 

tion 5). 

The record section from Marulan shots (Fig. 4b) 

along the same line displays some different character-

istics from the Dartmouth section. Progressive seg-

ments of the travel-time curve have been identified 

with apparent P-phase velocities of 6.29, 5.99 ± 0.06 

and 6.95 ± 0.07 km s -'. The correlation of the 6.95 

km s arrivals beyond 220 km is tenuous. There is 

some evidence for weak first arrivals with an apparent 

velocity near 8 km s from 240 to 190 km, and as 

with the Dartmouth recordings, there are strong 

arrivals interpreted as wide-angle reflections from the 

Moho at about 200 km. Subsequent arrivals indicate a 

retrograde travel-time branch with an asymptotic 

velocity of about 6.3 km 	converging with the 

6.95 km s progressive branch at about 80 km. 

There is no evidence for a 6.3 km s-i layer in the first 

arrivals, but strong subsequent arrivals between 60 

and 100 km indicate a progressive travel-time branch 

with that velocity. The retrograde branch is offset 

from this progressive branch by about 0.8 s. 

As with the Dartmouth shot recordings, weak S-

phase arrivals were recorded from Marulan shots and 

these arrivals fit two straight lines. From 0 to 100 km 

the apparent S-wave velocity is 3.71 ± 0.03 km s' 

with an intercept time of 0.79 ± 0.16s; from 100 to 

280 km the apparent velocity is 3.76 ± 0.04 km s-i 

and the intercept is 3.05 ± 053 s. There is an offset 

in the data of about 2 sat 100 km. 

4.2. Googong Darn 

The Googong Dam seismic source provides further 

upper-crustal information along line A-B-C. Figure 

5a shows the record sections both towards Dart-

mouth and towards Marulan. Progressive P-phase 

travel-time branches with apparent velocities of 6.30, 

6.15 and 6.38 km s are identified towards the SW, 

and with apparent velocities of 6.57 and 6.01 km 

towards the NE. S-waves out to 100 km towards the 

NE, and out to 190 km towards the SW, had apparent 

velocities of about 3.60 km s i .  

4.1 Singleton 

A record section along the line A-B-C, compiled 

from shots fired in the Singleton area, is presented in 

Fig. 6. Clear weak first arrivals (indicated by dots in 

Fig. 6) are evident on sonic of the records in the dis-

tance range 270-510 km, with an apparent velocity 

of 8.01 ± 0.06 km s-i.  Also plotted in Fig. 6 are some 

first arrivals from the 1965 New South Wales seismic 

survey reported by Doyle et al. (1966). Their data are 

plotted with the origin in common with our data; but 

the geographic location of their traverse is displaced 

from our traverse,A-B-C. 

Data from only the two southernmost shots 

(Fig. 2) recorded at stations roughly along line 

A-B-C are plotted to minimise the effects of 

Sydney Basin structures. These 1965 arrivals at dis- 

tances less than 270 km have an apparent velocity of 

'-'7 kin s corresponding to the 6.95 km C' and 7.37 

km s' observed on the Dart mouth-Marulan line; 

those at greater distances have an apparent velocity of 

about 8 km s', in close agreement with the 8.01 

km 	determined from the Singleton shots, but with 

an intercept '-'2.5 s greater. The value of the upper 

mantle apparent velocity from north to south has 

therefore been taken as 8.01 km s for the purposes 
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Fig. 5. Seismic record sections (a) along recording line A—B—C from Googong shots, and (b) along recording line C—F from 
Marulan shots. 
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Fig 6(a). Seismic record section along recording line A—B-C from Singleton shots, and seismic first arrivals from the 1965 off-
shore NSW shots and the 1972 offshore bass Strait shot. 
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Fig. 6(b). Seismic record section along recording line D—C—E from Singleton shots. 

of interpretation. Also evident in Fig. 6a are clear 
subsequent arrivals with apparent asymptotic veloc-
ities of 6.75 and 6.28 km s', interpreted as wide-
angle reflections from intra-crustal boundaries. 

Other upper mantle data from explosion seismic 
work near the line A—B—C is available, from the 
1972 10 tonne shot fired in the Bass Strait (Finlayson 
et al., 1974; Muirhead et al., 1977). The first-arrival 
data from that shot (Fig. 6a) indicate an apparent 
velocity of 8.08 ± 0.09 km s',and this S—N velocity 
has been adopted for the interpretation presented in 
this paper. 

4.4. East—west traverses 

Record sections from the line D—C---E (Fig. 2) 
have been assembled for shot sources at Marulan, 
Singleton and Bass Point (Figs. Sb, 6b, 7). Along the 
line C—E (Fig. Sb) progressive travel-time brandies 
are evident from first arrivals with apparent velocities 
of 5.60, 6.03 ± 0.04 and 6.25 km c'. Prominent sub-
sequent arrivals in the 100-170 km range have been 
interpreted as near critical reflections from a lower 
crustal 6.95 km 	layer, although a progressive 
branch with this apparent velocity is only poorly 
identified. This velocity is adopted from the data 
available from Marulan shots along line A—B—C. 

The record sections along the line C—D from 
sources at Marulan and Bass Point are shown in 

(a) 

DISTANCE (D)h. 

DISTANCE (0) II, 

Fig. 7. Seismic record sections along recording line C—D from 
(a) Marulan shots and (b) Bass Point shots. 
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Fig. 7. Progressive travel-time branches are evident 

from first arrival data with apparent velocities 5.10, 

6.11, and 6.38 km s from Bass Point shots, and 

5.89 km s from Marulan shots. None of the subse-

quent P-phase arrivals can be correlated with any con-

fidence. Marulan and Bass Point shot sources also pro-

duced prominent S-phases along the recording line 

D-C--E, stronger than along the line A-B-C, possi-

bly a result of the shot-firing patterns at the quarry 

sources (Figs. Sb, 6). At distances of <100 km west 

of the Marulan shot source, S-phases are produced 

with an apparent velocity of 3.65 ± 0.02 kin s' and a 

time-axis intercept of 0.61 ± 0.10 s. In the range 

100-270 kin the S-phase apparent velocity was 

3.87 ± 0.03 km s- ', with  an intercept of 4.31 ± 0.35 

km s 1 . There is a prominent offset of about 2.00s in 

these two sets of data at about 100 kin (not shown 

on Fig. Sb). 

At distances of between 165 and 270 km from 

Marulan there is evidence for S-phases with a velocity 

of 4.48 ± 0.18 kin s' and intercept of879 ± 1.94 s, 

although these arrivals are not well recorded. East of 

Marulan, S-phases are recorded with an apparent 

velocity of 3.66 ± 0.15 km s -1  and zero intercept. 

The Bass Point shot source gives S-phases with an 

apparent velocity of 3.20 ± 0.06 kin s and intercept 

of 0.30 ± 0.10 sat distances less than 33 kin (proba-

bly associated with the Sydney Basin sediments and 

the 5.1 km s' Pwave velocity), and a velocity and 

intercept of 3.63 ± 0.04 km C' and 0.79 ± 0.31 

respectively at greater distances. 

Shots from the Singleton area recorded along the 

line D-C-E in the range 240-440 km are shown in 

Fig. 6b. Clear first arrivals identified on the original 

records are indicated by black dots. The fan shooting 

geometry from Singleton along this line precludes any 

realistic assessment of velocities, but an apparent 

velocity of 7.78 ± 0.08 km s -1  was observed at dis-

tances between 240 and 440 km. For the purposes of 

interpretation the velocities determined from Single-

ton shots along line A-B-C have been used. The first 

arrivals are taken as being from the upper mantle with 

an apparent velocity of 8.01 kin s -1  ; their amplitudes 

are small up to a distance of"-350 km, but their 

character changes beyond that to more pronounced 

events. Strong wide-angle reflections are evident at 

stations east of Marulan in the distance range 240-

250 km, and may indicate a different character to the 

Moho boundary under the Sydney Basin. Subsequent 

arrivals at distances beyond 270 km are not well cor-

related across the record section. Tenuous correla-

tions have been made to the intra-crustal boundaries 

taken from line A-B-C recordings with apparent 

velocities of 6.28 and 6.75 km s (Fig. 6a). 

The cross-spread of recording stations F-G 

(Fig. 2) provided valuable confirmation of the lateral 

continuity of refractors identified from the other 

recording lines. Figures 8a, b and c show the 

recordings made along line F-C from seismic sources 

at Marulan (range 66-95 kni), Dartmouth (range 

219-237 km) and Singleton (range 327-356 km). 

The recordings from Marulan shots show correlation 

of events with the 5.99, 5.92, 6.30 and 6.95 km C' 

apparent velocities identified along line A-B-C. The 

recordings from Dartmouth shots strongly confirm 

the 7.37 and 6.28 km C' apparent velocities in Fig. 

4, and tentatively show a correlation of upper.mantle 

arrivals about I s after the prominent first arrivals. 

Singleton shot recordings confirm the lateral extent 

of the 8.01 km C' boundary and show strong correla-

tions with the 6.75 and 6.28 km s' apparent velocity 

boundaries identified along line A-B-C. 

Throughout the survey area as a whole, upper-

mantle arrivals are not clearly evident as first arrivals 

at distances less than 280 km. There is a lack of 

wide-angle Moho reflections over an extended dis-

tance range as are seen in many parts of the world 

(e.g. Giese et al., 1976). This suggests that the Moho 

boundary in southeastern Australia is complex, rather 

than a simple first-order discontinuity. Unambiguous 

S-wave arrivals from the upper mantle are not seen on 

any traverse. 

5. Velocity-depth models 

Giese (1976b) has described the many steps which 

should be taken to determine a velocity-depth model 

from explosion seismic data. Inversion of travel-time 

curves by the Wiecheri-Herglotz method requires a 

high degree of confidence in the identification of all 

progressive and retrograde branches of the travel-time 

curves, a confidence which is rarely achieved in 
practice. The approach adopted in this interpretation 

has been to derive approximate velocity-depth 

models from the kinematic data, and test these 
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models using the dynamic characteristics of the 
record sections in conjunction with synthetic seismo-
gram computer programs. 

The method adopted for the determination of 

approximate velocity–depth models is that of 

l'avlenkova (1973) which is similar to that ol Puzyrev 

et al. (1963). Reiuced travel-time values were com- 

poled for identified significant arrivals using reduc-

tion velocities close to the apparent velocities. These 

values were plotted in a section at a point halfway 

between the shot and recording station and thus 

reduced time sections were constructed along the 

profiles. Puzyrcv et al. (1963) have shown that the 

error in boundary-depth determination is minimised 
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with respect to boundary-inclination uncertainties at 
the mid point and minimised with respect to refrac-
tor velocity uncertainties near the critical point. 
Angles of inclination of up to 150  have a negligible 
effect on the boundary depth determined at the mid-
point. 

Velocity—depth models for computer investiga-
tions were obtained from these reduced travel-time 
sections using the approximating methods of 
Pavlenkova (1973), Puzyrev et al. (1963), Brain and 
Giese (1968), and Hinz et al. (1976). Models were 
constructed along profiles between Dartmouth and 
Marulan, between Murruniburrah and Fitzroy Falls, 
and between Spring Hill and Wilberforce (Fig. 9 pro-
files A—C, P—Q, and X—Y respectively). The depths 
of reflection horizons at Tidbinbilla and Braidwood 
(Fig. 3) from seismic vertical sounding are also shown 
on Fig. 9 (using the velocity—depth function from 
Fig. 13). It seems probably that the horizon identified 
at 33-36 kin under Tidbinbihla is a lower crustal hori-
zon and not the Moho as was originally thought 
(Taylor et al., 1972). 

The dynamic characteristics of the record sections 
were modelled by computer using the reflectivity 
method developed by Fuchs (1968, 1970). The meth-
od was used by Braile and Smith (1975) to demon-
strate the nature of the velocity gradients, layering in 
transition layers, and discontinuities. The characteris-
tics of the record sections along the recording line 
between Dartmouth and Marulan were the principal 
targets for synthetic seismogram modelling. In par-
ticular the nature of the transitions in the approxi-
mate velocity intervals 5.9-6.3 km s', 6.3-73 km 
s,and 7.3-8.1 km s', were investigated in detail. 

The velocity structure in the top IS km of crust 
was determined from the Dartmouth, Marulan, and 
Googong record sections out to distances of about 
150 km. The velocity generally changes from 5.6--
5.85 km s -1  near the surface to 5.90-6.03 km s, 
and at greater depth to about 625-6.28 km s. 
However, at Marulan and Googong the apparent veloc-
ities at distances less than 30 km have been measured 
in the range 629-6.57 km s,indicating that veloc-
ities in the near surface Ordovician—Silurian rocks are 
in excess of those in near-surface granitic bodies. 
Hence the velocity models determined from the Dart-
mouth and Marulan near-surface data may well be 
only an indication of the velocity structure near those 

shot sources; under the intervening traverse, near-sur-
face velocity structures are likely to vary considerably. 

On the Dartmouth record section (Fig. 4a) large 
amplitude events are seen within 1 s of the first arriv-
als at distances of 58-65 kin, and similar events are 
evident on the Marulan section (Fig. 4b) at about 82 
kin. Doyle et al. (1959) indentified similar amplitude 
changes on recordings from the Eaglehawk shots at 
Coonia (47 km), which were interpreted by Mueller 
and Landisman (1966) as indicative of a low-velocity 
layer in the upper crust. We concur with this view, 
but propose that such velocity inversions probably 
suggest local upper-crustal inliomogeneities rather 
than an extended uniform feature. The limited extent 
of the larger amplitudes near the critical point for the 
transition between the velocities 5.90 and 6.28 
km s in Fig. 4a (in the distance range 58-65 km), 
indicates a velocity gradient rather than a first-order 
discontinuity (Braile and Smith, 1975). The pre-
ferred velocity—depth model (Model 5) for the upper 
crust is shown in Fig. 10 together with other models 
and synthetic record sections. 

The transition from 628 to 737 km s' in the 
Dartmouth record section (Fig. 4a) occurs in first 
arrivals at 178 km, and critical reflections are identi-
fied between 140 and 170 km. This record section 
also has supercritical reflections, with an apparent 
asymptotic velocity of 6.28 km s' out to 280 km, 
which are displaced from the first-arrival travel-time 
branch with this velocity, indicating a low-velocity 
layer. The limited range within which the critical 
reflections appear can be modelled using a velocity 
gradient in the depth range 18-36 km of 0.08-0.11. 
kin s 1  krn' - The preferred model (Model 4) is shown 
in Fig. 11, together with the synthetic seismograms - 
for trial models. 

The Marulan record section (Fig. 4b) differs from 
that of Dartmouth shots in some respects. The appar-
ent velocity in the lower crust is about 695 km 
and prominent critical-point reflections near 160 km, 
evident from Dartmouth shots, are absent. However 
they probably correspond to prominent arrivals 2-3 
after the first arrivals in the range 80-110 kinfrom 
Marulan towards the southwest and to those in the 
range 110-160kin from Marulan towards the west. 
These correlations are supported by the offsets 
observed in the S-wave plots which occur at 100 and 
150 km respectively. 
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We therefore assume that the S-waves with veloc- 	scale both the P- andS-waves indicate a mid-crustal 
ities o13.76-3.90 km s from Dartmouth and 	 transition with a dip of 

3_3•50 
 from Marulan to Dart- 

Marulan sources traverse the lower crust with P-wave 	mouth, and with the top of the lower crust (P-wave 
velocities of 6.95-7.35 km s (Fig. 9). On a gross 	velocity about 7.15 km —1  at —35 km under Dart- 
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km s 1  is in the form of a gradient in the depth inter-
val 43-52 kin, and not a first-order discontinuity as 
in often depicted. First arrivals between Marulan and 
Dartmouth from Singleton shots (Fig. 6a) indicate 

very weak energy in the upper mantle arrivals. This 
has been modelled by not incorporating any velocity 
increase below the Moho transition; it is even possible 
that a slight decrease may apply. The preferred model. 
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Fig. 12. Synthetic seismograms for the Mohoboundary. The correlation lines from the Dartmouth record section (Fig. 4a) are 
superimposed. The preferred Moho velocity profile is Model 4. The seismogram from Model 4 is also shown with each trace having 
equal maximum amplitude to demonstrate the initial onset of phases (e). 
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and synthetic seismograms for the Moho transition 

are shown with other trial models in Fig. 12. 

The preferred crustal velocity—depth model for 

the Dartmouth—Marulan line is shown in Fig. 13, 

combining the features from Figs. 10, II and 12. 

As stated earlier the structure in the upper crust 

varies and there are significant differences in the 

velocity—depth profiles. Furthermore, although the 

main low-velocity layer is present throughout the sur-

vey area, its depth varies considerably (see above), 

and realistic models can be devised where the depth 

to the velocity ni initnurn differs by as much as 5 km. 

However, one feature that appears common is the 

velocity gradient in the lower crust, in the 20-35 km 

depth range. All models tested that fit the observa-

tions have a gradient of close to 0.1 kmc' knf' 

The record section of Singleton shots (Fig. 6a) also 

contains seismic first arrivals from the 1965 N.S.W. 

coast survey (Doyle et al., 1966) and for the 1972 

VELOCITY km/s) 

Fig. 13. Preferred seismic velocity model for the Earths crust 
derived from Dartmouth—Marulan recordings. 

Bass Strait shot (Muirhead et al., 1977), recorded 

260-560 km at stations in the vicinity of the Dart-

niouth—Marulan line. The apparent velocities from 

these shots are those used in the interpretation 

presented here, but the intercepts from the two 

marine shot sources and the Singleton source differ 

from that of the preferred crustal model for the 

Dartmouth—Marulan line. 

There are two major opposing effects which con-

rol the intercept time using these marine shots, the 

crustal thickness and the thickness of low-velocity 

sediment under the source. Crustal thickness at the 

continental margin is undoubtedly less than that 

under the Dartmouth—Marulan line, which should 

result in early first arrivals. However, a large, low-

velocity sediment thickness will delay arrivals; this 

may result in the net intercept time being greater. 

This is the case for the N.S.W. coast shots, where first 

arrivals are about 0.9 s later than the preferred model 

arrivals; the net effect on the Bass Strait source is 

travel-times which are about 0.5 s early. The first 

arrivals from the Singleton sources (Fig. 6a) are 

between 1.4 and 1.5 s earlier than the preferred 

model, indicating a crustal thickness under the 

Sydney Basin of 34-36 km, not inconsistent with 

Collins' (1978) crustal thickness of about 36 kin 

under the central Bowen Basin in Queensland, which 

is thought to be continuous with the Sydney Basin 

under Quaternary cover rocks. 

Using the preferred velocity—depth model along 

the Dartmouth—Marulan recording line and the 

ravel-times from the Bass Strait 10-tonne shot 

(lvi uirhead et al., 1977) to sites near Canberra, a 

depth of 34-36 km to the Moho transition is calcu-

lated under the southeast Australian coast. 

6. Discussion 

The prominent features of the Earth's crust in the 

eastern Lachlan Fold Belt determined from the seis-

mic work are: (I) a depth to the Moho of between 45 

and 52 km, (2) an inhomogeneous crust, and (3) 

velocity changes occurring as transitions rather than 

"discontinuities". These features can be compared 

with similar features in other areas of the world to 

determine the likely regime for crustal evolution in 

southeastern Australia. 
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Mueller (1973) has assembled crustal information 

from worldwide sources, and other regional summa-

ries of crustal structure have been published as part 

of the Upper Mantle Project. A crustal thickness of 

about 50 kin has been determined by seismic 

methods in the Plains—Rocky Mountains Front area 

of western Canada, the Prairies—Sierra Nevada, 

Montana and Lake Superior regions of the USA, 

southern USSR in Asia, north of the Black Sea under 

the Ukrainian Shield, the European Alps, and in the 

Peru—Chile coastal area of South America (Meyer et 

al., 1976)- In all areas there is a juxtaposition of a 

mobile belt and an older continental craton; in some 

areas major earthquakes indicate that crustal shorten-

ing and/or subduction processes are currently active. 

Notably absent from the areas of thick crust men-

tioned above are any island-arc areas on the western 

Pacific margin. Detailed investigations of seismic 

structure have been conducted in Japan Miyamura 

and Uyeda, 1972), in the New Britain/New Ireland 

area (Finlayson and Cull, 1973), and in eastern Papua 

(Finlayson et al., 1977). In these areas depths to 

Muljo rarely exceed 40 km and more typically are 

30-36 km. Recent models of crustal evolution in 

eastern Australia (Crook and Powell, 1976) have 

invoked a western Pacific island-arc-type model. This 

model conflicts with the crustal thicknesses deter-

mined by the current seismic work, which are much 

greater than those measured in simple island-arc areas. 

It seems that a more appropriate present-day analo-

gue would be an Andean-type model, in which the 

crustal thickness is much greater than that encoun-

tered in a simple island-arc regime. 

The intra-crustal velocity structure is consistent 

with other areas of thick continental crust without 

current major tectonic activity. In Canada, The Plains 

area of Alberta consists of a thick wedge of Phanero-

zoic sediments overlying Precambrian basement; 

further west the Rocky Mountains chain consists of 

Palaeozoic and Mesozoic sediments thrust over Pre-

cambrian basement, exposed portions of which show 

massif-type structures resulting from uplift. Chandra 

and Cumming (1972), and Mereu et al. (1977), 

among others, have shown the complexity of the 

seismic, structure across the Rocky Mountains Front. 

Although there are differences between the interpre-

tations of these authors, there is general agreement 

that a velocity of about 6.5 kin s' is evident in the 

upper crust, with a velocity greater than 7 km s" in 

the lower crust. Mereu et al. (1977) have interpreted 

the dynamic characteristics of the seismic waves using 

synthetic seismograms, and concluded, as we do for 

southeastern Australia, that velocity gradients charac-

terise the intra-crustal velocity structure, and that the 

Molto also is a transition zone. A pronounced transi-

tion was also found at a depth of about 63 km under 

the Rocky Mountains Front, where the upper mantle 

velocity increases to about 8.5 km s - '. This may 

correspond to the velocity of 8.6i km s found by 

Muirhead et al. (1977) at 100 km depth under south-

eastern Australia. Mereu et al. (1977) also conclude 

that there are lateral intra-crustal density (and pre-

sumably velocity) variations, but little relief on the 

Moho transition. 

The low-velocity zones (LVZ's) in the upper and 

middle crust of the Lachlan Fold Belt indicate lateral, 

as well as vertical, inhomogeneities within the crust. 

Recordings within 30 km of shots indicate velocity 

contrasts up to 0.5 km s between surface granitic 

and metamorphic rocks, and it is not difficult to 

envisage such local variations within the tipper crust. 

It is also probable that differing metamorphic grades 

create similar velocity differentials in the lower crust. 

The Lachlan Fold Belt contains some major geo-

logical features which might be expected to show up 

in the seismic data. Our interpretation shows that 

crustal thickness decreases by some 7 km from the 

area of highest topography in the south towards the 

Sydney Basin margin in the north. The crust under 

the central Sydney Basin is probably about 34-37 

kin, much thinner than under the Lachlan Belt. 

About the same crustal thickness has been interpreted 

under the Bass Strait—Victoria coast. 

The seismic recording traverse F—G (Fig. 2) inter-

sects three major N—S trending fault zones, which 

can be traced for distances in excess of 100 km. Such 

major faults probably penetrate to considerable 

depth, and may extend to the lower crust. The ranges 

of seismic arrival times from phases with apparent 

velocities of 5.99,6.28,7.37 and 8.01 km s' (Fig. 8) 

are 0.3, 0.5, 0.7 and 0.2s respectively, if the extreme 

maxima and minima are ignored as being possibly 

caused by poor recording or other instrumental 

effects. These ranges in travel-time represent depth 

variations of about 2.7, 5.4, 3.9 and 1.1 km respec-

tively, distributed along a traverse which is about 100 
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kin long. However, the depth changes are not corre-
lated with the fault locations, whose positions are 
shown in Fig. 8. There is some evidence that the 7.37 
km s phases are later in the centre of the traverse 
than at the outer extremities (Fig. Sb), indicating a 
shallowing of this lower crustal transition layer away 
from the principal recording line A—B. 

Southwest of the Googong shot source (Fig. 2) a 
major granitic batholith crops out in the range 25-
60 km (the Murrumbidgee Batholith). It is bounded 
by two major N—S trending faults (the Murruinbidgee 
and Cotter Faults). The seismic record section from 
Googong in a southwesterly direction (Fig. Sa) dis-
plays features which are interpreted as indicating a 
granitic body with a P-velocity of 6.15 km s -1  over-
lying and surrounded by metamorphosed Ordovician 
and Silurian rocks with a P-velocity of 6.38 km c'. 
Such velocities and higher are evident as direct phases 
in the Ordovician rocks northeast of Googong Model 
calculations indicate a depth to the base of the 
batholith of about 15-17 km. 

The seismic recording line A—B (Fig. 2) crosses the 
major or Long Plains Fault system in a zone 80— 120 km 
from Dartmouth. At stations which would record 
seismic rays bottoming under the fault system there 
are some effects which may be attributable to this 
major fault. On the record section from Dartmouth 
shots (Fig. 4a) the 6.28 km s' events may have two 
small offsets (-0.1-0.2 s) which could be a result of 
a downtlmrow on the NE side. If the upper crustal 
rock has a velocity of 5.9 km s' the size of this 
downthrow would be about 1.7-3.4 kin in granitic 
rock. 

The recording line B—C (Fig. 2) crosses the Boro-
Ellenden Granite batholiths 40-75 km from the 
Mamlan source. Seismic phases bottoming under 
these batholiths (80-150 km from Marulan) display 
many of the same characteristics (Fig. 4b) as those 
bottoming under the Murrunthidgee Batholith. The 
prominent second arrival about 0.9 s after the first 
arrival at a distance of 82 km from Mandan is inter-
preted as resulting from a batholithic structure, simi-
lar to arrivals about 69 kin southwest of Googong. 
A velocity of 5.99 km s is regarded as the velocity 
in the granite, and the 6.3 km s' velocity as that in 
metamorphosed Ordovician sediments. Model calcu-
lations indicate a depth of the batholith of about 16-
19km. 	 - 

Along the recording line C—E (Fig. 2), west of the 
Manilan seismic source, the Wyangala-Wologorong 
batholiths crop out in the distance range 40-80 km. 
Seismic rays bottoming under the batholiths will be 
recorded in the range 80-160 km, which, as 
described earlier in this interpretation, is also the 
range in which low-velocity zone phenomena are evi-
dent in the S-phases. The 6.03 km C' velocity arrivals 
are interpreted as being the direct P-phases through 
the granitic rocks at the 65 km s-' ' arrivals as 
through older metamorphosed sediments and other 
upper crustal rocks. Model calculations indicate the 
depth to the base of the batholith as being in the 
range 20-25 km. 

This interpretation of the 6.0/6.3 km C' velocity 
contrast as the base of granitic batholiths may be 
extended to the section along profile X—Y (Figs. 
2, 9). It is inferred that the 6.28 km C' horizon is the 
base of the Bathurst Granite. The evidence in the 
amplitude data from Dartmouth seismic source 
described earlier in this paper suggests that there is a 
low-velocity zone at the base of these granitic 
ha tI iou t lis above the higher velocity zone of about 
6.3 km C' in the middle crustal rocks. 

The recording line C—P (Fig. 2) traverses the 
southern boundary of the Sydney Basin and seismic 
recordings are reversed from the shot points at 
Marulan and Bass Point (Fig. 7). The apparent veloc-
ities of 5.89 and 6.11 km C' can be used in a simple 
model of the Basin with Permo-Triassic sediments 
overlying a dipping basement. If the velocity in the 
sediments is assumed to be 3.65 km s', as deter-
mined from Sydney Basin borehole data (Mayne et 
al., 1974), a basement dip of about 0.8 0  is estimated 
with a depth at Bass Point on the N.S.W. coast of 
about 1.4 kill, and zero at Marulan. 
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Crustal structure under the Sydney Basin and 
Lachlan Fold Belt, determined from explosion 
seismic studies 

D. M. Finlayson & H. M. McCracken 
DM1?., P.O. Box 378, Canberra City, A.C.T. 2601. 

ABSTRACT 

The Lachlan Fold Belt has the velocity-depth structure of continental crust, with 
a thickness exceeding 50 km under the region of highest topography in Australia, 
and in the range 41-44 km under the central Fold Belt and Sydney Basin. There is 
no evidence of high upper crustal velocities normally associated with marginal or 
back-arc basin crustal rocks. The velocities in the lower crust are consistent with an 
overall increase in metamorphic grade and/or mafic mineral content with depth. 
Continuing tectonic development throughout the region and the negligible seismicity 
at depths greater than 30 km indicate that the lower crust is undergoing ductile 
deformation. 

The upper crustal velocities below the Sydney Basin are in the range 5.75-5.9 
km/s to about 8 km, increasing to 6.35-6.5 km/s at about 15-17 km depth, where 
there is a high-velocity (7.0 km/s) zone for about 9 km evident in results from one 
direction. The lower crust is characterised by a velocity gradient from about 6.7 
km/s at 25 km. to 7.7 km/s at 40-42 km, and a transition to an upper mantle 
velocity of 8.03-8.12 km/s at 41.5-43.5 km depth. 

Across the central Lachlan Fold Belt, velocities generally increase from 5.6 km/s 
at the surface to 6.0 km/s at 14.5 km depth, with a higher-velocity zone (5.95 km/s) 
in the depth range 2.5-7.0 km. In the lower crust, velocities increase from 6.3 km/s 
at 16 km depth to 7.2 km/s at 40 km depth, then increase to 7.95 km/s at 43 km. A 
steeper gradient is evident at 26,5-28 km depth, where the velocity is about 6.6-6.8 
km/s. Under part of the area an upper mantle low-velocity zone in the depth range 
50-64 km is interpreted from strung events recorded at distances greater than 320 km. 

There is no substantial difference in the Moho depth across the boundary 
between the Sydney Basin and the Lachlan Fold Belt, consistent with the Basin over-
lying part of the Fold Belt. Pre-Ordovician rocks within the crust suggest fragmented 
continental-type crust existed E of the Precambrian craton and that these contribute 
to the thick crustal section in SE Australia. 
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INTRODUCTION 

Since 1976 the Bureau of Mineral Resources, 
Geology & Geophysics (BMR) has been using 
explosion seismic methods to determine the gross 
crustal structure of the Lachlan Fold Belt (Finlayson 
et al., 1979, 1980). Some data from these investiga-
tions were obtained using explosions detonated in 
open-cut mines near the northern margins of the 
Sydney Basin. The sesimic ray paths from these shots 
travelled under the Sydney Basin for distances as 
large as 200 km and consequently were influenced 
by structures in and underlying the basin sediments. 

During November-December 1978, the BMR con-
ducted seismic investigations within the Sydney Basin, 
so that additional detailed knowledge of Basin crustal 
structures could be interpreted; some of the results 
are presented in this paper. Figure 1 shows the loca- 

MS received 1 October 1980; revised MS received 19 Decen 

lion of seismic sources and recording stations. In 
'addition, some recordings were obtained during 1978 
to distances greater than 300 km W of a shot source 
at the South Marulan limestone quarry. This enabled 
the velocity/depth structures in that part of the 
Lachlan Fold Belt to be determined more accurately 
than those presented by Finlayson et al. (1980). 

GEOLOGY 
The Sydney Basin developed as a structural basin 

between the Lachlan Fold Belt and the New England 
Fold Belt in the late Carboniferous to the Triassic, 
and is the southern part of the larger, elongate 
Sydney-Bowen Basin which extends N to Queensland. 
The Basin (Fig. 2) is bounded to the NE by the 
Hunter-Mooki Thrust, to the NW by the Mount 
Coricudgy Anticline, to the F by the continental 

bet 1980 
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Fig. I. Shot point and recording station locations. 	 - 

shelf, and to the W by a depositional/erosional 
margin with the Lachlan Fold Belt (Mayne et al., 
1974; Passmore, 1979; Branagan et al., 1979). 

According to Branagan et al. (1979), towards the 
end of the Carboniferous a back-arc basin developed 
between the New England Orogenic Zone and the 
Lachlan Fold Belt, which by this time was part of 
the stable continental craton. However, this interpre-
tation is difficult to reconcile with other statements 
(Passmore, 1979) that Lachlan Fold Belt rocks 
underlie parts of the basin. From the late Car-
boniferous to the Early Permian, sediments were 
transported into the basin from the Lachlan Fold 
Belt. In the Early Permian, subduction further to the 
E, associated with the New England Orogenic Zone, 
ceased. The Hunter Orogeny in the mid-Permian 
caused uplift and deformation in the New England 
Fold Belt, and the Hunter-Mooki Thrust developed 
from folding and thrust faulting along its western 
edge. 

Overthrusting of the New England Fold Belt 
against the older Lachlan Fold Belt produced down-
warping at the site of the back-arc basin and a 
rapidly subsiding trough developed, which remained 
active until the end of the Permian (Branagan et al., 
1979). Late Permian sediments from the New 
England Fold Belt were rapidly deposited in the 
narrow elongate trough that is now the Sydney Basin. 
The final development of the Basin was the formation  

of an intracratonic basin between the two stable fold 
belts at the end of the Permian. Deposition of sedi-
ments into the Basin from the New England Fold 
Belt declined during the Triassic. 

There are many centres of post-depositional igneous 
activity, some of which are sites for quarrying shots, 
which can be used for seismic work. Dating of these 
intrusions indicates periods of activity in the Triassic, 
Jurassic-Cretaceous, Middle Eocene-Middle Oligocene, 
and Miocene. 

Along the NE margin of the Basin, Devonian sedi-
ments occur beneath the Carboniferous. Towards the 
S there are few Carboniferous sediments, and the 
Permo-Triassic sequence rests directly on Lower 
Palaeozoic Lachlan Fold Belt basement. 

Mayne et al. (1974) reported the results of air-
borne magnetic survey work in the Basin. Magnetic 
basement coincides in the S with the unconformity 
between the Lachlan Fold Belt and the Permian sedi-
ments, and, in the N with the top of Lower Permian 
volcanics. Well-log data also provide information on 
the thickness of Basin sediments (Mayne et at., 1974; 
Passmore, 1979). 

The sediment thickness exceeds 3.5 km in only a 
few areas. One of these is crossed by the seismic 
traverse from Singleton to Marulan (Fig. 1). More 
typically, sediment thickness is about 1.5-1.8 km in 
the Singleton area and about 2.5-3.0 km towards the 
southern end of the line, before shallowing rapidly to 
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zero at the boundary with exposed Lachlan Fold Belt 
rocks. Between Newcastle and Singleton the thickness 
of Basin sediments decreases from about 2.5 km to 
1.5 km, and under the recording line between New-
castle and Wisemans Ferry the thickness is about 
2.5 km. 

SEISMIC SURVEY OPERATIONS 

Details of the 1978 field work have been reported 
by Finlayson (1979). The location of shots and 
recording stations from both this and earlier survey 
sites used in the interpretation are shown in Figure 1. 
Commercial quarry blasts were used as seismic 
sources; these were located at the South Manikin 
limestone quarry, open-cut coal mines in the Singleton 
area, and underwater blasts in Newcastle Harbour 
associated with deepening of the shipping channel. 
Shot sizes at South Marulan were 1 -4 t, at Singleton 
UP to Sot, and at Newcastle less than It. Shot 
monitoring recorders were maintained at all shot 
sources; the estimated error in shot timing is ± 10 ms 
and in shot location is ± 50 m horizontally. 

I48 

Recording stations were set out across the central 
Sydney Basin to investigate deep crustal structure 
between shot sources at South Marulan and Singleton. 
The recording sites, between Singleton and Newcastle, 
and between Newcastle and Wisemans Ferry, were 
positioned to investigate upper crustal structure under 
the northern margin of the Sydney Basin. Digital 
seismic record sections were producted from the 
frequency modulated field tape recordings, and these 
were commonly normalised to the maximum ampli-
tude on each trace, and bandpass filtered to eliminate 
unwanted noise. 

VELOCITIES WITHIN THE SYDNEY BASIN 

Branagan et al. (1979) summarised the structures 
within the sedimentary sequence of the Sydney Basin 
(Fig . 2). Little information on such structure is avail-
able from the present survey data, but such informa-
tion is required for the interpretation of deeper 
velocity structures. As the data obtained from the 
seismic work reported in this paper are not confined 
to any one structural unit, they can be used to cal- 
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Fig. 2. Simplified geology of the Sydney Basin and northern Lachlan Fold Belt. 
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Fig. 3. Velocities determined from well logs (after Mayne et at., 1974) and seismic surveys (Robertson, 1958) 
in the Sydney Basin. 
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TABLE 1. Basement velocities beneath the Sydney Basin 

Shot 
location 	

Direction 

Marulan N 

Newcastle NW 

Newcastle SW 

Singleton SE 

Singleton S 

P-wave 	 Distance range of 
velocity 	 1st arrivals 

5.89 km/s 0-50 km 

5.82 km/s 20-50 km 

5.83 km/s 20-85 km 

5.55 km/s 15-40 km 

5.70 km/s 15-50 km 

culate only average velocities that apply to a combina-
tion of several Units. 

Mayne et al. (1974) reported the results of velocity 
determinations from well logs within the Basin, and 
indicated that a linear increase in velocity with depth 
applied throughout the Basin (Fig. 3). Results were 
typically within the range 3.6-3.9 km/s at the surface 
to 4.6-4.8 km/s at 2 km depth, but included velocities 
as low as 3.25 km/s at the surface and 4.35 km/s 
at 2 km depth in two holes. Shots recorded from the 
Singleton coal mines and Newcastle harbour, at dis-
tance less than 20 km, yielded velocities of 4.45 km/s 
in the Newcastle area and 4.34 km/s near Singleton. 

Seismic reflection work (Robertson, 1958) in three 
areas between 19 and 50 km W and NW of Sydney 
indicated velocities of 3.9 km/s at sea level, increas-
ing to 4.88 km/s at 1.2 km depth, and only a very 
slight increase at greater depth. About 6 km NW of 
Singleton, velocities of 3.65 km/s were determined at 
sea level, increasing to 4.88 km/s at 1.2 km, with no 
increase at greater depth. These velocities are higher 
than the sonic well-log velocities discussed earlier 
(Fig. 3). The seismic velocity determinations give a 
much coarser picture of real velocity structure, and 
their interpretation may involve simplifying assttmp-
tions that result in higher average velocities being 
estimated. Anisotropy within the sedimentary se-
quences may also contribute to the velocity 
differences. 

Doyle et al. (1966) reported a velocity of 4.5 
km/s from shots fired offshore and recorded in 
Sydney, but used a velocity of 4.9 km/s in their 
crustal interpretations, taking this value to be more 
representative of the average velocity in the sedi-
mentary column. The minimum shot-to-station dis-
tance was 22.7 km; it is therefore unlikely that ray 
Paths were confined solely to the sedimentary section. 
The velocity of 4.5 km/s probably represents a maxi-
mum velocity in the sediments. 

In summary, the best determined estimates of 1'-
wave velocities in the Sydney Basin sediments range 
from 3.6-3.9 km/s at the surface to 4.35-4.8 km/s 
at depths of 2 km and greater. 

BASEMENT VELOCITIES 

Values for the P-wave velocity in the basement 
rocks under the Sydney Basin are available from 
recordings made near shot sources in the present 
survey, and from a number of previous investigations. 
Bolt (1962) determined a velocity of 5.88 ± 0.14 
km/s and a travel-time curve intercept of 0.97 
± 0.18 s from recordings of quarry blasts in the 
western suburbs of Sydney. This was taken to be the 
velocity in the basement rocks. Using a value of 
3.5 km/s for sediments, he estimated their average 
thickness to be 2.4 km in the central-southern part 
of the Basin. A higher assumed sediment velocity 
would increase this value for Basin sediment thick-
ness; e.g. a value of 4.3 km/s results in a thickness 
of 3.1 km, in good agreement with the average 
seismic reflection value of 3.0 km reported by Mayne 
et al. (1974) for the depth of the Lower Permian 
Pebbly Beach Formation. 

Finlayson et al. (1980) have calculated revered 
basement velocities of 5.89 and 6.11 km/s for the 
southern part of the Sydney Basin; using a sedi-
mentary velocity of 3.65 m/s they estimated the 
thickness of Permo-Triassic sediments 10 be 1.4 km 
at the coast, thinning to zero near Marulan. They also 
derived a value of 5.60 km/s for the near-surface 
velocity to the W of Marulan. Doyle et al. (1966) 
gave a tentative value of 6.0 km/s for the apparent 
velocity under the Basin sediments, determined from 
shots detonated off the coast near Sydney and 
recorded at stations within the Basin. 

The velocities measured from seismic first-arrival 
data during the 1978 survey work are listed in Table 
1. Using a simple model of basin sediments overlying 
basement with an average velocity of 5.75 km/s, the 
intercept times from travel-time plots in the Singleton-
Newcastle area yield depths to basement of about 
2.1 km near Singleton and about 3.5 km near New-
castle. Seismic reflection work (Mayne et al., 1974) 
has indicated that the depths to the Lower Permian 
Rutherford Formation, near the base of the Basin 
sediments in these areas, are 1.8-2.1 km and 3.6-3.8 
km, respectively. 
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Fig. 4. Seismic record section and preferred model of travel-times and signal amplitudes along the traverse be-
tween Singleton and Mansion. 
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VELOCITY-DEPTH MODELS BENEATH 
THE SYDNEY BASIN 

The principal recording traverse across the Sydney 
Basin used to determine the velocity/depth structure 
beneath the Basin lay between shot sources at the 
South Marülan limestone quarry and the open-cut 
coal mines near Singleton (Fig. 1). The seismic 
record sections for shot sources at each end of the 
line are shown in Figures 4 and 5. 

The N-to-S record section has recordings from 
Singleton area shots out to a distance of about 340  

km. Recordings S of Marulan, beyond 270 km, were 
obtained during 1976 (Finlayson et al., 1980) and are 
used to assist with the identification of upper mantle 
seismic phases. In the distance range 0-220 km, no 
prominent phases other than the initial onsets can be 
correlated between adjacent traces. This indicates a 
lack of strong intra-crustal and Moho velocity con-
trasts that would produce pronounced subcritical 
reflections. Beyond 220 km a prominent phase occurs 
after the weak first arrivals. This phase has an ap-
parent velocity of about 6.5 km/s, and its presence 
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Fig. 5. Seismic record section and preferred model of travel-times and signal amplitudes along the traverse be-
tween Manjlan and Singleton. 
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indicates that there must be mid-crustal structures 
to stistain the return of seismic energy to the surface. 

The interpretation of the record section reconciles 
both the travel-lime and phase amplitude data. 
Velocity/depth models were first derived using seismic 
ray-tracing models to satisfy the travel-time informa-
tion, and then tested against synthetic seisograms 
generated by the reflectivity method (Fuchs, 1968). 
The models are applicable along the cone of emer-
gence of the rays from the shots, and the upper and 
middle crustal structures near the shot source 
dominate the velocity/depth model near the surface. 
Some models that satisfy the travel-time criteria have 
been discarded, because they do not satisfy amplitude 
criteria. 

The preferred velocity/depth model for the N-to-S 
record section (Fig. 4) incorporates the values esti-
mated earlier in this paper for the basin sediment 
and basement velocity structure. Below the basin 
sediment/basement contact, the velocity increases 
from 5.75 km/s to 5.9 km/s at 6.5 km depth, below 
which there are two prominent features in the upper 
crust. The first is an increase in velocity from 5.9 to 
6.35 km/s in the depth range 6.5 to 8.0 km. The 
second is a higher-velocity zone in the depth range 
16 to 25 km, where the maximum velocity is 7.0 
km/s before decreasing to 6.7 km/.s in the middle 
crust (depth 25 km). In the lower crust the velocity 
increases to about 7.7 krnls at 42 km, and an tipper 
mantle velocity of 8.03 km/s is reached at 43.5 km 
depth. The travel-time curves and synthetic seismo-
grams for this preferred model are shown in Figure 
4. 

The S-to-N record section across the Sydney Basin 
is shown in Figure 5. Recording were made only out 
to distances of 230 km; consequently the interpreta-
tion of the upper mantle velocity and structure is less 
well founded than for the reverse traverse. The poor 
recordings beyond 230 km may be a function of the 
shot-source parameters, but could also result from 
the complexity of structure beneath the Sydney Basin. 
Cerveny (1979) has emphasised the importance of 
curvature on refractor interfaces in determining the 
amount of seismic energy returned to the surface, and 
it is likely that curvature affects recordings in south-
eastern Australia. 

The interpretation methods used were the same as 
those for the N-to-S traverse. The preferred velocity/ 
depth model is shown in Figure 5. Surface velocities 
of 5.8 km/s increase to 6.1 km/s at 7 km depth; the 
velocity increases further to 6.5 km/s at 15 km depth, 
below which a gradient to a velocity of 7.0 km/s 
at 34.5 km is interpreted. An upper mantle velocity 
of 8.12 km/s is reached at 4.15 km depth. The travel-
time curves and synthetic seismograms for this model 
are shown in Figure 5. 

- VELOCITY/DEPTH MODELS ACROSS 

- THE LACHLAN FOLD BELT 

Data from the shot source at South Martilan lime-

stone quarry recorded at stations towards the W are 
shown in Figure 6. Some of the data were recorded 
during 1976 and reported by Finlayson et at. (1980). 
Additional data beyond 250 km were recorded at the 
western end of the traverse during 1978, and an im- 

proved interpretation can now be made. The same in-
terpretation methods were used along this traverse 
as were used for the Sydney Basin traverses. 

The preferred velocity/depth model for the traverse 
is shown in Figure 6. A general velocity increase from 
5.6 kin/s at the surface to 6.0 km/s at 14.5 km 
depth is evident, with the inclusion of a higher-
velocity section (about 5.95 kni/s) in the depth 
range 2.5 to 7.0 km. At greater depth the velocity 
increases from 6.3 km/ at 16 km. to 7.2 km/s at a 
depth of 40 km, and then increases to an upper 
mantle velocity of 7.95 km/s at 43 km depth. A 
higher velocity gradient is in evidence at a depth of 
26.5-28 km; this is required to explain high-amplitude 
events with an apparent velocity of about 6.6-6.8 
km/s at distances beyond 140 km from the 
shot-point. 

Finlayson et al. ( t980) drew attention to strong-
amplitude first arrivals recorded at distances greater 
than 320 km along the line W of Mandan from shot 
sources near Singleton. Their apparent velocity was 
taken as 7.78 km/. A record section for these obser-
vations has been assembled in Figure 7 and inter-
preted, neglecting the azimuth variation to the dif-
ferent stations. There is possibly more than one event 
in the first 2-3 seconds of the wave train, and this is 
interpreted as indicating structure below the transition 
to upper mantle velocities. The velocity/depth model 
dotted in Figure 6 indicates one possible structure 
that could account for the observed amplitudes, viz. 
a velocity decrease below the Moho from 7.85 km/s 
in the depth range 50 to 64 km. 

Cerveny (1979) has drawn attention to the in-
fluence of lateral inhotnogeneities on the amplituttes 
Of upper mantle arrivals. The prominent arrivals in 
Figure 7 are all at distances greater than 320 km, 
at which distance the seismic amplitudes could be 
modified by structure at and beyond the western 
boundary of the Sydney Basin. However, the apparent 
velocities of the prominent arrivals, and the distance 
range in which they are recorded, indicate that the 
structures causing them are probably below the Moho 
transition, and the velocity/depth structure in Figure 
6 is the preferred interpretation. This upper mantle 
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Fig. 7. Seismic record section of shots fired ticur Single-
ton, recorded along the traverse westward from 
Marulan. 
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structure differs from the others interpreted for this 	 FREOOENCY OF OCCURRENCE 

area, and we believe it is evidence for lateral hetero- 	0 	10 	20 	30 	40 	50 	60 

chided 	that such lateral heterogeneity is not con-

fined to the crust above. 	 0-IA

CRUSTAL DYNAMICS 	 15-19

The Sydney Basin and the adjacent region of the 	20-24 

geneity in the upper mantle. Fuchs (1979) has sum-

r 3M2-35105,147-152oE

I 	I
marised the evidence for such structure in the sub-
crustal lithosphere from other continents, and con- 	5-9 

Lachlan 	Fold 	Belt 	are 	still 	being 	deformed. 	The 

seismicity of the area has been described by a num- 	25-29 

ber of authors 	(Cleary, 	1967; 	Doyle et 	al., 	1968; 

Mills & Fitch, 	1977; 	Everingham & Smith, 	1979). 	3034 

Figure 8 gives an indication of the principal centres
of activity, All earthquakes are within the crust, and
85% are in the upper 20 km (Fig. 9). 	 40

Cleary 	(1967) 	associated 	the 	seismicity 	in 	the 	
C 

Dalton-Cunning area with the margins of granitoid 	 S events nod magnitude between 4 and 5 

batholiths, and indicated that movement is probably 	 3 events had magnitude greater /lIOn 5 

taking place along old high-angle faults as a result 	 5150-66 

of nearly horizontal compressive forces. Doyle et at 

(1968) 	drew 	attention 	to 	the 	activity 	along 	the 	Fig- 9. Depth distribution of earthquakes in the Sydney 
western 	edge of the 	Sydney 	Basin, 	and along 	the 	 Basin and northern Lachlan Fold Belt. Only those 

western 	edge of 	the Cumberland Sub-Basin 	in 	the 	 earthquakes recorded by 	five 	or 	more stations 

central part of the Sydney Basin. They associated the 	 have been used. 
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Fig. 10. Velocity/depth profiles along the Lachlan Fold Belt and Sydney Basin. Profiles from Marulan S and 
Dartmouth N are taken from Finlayson et al. (1930). 

activity with long established fault systems and with 
possible Basin subsidence. 

Mills & Fitch (1977) investigated the Picton earth-
quake (Fig. 8) of 9 March 1973 (mi, 5.5, It — 
20 km) in considerable detail, and concluded that the 
focal mechanism was consistent with thrust faulting 
due to E-W compression. The aftershock sequence 
indicated a steeply dipping fault in the depth range 8 
to 24 km with a lateral extent of about 8 km. The 
minimum stress drop was I bar and the minimum 
slip was estimated as 2 cm. 

Denham et at. (1979) have summarised the results 
of in situ stress measurements in the Lachlan Fold 
Belt, and indicate that different directions of princi-
pal stress are measured in different areas. Denham 
(1980) has also summarised the evidence for com-
pressive stress from earthquake data. A simple plate-
tectonic model applying to a rigid lithosphere does 
not fit the observations. The maximum stress axis in 
the W of the Belt is E-W, and near the E coast it is 
predominantly N-S. Denham (1980) concluded that 
the crust under both the Lachlan Fold Belt and the 
Sydney Basin is reacting to compressive stresses. The 
velocity/depth profiles across the Basin and Fold 
Belt (Fig. 10) indicate no great difference in depth 
to the Nioho transition across the boundary between 
the two geological provinces, consistent with the con-
cept that Fold Belt rocks underlie the Basin sediments. 
It therefore follows that, in the absence of any evi-
dence of present-day shear or tensional tectonic 
regimes, comprehensive stresses should be trans-
mitted throughout the region. 

Vertical movements are also much in evidence in 
the region. Wellman (1979) has indicated that uplift 
of the SE Australian highlands has probably been 
continuous for the last 90 my., and may be con- 

nected with rifting of the continent and the opening 
of the Tasman Sea 80-60 m.y. ago. In the northern 
Lachlan Fold Belt the uplift has been about 0.6 km. 
Wellman (pers. comm.) has also indicated that, in 
the same region, significant systematic differences are 
detected between horizontal geodetic survey measure-
ments made during the last century and repeat 
measurements made in recent years. 

Figure 10 also shows the velocity/depth profiles 
from further S in the Lachlan Fold Belt (Finlayson 
et at. 1979, 1980). The thicker crust (up to 52 kni) 
coincides with the highest mountains in Australia. 
It should be noted that, although there is earthquake 
activity in the,area of thick crust, the major activity 
is to the N, in the Dalton-Gunning-Sydney Basin 
region, where crustal thicknesses of 41-44 km are 
measured. 

Therefore at least the upper 20 km of crust in the 
survey area is actively responding to tectonic pro-
cesses at the present time. The widespread nature of 
the earthquake activity indicates that these processes 
must involve the lower crust and upper mantle as 
well. It seems unlikely that any of the early 
Palaeozoic crust has remained undeformed. The cur-
rent stress patterns suggest that such deformation will 
be non-uniform throughout the region. 

DISCUSSION 

The velocity/depth models derived from the 
Sydney Basin and the Lachlan Fold Belt are illlus-
trated in Figure 10. All models are characterised by 
velocity gradients; some have high-velocity features 
within the general velocity increases, and there is a 
velocity gradient in the lower crust leading to upper 
mantle velocities at depths of 41-44 m, which is up 
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to 10 km less than the Moho depths farther S under 
the Fold Belt (Finlayson et al., 1980). 

Various models for the evolution of eastern Aus-
tralia have been reviewed by l'ackliani & Leitch 
(1974). Many incorporate the concepts of plate tec-
tonics. Some models include the idea of dense simatic 
crust having a high average crustal velocity (about 
7.0 km/s) at depths of less than 10 km. No such high 
velocities were measured in the upper crust in south-
eastern Australia and consequently there is no evi-
dence in the seismic data for remnants of inter-arc or 
marginal basins. The seismic evidence is consistent 
with the crust under the Sydney Basin being broadly 
similar to that under the Lachlan Fold Belt, and con-
sistent with the Basin being underlain by Fold Belt 
rocks. 

As mentioned earlier, the difference in the depth 
to the Moho transition across the boundary between 
the central Sydney Basin and the Lachlan Fold Belt is 
small. This agrees with the gravity interpretation of 
Wellman (1976), who investigated, the relation be-
tween free-air anomalies and elevation averaged over 
a V x 1' grid, assuming that the crust is in isostatic 
equilibrium. The simplifying assumption in the 
gravity model of a sharp density contrast at the 
Moho results in a depth value to the upper mantle 
that is on average about 5 km thinner than that 
obtained from the seismic work. 

Green (1977) has summarised the features of sedi-
mentary basin development and indicated that 
features in the sedimentary sequence are a good indi-
cation of the tectonic activity in the underlying crust. 
Therefore, the geological record of the Sydney Basin 
summarised by Branagan et al. (1979) is an indica-
tion of the nature of the continental margin since the 
middle to late Palaeozoic. Green (1977) has shown 
that sedimentary basins are formed in the rifts, in-
terior basins, and shelves of continental structures, 
and that, although certain guiding principles govern 
their development, the resulting basins may differ 
considerably from one region to another. The 
present seismic work complements the geological evi-
dence, and indicates that the Syndy Basin formed on 
the margin of the Lachlan Fold Belt, which was of 
continental-type structure at the time of basin 
formation. 

Butt (1976) and McKenzie (1978) have also 
studied models for the formation of sedimentary 
basins within continents, and both incorporate a 
mechanism of lithospheric thinning due to deeper 
asthenospheric processes. Bott considered the crust 
as consisting of a brittle upper layer overlying a duc-
tile lower layer, within which lateral flow is possible. 
The earthquake activity indicative of brittle fracture 
in the northern Lachlan Fold Belt-Sydney Basin 
region is negligible at depths greater than 30 km. 
85% of seismicity being in the upper 20 km. Bott's 
lower crustal ductile zone corresponds with the zone 
of crustal velocity generally increasing from about 
6.5 km/s, in the velocity/depth models for south-
eastern Australia (Fig. IC). 

The .present seismic data and those from previous 
surveys in the region (Finlayson et al., 1979; 1980) 
are in accord with the findings of Smithson et at.  

(1977) that the continental crust is heterogeneous, 
both vertically and laterally. Smithson et al. (1977) 
showed that there is probably a crude layering related 
to metamorphic grade and composition: intermediate 
igneous composition at the surface, felsic migmatite 
in the middle crust, and more mafic rocks in the 
lower crust. However, because of granitic and mafic 
intrusions, any simple layering may be grossly dis-
torted and velocity reversals are likely. 

Mueller (1977) showed that the seismic evidence 
in Europe is in accord with the idea of metamorphic 
'fronts' within the continental crust along,the lines 
of the finding of Smithson et al. (1977). He inter-
preted the zones of lower velocity as zones of possible 
weakness, thus supporting the idea of 'flake' tectonics 
in which crustal material can be sheared at three 
levels; the first at the top of metamorphic basement, 
the second near the lower boundary of upper crustal 
low-velocity zones, and the third deep in the lower 
crust. He interpreted the low-velocity zones in the 
upper crust as being caused by quasi-continuous 
laccolithic zones consisting of numerous intrusions. 

The crustal velocity/depth models in southeastern 
Australia show their most obvious differences in the 
upper 20 km, which is the depth range within which 
the extensive granitic magmas of the region have 
been formed (Clemens & Wall, 1979; Crook, 1980a). 
Together with the current earthquake activity in this 
depth range and stress and strain data, the evidence 
support the possibility of 'flake' tectonics, and sug-
gests that the upper crust, although its deformation 
is driven by processes in the lower crust and litho-
sphere, may be mechanically decoupled from the 
lower crust. 

The origin of the lower crust is still subject to 
debate. Cuss & Wright (1980) have briefly outlined 
some current ideas on the nature of the continental 
crust and pointed out that investigators are divided 
into the 'accretionists' and the 'reworkers'. In south-
eastern Austraia, Crook (1980a, b) represents the 
'accretionist' case for an early Palaeozoic region, 
1300 km long (including the Lord Howe Rise) by 
600 km wide, of fore-arc development on the eastern 
margin of the Precambrian continent, based on sur-
face geological evidence. 

Finlayson et al. (1979, 1980) have indicated that 
the depth to the Moho transition in southeastern 
Australia is greater than that in island-are regions in 
Melanesia. Even in Japan, which is considered to be 
a typical island arc, the crustal structure indicates 
that some areas of southwestern Honshu contain 
fragments of early continental crust that have drifted 
to their present position (Mashizume & Matsui, 1979; 
Mashizume, Ito & Yoshii, in prep.). 

Wyborn & Chappell (1979) and Fagan (1979) 
have shown that the source-rock geochemistry for the 

S-type granites in SE Australia is imcompatible with 
the geochemistry of Ordovician or younger sediments, 
and t. S. Williams (pers. comm., 1980) has identi-
fied Precambrian zircon in some of the granitic 
rocks. Such data support the case proposed by the 
'reworkers' for alteration or development of pre-
existing continental margin or quasi-continental struc-
tures. Such quasi-continental structures exist at 
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present on the Lord Howe Rise (2000 x 350 km), 
and in the western Pacific on the Ontong Java 
Plateau (1600 x 800 km) where a crustal thickness 
of 35-40 km has been interpreted by Furttmoto et 

al. (1973). 

As Cass & Wright (1980) have re-emphasised, the 
crust and lithosphere cannot be treated separately 

when discussing crustal evolution, and the frag-
mentation of the Precambrian continental or sub-
continental margin of eastern Australia, before sub-
duction activity of the type described by Crook 

(1980a, I,), cannot yet be discounted. 
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Reconnaissance of tipper crustal seismic velocities in 

the Tennant Creek Block, Northern 'territory 

D. M. Fin Jayson 

Upper coastal seismic investigations of the leon-ant Creek Block Indicate that the Wasra-
mungi Group rocks have P-wave velocities of 5.22.5.55 km/s (averago 5.42 kni/s) and S-wale 
velocities of 3.26-3.41 kin/s (average 3.34 kin/s). Tue P-wave velocity beneath these surface 
rocks is 6.06 km/s. A simple layered model for the thickness of The Warraniunga Group gives 

values of about 2.6 kin near Nobles Nob mine, dunning to about 1.2 km near Warrego u.ilte. 

Siputh of ihe Warrau'tt,"ga Group rocks, granule rocks have an estimated upper value for the 

la-wave velocity of 5.69 km/s. Underneath, the 1°-wave velocity of 6.06 km/s is hit same as 

that further north, nuder the Warraniunga Group rocks, but tile depth to hut velocity is as 

much as 0.7 km less. ilte corresponding S-wave velocity is 3.53-3.59 km/s. An Intracoastal 
S.wave velocity of 3.86 km/s is observed front the Warrego shot. 

The natore of the change between the surface and basement' rocks is likely 10 be complex, 

resulting in a velocity transition zone rallier titan a simple boundary. 'lie estimated depths to 
'basement' ace, therefore, miniptiu,n estio'ates. 15cc, use of the expected increase iii the seisnul' 
velocity of the rocks when subjected to overburden pressures equivalent to depths of 2.3 kni, 
there is little evidence front the present work that the 'basement' is eompositionattly or litho-  

logically different front the surface rocks. At recording distances beyond 50 km there is 
evidence in the record sections that both P and S-wave energy is being returned from deeper 
totracrustat rcfraeturs/retteetors. - 
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Introduction 
During July-August 1979, reconnaissance seismic re-

fraction work was undertaken in areas of Proterozoic 

outcrop near Tennant Creek, Northern Territory, to 
investigate near-surface structures. The work was part 
of a project to investigate the use of seismic methods 
to determine geological structures - in areas where 

younger cover rocks prevent direct examination of 
,rocks of potential economic importance. 

Geology 
The Tennant Creek area lies within the North Aus-

tralian Craton and is entirely underlain by Precambrian 

basement (Plumb. 1979) The craton has been rela-
tively stable for over 17(0 my., hot much of the t're-
catiubriati geology is obscured by Palaeozoic cover. 
Areas where basement crops out are referred to as 
inliers' because they are considered to be merely the 

exposed parts of much larger features. The seismic sur-
vey was conducted entirely within the Tennant Creek 
Block which is the central part of the Tennant Creek 
faller. 

In the northern part of the North Australian Craton, 
basement rocks of the Arch-jean Rum Jungle and 
Nanamhu Complexes (older than 2500 my.) are ex-

posed, but the full extent of Arch-jean basement is not 
known. Plumb (1979.) speculates that it could underlie 
the whole craton. 

In the Tennant Creek holier, politic gncisses were 

metamorphosed at 1920 = 10 my. (Black. 1977) and 
these possibly form basement to the Warramttnga 
Group sedimentary and volcanic rocks, considered 

to he older than 1800 my. (Early Proterozoic). The 
granites intruding the Warramunga Group have ages 
of about 1500-1700 my. Tucker & others (1979) indi-
cated that the Warransunga Group and associated 
platonic rocks underlie much of the Georgina Basin 
east of Tennant Creek. Gravity trends suggest that 
totters within a radius of 400 km of Tennant Creek 
may belong to a single orogcitic belt. The fundamental 
basement fracture patterns of the North Australian 

Craton are considered to have been established no later 
than the end of the Early Proterozoic. 

The principal seismic traverse described its this paper 

(Fig. I) lies wholly on rocks of the Warramunga 

Group, a geosynclinal sequence of Proterozoic inter-
bedded sedimentary and volcanic lenses, considered 
10 he no more than 3 km thick (Dodson & Gardener, 

1978), although a composite section of all individual 

units gives a total thickness of 6 km. 

The sedimentary sequence of the Warramunga Group 
consists of sittstone, greywacke, shale, sandstone, and 
conglomerate. There are two main volcanic sequences: 

the Warrego Vuieanics crop out near Warrego Mine 
(Fig. I ) and consist of rhyolite, igninabrite, ashstone, 
and loft, hut also include sittstone, greywacke, and 
shale; the Gecko Volc;usic.s, which crop out to the 
cat or reeoreliitg station inauln,r 14 (Fig. I), coitsist ci 
tuft, quartz and quartz-feldspar porphyry, and grey-
wacke. 

Three phases of folding are recognised in the Warra-

munga Group, and faults are common throughout the 
region. The major faults trend northwest. However, 
several northerly trending shrike-slip and oblique-slip 
faults are also recognised. 

Granitic rocks intrude the Warramunga Group (Fig. 
I ). Outcrops range from isolated tors to low weathered 

hills. However, most of the pinions are covered by 
superficial deposits. The W;trranttinga Seismic Array 
(WRA) (King & others, 1973) is located on granitic 

rocks, 20.25 km south of Nobles Nob mine (Fig. I). 
No tectonic activity has been observed in Cainozoic 

cover rocks and no local seismicity has been recorded 
by WRA. Regional compressive horizontal stresses of 

1-25 Ml'a have been nieasttred at Warrego Mine 

(Worotnicki & Denham, 1976) and the direction of 
principal stress is approximately east-west. 

Seismic field investigations 
The locations of seisrni'c stations that recorded data 

ttsed in this interpretation arc shown in Figure 1. The 
principal recording line was between the Warrego and 
Nobles Nob mines, and a routine mining blast at each 
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Sire Latitude (S) Lo,tgi suite (L) Depth Sims suite (VT.) 
LOCCI:iOII Dare t lu g . 	ails's. dig. 	Sal,,:, in h. 	SIII,I. 	s. 

17/7/19 0.7 1 1; 	261.8 113 	49.20 643 06 	42 	38.81 
Nobles Nob 19/1/79 4.5 19 	41.00 134 	1750 20 02 	29 	41.65 
Skipper 9/8/19 5.0 19 	40,66 134 	05.50 40 06 	45 	00.93 

Table 1. Shot lot ori,taliou 

mine was used as the seismic source, Another shot Was 
fired in all aba uIclo ned gold nine Skipper Extended),  
and recorded at a number of stations along a line 
approximately at right angles to the principal line. Shot 
pzaranicters are contained in Table I. 

Reettruliusgs were tnurIc on portable seismic tiie' 
recordtttgsyslettis ( Fiislaysots & Collins, 1981)1. Data 
were snhueqttcnl ly  digi used and displayed as scisin ic 
record sections (Figs. 2. 3. 4). the shots were also  

recorded at 'NRA, and these record sections are shown 
Ili Figures 3. 4 and 5. 

Previous interpretations 

Previous  invest ga tint18 of seismic sirtic lilies in Oil, 
Teti a I I ('reck a rca ( Li utticrwtsot I & °I hers. 1968) Wert 
cntniecicd principally with delertslillillg ,uear-surlact' 
travel-Iliac ettrrcclisluls for WRA. Underwood (1967) 
interpreted record i igs of a shot tired at the Joker Nit tie 



near Nobles Nob (Fig. 	) ( tjitLlcrsvoosl &- others, 
19(,N)- However, this survey was essentially a single-
ended retraction experiment, its which it was not pos-

sible to determine model parameters uniquely, 11nd a 
simple inclined-plane model of the refractor gc)itry 

under WRA was adopted. The model was an upper 
layer with P-wave velocity 5.42 km/s overlying rock 

with velocity 6.10 km/s. The refractor was 099 km 
deep at Joker Mine, dipping at 5.3' in the direction 
205,5', resulting in a depth of about 3.6 km near the 
apex of the array. 

Geological factors indicate that the shape of granitic 

plutons is unlikely to be simple. Pitcher. (1979) indi-
cated that granite batholiths result from multiple epi-

sodes of magmatic activity rather than a single massive 

episode, and are emplaced along pre-existing lines of 

weakness, which extend deep into the crust, perhaps 
following volcanic activity in the same area. Magma 

may be emplaced in the form of cauldrons or diapirs, 
depending on the mechanical properties of the near. 
surface crustal rocks. Photons may be from 4 km to 10 

km thick, but the hour of the baiholith may he indis-
tinguishable from the cotintry rock in terms of its 
physical parameters. Bolt & Smithson (1967) con-
cluded that a conibtnaliutt of sloping and intrusion 
provided the most satisfactory explanation for gravity 
anisnialtes associated with granites. 

Cleary & others (1968) considered Underwood's 
1967) interpretation with respect to travel-Lime resi-

duals and slowness measurements at WRA using earth-
quakes in different azimuths. They indicated that the 
major features of the residuals and slowness data could 
he explained by a structure increasing in depth towards 

the southwest, probably a series of monuclinal folds 
wilt a northwest strike. At three seisn'moinetcr positions 
near the apex t,t the WRA array. ilte travel-titttc resi-

duals lot telesetsmie evetits from the southwest were 

anomalously early. Cleary & others (1968) suggested 
this was probably eatised by Proterozoic rocks of the 

Hatches Creek and Warransunga Groups less than a 
kilometre to the southwest. However, they also mdi- 
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caittI ilim tot Al tes.Ittresof the slowtiess data can 
he rec otici led with near-s Li r ace geology alone, and 
deeper sI ruct tires trust contribute to the travel-lime 
variations. 

Recordings 

The Nobles Nob records (Fig, 2) contain no strong 
events following the first break that can he correlated 
with neigh ho tir i tig traces. Consequently, sig ti tica itt 

events that can be interpreted in tern of structure are 

restricted to the first arrival data. 
The character of the recordings of the Warrego shot 

(Fig. 3), detonated 643 m below the ground surface, 
changes beyond 22 knt. It the range 26-36 kin from the 

shot, weak first arrivals are followed within 0.3 s by 

another event lasting about 1-1.5 s and, later, by strong 
S-waves. 

Recordings of the Skipper Extended shut (Fig. 4), 
made along the tharkly Highway, are similar in character 
to the N ubles Nob records-, apart front the initial 

arrivals, there are no phases that can be correlated to 
adjacent traces. 

A striking feature of the recordings made at WRA 
is the pronotitseed S-wave events. Such events were 

recorded at stations sited on Warratisunga Group rocks 
roiti the Warrcgo shot, but only poorly at sites lit the 

tiorth and ntirttscast of the Nobles Nob and Skipper 
Extended shots, Part of the charaCter difference of the 
records can he attributed to the lower frequency re-

spouse of the WRA itsslrunsenrs, 

Seismic velocities and interpretation 

The correlation of seismic events used to estimate 
velocities is indicated in Figures 2-5, together with their 
apparent s'eloeittcs. At tt,stntces less than 20 ktim frotti 
the shots, the velocities wuuinit the exposed Warrantttnga 

Group eats he measured. The P-wave velocity is 5.22' 

5.55 knm/ s, with an average of 5,42 km/s. The S-wave 
velocities are 3.26-3.41 kns/s, with an average of 3.34 

kill/ s. 
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Velocities beneath the exposed W:irramtinga Group 
wLiI.'tdiniiieLl 1111 reversed scis,,,ie Ir:,verse tie. 
tween Nobles Nub and Warrego, and front the Skipper 
Extended shot recorded towards the northeast. The 

apparent velocities Irons these sources are 6.07, 605, 
and 6.05 km/s, respectively. 

Using a simple refraction model in which rocks with 
a velocity of 6.06 km/s are overlain by Warramutiga 
Group rocks with a velocity of 5.42 km/s, the depths 
to the refractor from Nobles Nob, Skipper Extended, 
and Warrego shots are 2.6. 1.9. and 1.2 km, respec-
tively. The shallowing at the Warrego end of the 

traverse is in accord with the high apparent velocity 
of 6.6 km/s measured beyond 44 km from the Nobles 
Nob shot (Fig. 2). This high apparent velocity can also 
be explained by the fact that, at recording station 

number 14 (Fig. I), the traverse changes direction 
from northwest to west, and seismic waves, instead of 

passing wholly under the Warramunga Group, must 

pass under granites exposed at the surface. The pre-
sence of structure can also be interpreted from the 
pronounced change in character of Warrego shot 
recordings beyond 22 km. 

Of the recordings made at the WRA seismic array, 
tiotie can be said unequivocally to represent seisisite 
rays travelling solely within granitic rocks. At distances 

of less than 20 km from the Nobles Nob shot (Fig. 
5), a velocity of 5.69 km/s has been estimated from 
those five recording sites located on granite. 

The range of granite surface velocities can vary 

considerably. Banda Rao Naik & others (1980) have 
investigated surface velocities in some southern Indian 

granites, and concluded that a weathered layer exists 
that is up to 40 m thick and has a P.wave velocity 
of 1.6-2.8 km/s. This overlies granite which has a 
velocity of 4.0-6.0 km/s (average 4.6 km/s). In SE 
Australia, Taylor & others (1972) determined the 

thickness of surface weathering in the Braidwood 

Granite to be 25 in (average velocity 0.85 km/s) the 
underlying bedrock' velocity was 5.5 km/s. These re-

sults from India and SE Australia, although being 

greatly influenced by climatic conditions in the regions, 

illustrate the range of surface effects in weathered  

granitic terrains. The value of 5.69 kns/ s estimated 
the grattites ss,Lttlt of le,,i,attt (reck is taken Sit he 

the upper hunt of the near-sort ace ti- wave  velocity. 
Beyond 20 km from the shot source, the apparent 

P-wave velocity recorded at WRA front the Nobles 

Nob shots is 6.12 km/s. and from the Skipper Extended 
and Warrego shots 6.05 km/s. The arrivals from the 
Skipper Extended shot are clearly recorded earlier at 

the WRA array than at sites to the northeast (Fig. 4). 
Using a simple model of the granitic rocks overlying 

a higher velocity refractor, 5.96 km/s over 6.12 kns/s, 

the depths to that refractor are estimated to be at 2.1, 

1.2, and 1.2 km respectively,, from the Nobles Nob, 
Skipper Exended, and Warrego shots. These depths can 
be compared with the values of 2.6, 1.9, and 1.2 km 
respectively, obtained from these shots for the depth to 

the basement velocity under the Warratnunga Group 
derived earlier. First arrivals at WRA from the Warrego 

shot also arrive about 0.1 s earlier than arrivals from 

he Skipper Extended shot at the same recording dis' 
lances along the Barkly Highway, supporting the general 

observation of shallower depth to the basement velo-
city south of the exposed Warramunga Group. It is 
possible that it higher velocity branch of the trovel.time 
curve is being observed beyond 75 Lin front the Skipper 
Extended shot (Fig. 4), but good first arriva's t ti 

correlate with the 6.05 km/s travel-time branch ob-
served at shorter distance. 

The S.waves recorded at the WRA array (Figs 3-5) 
indicate velocities of 3.26 km/s from poor data at 
shot distances less than ZO km, and, at larger distances, 
velocities of 3.53 and 3.59 km/s are measured from 
the Nobles Nob and Skipper Extended shot, respec-
tively. The average S-wave velocity in the basement 

rocks is taken to be 3.56 km/s. The 3.86 km/s events 
at d ist a 'sees beyond 50 km troiss the War reeo shot ( Fit. 
3) are interpreted as being from an ititracrustal hori-

zon, perhaps 9 km deep. 

Comment 
The nature of the basement rocks with a velocity of 

about 6.06 km/s is not known. The seismic record 

sections (Figs. 2-5) do not display any clear diagnostic 
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Figures. Seisnne record section for the Nobles Nob shot, recorded at the Warrainonga 
Sctsmic Array; no filtering. 
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Figure 6. Synthetic seismogram record sections for three models. 
Week dots t,td,eate seistisic first arrival times or the Nobles Nob 'nine shot r ecordud towards Warrogo mint. Model I 
produces large-amptttudc wide-antic reflections after the nest arrivals at distances of 30-50 km, which are not ohscrved 
in the recorded data. 

reflection and refraction events characteristic of simple 
transitions. Figure 6 indicates the sort of subcritical 

and supercritical reflections to be expected from various 
types of velocity transition; these record sections were 
derived from a synthetic seismogram computer program 
(Fuchs, 1968). Once a velocity transition zone is intro-

duced, the depth to the basement velocity must be 
greater than that arrived at using simple refraction 
models. Green & S(einhart (1962) and berry (1971). 

among others, have demonstrated the variety of models 
that can satisfy first-arrival seismic data. The basement 
depths derived earlier are, therefore, minimum esti-
mates, but are consistent with a shaDowing of base-
meni under the granitic rocks to the.south and west of 
the Warramunga Group. 

The interpretation of the velocity changes with depth 

in terms of changes in rock type must be regarded as 
speculative without other geological/ geophysical infor- 

mation. There are substantial changes in the seismic 

velocity of rocks as overburden pressure increases. 

especially at pressures of up I kbar (within the upper-
most 3 km) where pore collapse is considered to be 
a major factor. Doti (1971,   p.  65) illustrated the 
chango its P-wave velocity of a granite ft -otis about 5.1 
knits to 6.1 km/s in laboratory experiments at pres-
sures up to I kbar. 

The transition to the basement velocity illustrated in 
Figure 6 is consistent with expected changes in velocity 
with overburden pressure. Thus, although a 'basement 
rock type is assumed in the foregoing interpretation, 
it is by no means necessary in order to satisfy the 
seismic data. The granite and Warramunga Group 
(surface rocks) may well both have a velocity of 

6.06 km/s at depth. Only further, more detailed, seis-
mic field and laboratory studies can resolve this prob-
lem. 



17-8 

252 V. M. FINLAYSON 

Despite these complications on the nature of the 

transition 10 basement velocities, the seismic method 
is still useful in determining the structure wthtn areas 
of complex geology. Smithson & others (1977) high-

lighted the use of reflection methods to determine 

structure within the upper crust in areas of Precam-

brian outcrop. However, other, less expensive, geo-

physical methods may also yield useful information, 
depending on the detail required. 
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Abstract. Seismic recording along a 600-km 
traverse across the southern pert of the North 
Australian craton indicates that lateral velocity 
variations exist in the middle/lower crust- Taken 
together with other data from the Craton, there is 
evidenoe for midcrustel velocities increasing from 
east to west and from south to north. These 
trends could result from a greeter proportion of 
high-velocity granulites being emplaced at higher 
levels in the crust. Between Tennant Creek and 
Mount Ise the velocity structures near the surface 
are compatible with an assemblage of younger and 
older metamorphic rocks intruded by granites. 
Near-surface (0-5  los) P wave velocities on the 
Torment Creek Inlier increase from 5.47 1=/s at 
the surface to about 6.2 1=/s at 6-km depth and 
correspond with low-grade metamorphics of the 
Warramungs Group interspersed with weathered 
granites overlying aaphibolite facies rocks of 
older metamorphic domains. In the Mount tam 
Gaosyncline, velocities of 6.03-6.15 Icr/s 
correspond to the Leichhart Metamorphics 
interspersed with granites. In the middle crust, 
P wave velocities of 6.85 ks/s occur at a depth of 
26 Ion near Tennant Creek, whereas such velocities 
are not evident until depths of about 37 1= near 
Mount Ise. There is therefore a trend for 
midcrust velocities to increase from east to west. 
The lower crust is characterized by velocities of 
7.3-7.5 thIs, and the upper mantle velocities of 
8.16-8.20 Ins/s are reached at depths of 51-54 Ion. 
Exposed grsnulitefacies rocks in central 
Australia are low in heat-producing elements and 
are compatible with the low surface heat flow 
generally measured in Precambrian Australia. 
Theme data taken together with laboratory velocity 
measurements on worldwide samples reported 
elsewhere indicate that middle to lover crustal 
rocks could be an assemblage of granulite faciea 
rocks varying from pyroxane granulite in the 
middle crust, through hornblende granulite, to 
garnet granulite in the lover crust. 

Introduction 

The geophysical differences under Precambrian 
and Phanerozoic Australia have long been 
recognized. Cleary [1973] summarized the early 
seismic information on crustal structure; Goncz 
and Cleary [1976] have highlighted the surface 
wave dispersion differences; Cleary at al. [1972] 
determined the taleseismic travel time 
differences; Lilley at al. [1981] have described 
the differences in electrical conductivities; and 
the depth extent of the geophysical differences 
has baen discussed by Finlayson [1982]. However, 
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despite these recognized differences, little has 
been done to exssine in detail the comparative 
geophysical differences in the crust of the major 
cretonio subdivisions of Australia. 

Hence in 1976 the Bureau of Mineral Resources, 
Geology and Geophysics (DM11), accelerated a 
program of seismic investigations aimed at 
examining major crustal features throughout 
continental Australia. As part of this program, 
EMil undertook three explosion seismic 
investigations within the Proterozoic North 
Australian Craton during 1979  [Collins, 1981]. The 
first was within the McArthur Basin [Collins, 
19821 (Figure 1), the second was an investigation 
of upper crustal structure within the Tennant 
Creek Inlier [Finlayson, 19811, and the third was 
a seismic investigation along a line between 
Tennant Creek and Mount ib. The latter survey is 
the principal subject of this paper and was 
conducted in cooperation with the.Australian 	--.. - 
National University (ANU). 

Geological and Geophysical Summaries 

The tectonic setting of the Proterozoic North 
Australian Craton has been described by Plumb 
[1979a, b]. The crstdn includes the cratonized 
domains of the early Proterozoic North Australian 
Orogenic Province and the overlying platform 
covers and has been stable for over 1700 m.y. It 
is bounded on the south and east by the cratonized 
elements of the Central Australian Orogenic 
Province, which includes the Arunta Complex and 
the Mount Ise Geosyncline (Figure I). In the 
north there are elements of the Archaean West 
Australia Orogenic Province (Rum Jungle and 
Nanambu Complexes) underlying the North Australian 
Orogenic Province, but the full extent of the 
Archaean basement is unknown; Archaean rocks have 
been identified in the Tannant Creek area. The 
Mount Isa Geosyocline contains mid-Proterozoic 
sedimentary rocks deposited on the early 
Proterozoic basement and then intensely deformed, 
metamorphosed, and intruded by granites. In much 
of the region there are overlying late Proterozoic 
and Paleozoic platform covers as well as younger 
Mesozoic-Cainozoic platform cover rocks. Basement 
outcrops are referred to as 'inhere' because they 
represent the exposed parts of such larger 
features. 

Tucker at al. [1979] have analyzed the gravity 
and total magnetic intensity patterns between the 
Tennant Creek Faller and the Mount Ise 
Geosyncline. Basement rocks along this line are 
hidden by the cover rooks of the Georgina Basin. 
The basement rocks are considered to be subsurface 
extensions of the Tennant Creek Inlier, the Arunta 
Inlier, and the Mount Ise Geosynclina and to 
consist predominantly of metamorphic rocks and 
granites. The gravity models used in the analysis 
included a Moho at 33-35-Ion depth. Shirley [1979] 
also has analyzed the gravity field in northeast 
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Jig. I. Principal geological provinces of the North Australian Craton and central 
Australia and locations of seismic crustal investigations: A-B, West Arafura Sea 
investigation [flynn and Reid 19821; C-B and E-F, McArthur Basin seismic crustal 
investigation [Collins, 19821. 
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Australia, including the Mount Isa Geosyncline, 
and indicated a 'thinner than normal' crust for 
the geosyncline (38-40 os). Dooley [1979] 
reviewed the gravity and seismic data in northeast 
Australia, includin the analyses of Shirley 
[1979] and Wellman L1976], and indicated Rohe 
depths of 35-40 km under the Mount Ise Geosyncline 
and adjacent Georgina Basin, 

The seismic crustal structure of the North 
Australian Craton had received little attention 
prior to 1979.  Some seismic studies had been 
undertaken in connection with ABU lithoapheric 
studies under northern Australia and, in 
particular, studies of structures under the 
Werramunga Seismic Array near Tennant Creek 
(Figure 2)..  Hales and By= [1978] reported the 
results of explosion seismic work conducted along 
a 1150 km line fros the Arafura Sea to Tennant 
Creek. Their Model-AS indicated a velocity of 
5.97 We to about 17-1kc depth, 6.51 km/s in the 
interval 13-41-km depth, 8.19 los/s below the 
Moho to 76-km depth, and 8.40 km at greater 
depths. 

Denham at al. [1972] reported the 
interpretation of recordings from two large 
explosions at the Ord River Dam site (Figure 1). 
However, very little information on crustal 
structure was derived from that survey. Based on 
the data from these explosions, Simpson [1973] 
proposed a two-layer model for the crust with a 
velocity of 6.2 km/s in the upper 20 km and 6.5 
km/s in the lower crust to 79-km depth. Below the 
Moho a velocity of 8.10 km/s was interpreted to 
85-1km depth and e velocity gradient from 8.24 to 
8.78 km/s in the depth range 85 to 175 km. 

In neither the Males and Ryan [1978] nor the 
Simpson [1973] models was there any substantial 
information on the structure of the crust above 
the Moho. Cleary at al. [1968] indicated possible 
structures within the crust which might account 
for slowness values recorded at the Warramunga 
Seismic Array, but no definitive model was 
proposed. Underwood [1967] reported some 
reconnaissance explosion seismic work conducted 
near the array but there were insufficient data to 
interpret a seismic model of the crust. 

Crustal Surveys, McArthur Basin and Tennant 
Creek Inlier 

The two other seismic crustal investigations 
conducted during 1979 by EMS within the North 
Australian Craton were aimed at determining the 
structure of the McArthur Basin and the Tennant 
Creek Inlier (Figure I). 

In the McArthur Basin, seismic recording was 
conducted along two 300-km traverses (Figure I), 
C-D and E-r), each with five large refraction 
shots together with vertical reflection recordings 
at some shot points [Collins, 19821. Platform 
cover rocks obscure basement on both traverses. 
The results from this survey are discussed later 
in this paper. 

The upper crust of the Tennant Creek Inlier was 
investigated by explosion seismic methods out to 
distances of 100 km [Fioteysoo, 19811 (Figure 2). 
Neer-aurface Warramunga Group rocks, consisting of 
interbedded Proterozoic sedimentary and volcanic 
lenses, were found to have a P wave velocity of 
5.22-5.55 km/s (average 5.42 km/a) and an S wave 
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Fig. 2. Shot and recorder locations for the 1979 seismic investigations of crustal 
structure between Tennant Creek and Mount Isa. 

velocity in the range 3.26-5.41 Iou/s (avenge 3.34 
Iom/s). The P wave velocity at depths greater than 
2.6 ion was 6.06 km/s. This latter velocity was 
also determined through surface granites which had 
an upper value for their P wave velocity of 5.69 
Ic/s end an S wave velocity of 3.26 km/a. The S 
wave velocity at depths greater than 2-3 km was in 
the range 3.53-3.59 Iou/s, and a velocity of 3.86 
km/s was interpreted for the middle crust. More 
was no indication whether all these velocity 
changes represent compositional or litholcgicel 
changes in the rock type or were dominated by the 
large changes in velocity which result from pore 
collapse as overburden pressure increases at depth 
in near-surface rocks. The increased temperature 
At 3-Ion depth (about 10000) causes only a minor 
decrease in P wave velocity of less than 0.04 km/s 
in granites and less than 0.02 km/s in granulite 
and amphibolite rocks [Kern, 19781. The seismic 
horizons were considered to be transitional rather 
than sharp boundaries. 

Seismic Survey, Tennant Creek - Mount Ise 

bottom of the vertical access shaft. The charge 
was stemmed and fired instantaneously. 

The recorder deployment is shown in Figure 2. 
Within 100 Ion of the shots, recorders were placed 
at 10-km spacing, and between 100 and 300 Ice, 
stations were about 20-km apart. At greater 
distances the station spacing wee 40-50 Ia. 8MB 

— — deployed 21 FM tare recording systems [Finlsyaon --
and Collins, 1980]; MOO deployed 13 direct-record 
tape recorders [Muj.rhead and Simpson, 19721 
between the two shots and another seven recorders 
to the east of Mount Isa. Digital seismic records 
were obtained free both 8MB and ANU field tapes 
using playback equipment in Canberra. All 
recording systems and shot point recorders used 
the Australian radio time signal VNC as a common 
timing standard. 

Maximum timing uncertainties of 0.02 5 are 
estimated for DMB recording systems; maximum 
station position uncertainties of 100 m are 
estimated; BMB systems used Willmore Mk 2 and 
3 seismometers with a free period of 0.7 s and 
amplifiers with a flat response in the range 0.01-
20 tIm. 

Two shots were used to obtain seismic data 
between Tennant Creek and Mount Ina, a distance of 
about 600 km. The information on the shots is 
contained in Table 1 

The Mount Ise shot comprised 18 rows of shot 
holes with 25-as delays between each row. Charge 
per row varied between 250 and 4460 kg. The shot 
was fired to break siltstone used as backfill in 
the underground operations of the Mount Ise Mines. 
The Skipper shot near Tennant Creek was fired in 
an o14 gold mine 40 a deep. The charge yes 
specially prepared for the seimic survey in a 
small alcove off a drive extending 40 m from the 

Earthquake Recording 

During the period of recording for the Tennant 
Creek shot, an earthquake occurred in the New 
Britain area of Papua New Guinea. This provided 
an opportunity to assess the relative uniformity 
of crustal structure west of Barry Caves (Figure 
2) using P waves emerging at angles of incidence 
of 30 0  to 350  {Pho and Babe, 19721. The 
earthquake data have been taken from the U.S. 
Geological Survey Preliminary Determination of 
Epicenter bulletins(Tsble 2) and may 

TABLE 1. Shot Information 

Shot 	 Date, 	Latitude, S 	Longitude, B 	Elevation, a 	Size, t 	Time, UT 
'979 

Mount Ise 	July 26 	20'42.40' 	139'26.27 	360 	 40 	0159:50.41 
Skipper 	Aug 9 	1940.66 	13405.50' 	720 	 5 	0645:00.93 

The size of the shot is given as tonnes 
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TABLE 2. New Britain earthquake data, August 9, 1979 

Latitude, S 	Longitude, E 	Depth, Ion 	Time, IT 	Magnitude Mb* 

05'11.7' 	152'07.I' 	 45 	 06%:05.6 	 5.0 

subsequently be modified in the Bulletins of the 
International Seismological Centre. However, the 
preliminary data serve the purpose of illustrating 
relative structural changes between the various 
recording sites. 

Figure 3 shows the seismic record section. The 
travel time has been reduced by a factor 
(distance/10.8). A prominent second phase is 
evident 2-4 s after the initial onsets; this phase 
has an apparent velocity of about II.? km/s. Both 
the initial and second phases are consistently 
recordedalong the 300-thu recording line. Hates 
at al. [1980] have proposed a velocity 
distribution within the mantle which acconusodatee 
many phases observed over the recording distance 
range 2000-2500 Ion. It is probable that the 
initial and second phases observed on the western 
end of the Pennant Creek-Mount Tee line are from 
structure in the depth range 400-700 km. 

Simpson at ml. [1974] examined the travel time 
curve branches from the Papua New Guinea region 
using the Werramunga Seismic Array (WRA) in the 
distance range of the present survey data (20.80_ 
22.70); The initial and second phases correspond 
with the C3  and B phases, respectively, from 
the SMAK-1 velocity-depth model of Simpson at at. 
[1974] with slownesses of 10.5-10.0 s/deg and 
9.9-9.2 s/dag. The C 3  phases result from an 
increase in velocity gradient in the depth range 
500-520 ion and the B phases from a velocity 
discontinuity at a depth of 680 km. 

Apart from arrivals at distances of 2372 and 
2383 km which are about 0.25 s early, the initial 

onsets display little deviation from a travel time 
branch with an equation travel time = 66.06 + 0.52 
+ distence/(10.84 	0.02) s. The residual is 
0.048 s. The character of the traces for the 
initial onsets of the two exceptions mentioned 
above is disturbed. The early arrivals could 
result from a velocity variation along the ray 
path. However, subsequent arrivals correlate well 
with neighboring traces, and therefore the travel 
time anomalies in these two initial onsets are 
attributed to local disturbance at this stage. The 
earthquake recordings therefore seem to indicate a 
uniform average velocity structure within the 
crust and upper mantle under the western 300 los of 
survey line, supporting the use later in this 
paper of layered models in the interpretation of 
structure. 	 - 

Pennant Creek Shot Record Section and Modeling 

The seismic record section from the Pennant 
Creak shot is shown in Figure 4 -together with 
the travel time curves and synthetic seismograms 
for the preferred interpretation model (TCMI-2). 
For display purposes in this paper the 3KB 
recordings were all filtered in the band pass 6-I5 
He and normalized so that the traces had equal 
maximum amplitude. The first arrivals are 
indicated on these traces where onsets are not 
clear at the scale presented. In all cases, 
examination of traces with a larger time scale or 
with different filter settings enabled first 
arrivals to be determined within 4  0.02 5. At the 

0000 	 24cm 	 acme 
DISTANCE (DI km 

Fig. 3. Seismic record section of the New Britain earthquake of 9 August, 1979;  the two 
principal phases with apparent velocities of 10.8km/s and 11.7 km/s are indicated. 
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Fig. 4. (a) Seismic record section for the Pennant Creek shot recorded toward Mount 
I... (b) Preferred travel time curve and clearly identified first arrival data. 
(c) Synthetic record section for the velocity-depth model TCMI-2. (d) Preferred 
velocity-depth model TCMI-2. 

shorter distances, low-gain recordings have been 
used in compiling the record sections, the high-
gain traces having impulsive onsets and trace 
amplitudes which extended beyond the dynamic range 
of the high-gain recording channel. 

The travel time curve (Figure 4b) for the 
Pennant Creek chat includes first arrivals from 
the Warrego shot [Finleyson, 19811 at distances 
less than 50 Ice. These have been used to define 
the near-surface velocity structure on the Pennant 
Creek Taller. Offsets in the travel time curve 
have been interpreted at distances of about 75, 
120, and 140 km. These have been taken to 
indicate velocity structure in the upper 20 Ion of 
the earth ' . crust. These travel time offsets 
have, in all cases, been identified from high-gain 
recordings not displayed in Figure 4  because  of 
saturation of the amplifiers by later, large-
amplitude events. Paleozoic sedimentary cover on 
this western part of the survey line is 
comparatively uniformly distributed and estimated 
to be less than 0.3 km thick [Tucker at el. 19791, 
thus not contributing significantly to any non-
uniformity in travel time delays. 

The record sections and first arrival data 
from the Tennant Creek shot give some indication 
of significant correlations which can be used as a 
basis for modeling studies. For distances less 
than 70 km a velocity model has been adopted based 
on the interpretation of all refraction data from 

the Tennant Creek Inlier, including those 
interpreted by Finlayson [1981]. The model 
includes P wave velocities increasing from 5.47 
las/s at the surface to 6.06 km at 2.8-km depth and 
increasing further to 6.20 km/s at 6-km depth. Out 
to distances of 140 lam, two offset segments of the 
travel time curve have been identified with 
apparent velocities of 6.2-6.3 cm/s. 

Beyond 140 los an apparent velocity of 6.8-
6.9 km/s is interpreted from first arrival 
data to a distance of 210 km (Figure 4). At 
greater distances an apparent velocity of 8.2-
8.3 km/s is evident in the first arrival 
date. 

Typically, for both the Tennant Creek and the 
Mount Isa shots, the velocity error is less than 
0.03 km/s when regression analysis is applied to 
linear segments of arrivals defining the travel 
time curve. Root-mean-square residuals are 
typically lees than 0.1 5. 

Significant later arrivals are difficult 
to identify. The apparent lack of correlation 
between neighboring traces in Figure 4 indicates 
that scattering processes in the upper crust 
contribute to significant energy variations in the 
seismic coda. However, beyond 100 km from the 
shot point a correlation of large-amplitude events 
can be seen which corresponds to events coming as 
first arrivals in the range 140-210 Ice with an 
apparent velocity of about 6.8-6.9 km/s. This 



Im 

10,574 	 Finleyson: North Australian Crates Seismic Structure 

TABLE 3. Velocity-Depth Models TCMI-2 
(Pennant Creek) and TCMI-.3 (Mount Ise) 

TCMI-2 	 TVMI-3 

Depth, P Wave Depth, P Wave 
km Velocity, kin Velocity, 

km/s on/s 

0.0 5.47 0.0 6.07 
2.8 6.06 3.3 6.15 
6.0 6,20 4.1 5.90 
6.2 5.75 5.3 5.95 
7.2 5.77 6.3 6.20 
7.4 6.21 8.1 6.25 
8.5 6.23 8.5 6.00 
8.7 5.90 9.9 6.01 
12.0 5.92 11.0 6.25 
12.3 6.25 14.7 6.35 
13.3 6.27 15.0 6.25 
13.5 6.05 25.0 6.30 
21.0 6.07 32.0 6.45 
27.0 6.85 40.0 7.40 
40.0 7.70 48.0 7.45 
47.5 7.40 55.0 8.23 
50.5 8.16 70.0 5.29 

	

58.0 	8.18 

	

61.0 	8.29 

	

70.0 	8.31 

series of arrivals can be seen as subsequent 
events beyond 210 nm from the shot point. At 
distances between 210 and 300 km the first 
arrivals with an apparent velocity of 8.2-8.3 1cm/s 
are weak. However, at distances greater than 350 
km the onsets have significant energy, and a 
prominent event arriving about 1 5 after the first 
arrival is indicative of a velocity increase 
within the upper mantle. 

Using the characteristics of the travel times 
and the record section described above, velocity-
depth models of crustal structure were developed 
iteratively. No shots were fired between the 
principal shots at Tennant Creek and Mount Ise; 
thus simple one dimensional velocity-depth models 
had to be used. Initially, a ray tracing program 
was used to generate travel time plots which could 
be compared with observed events. Once a matching 
model was achieved, the amplitude characteristics 
of record sections were used to refine the model 
using a reflectivity synthetic seismogram program 
[Fuchs, 1968]. The preferred model together with 
the travel time curves and synthetic traces are 
shown in Figure 4.  All modeling included earth 
curvature corrections. A Ricker wavelet synthetic 
source function was used with a 7-Hz center 
frequency; no absorption (Q) operators were 
included in the modeling. 

The preferred model (TCMI-2) is not unique 
but serves to indicate the general character 
of the velocity-depth profile for the earth's 
crust. The velocity structure in the upper 
6 km has been derived from the seismic 
refraction work on the Pennant Creek Inlier 
[Finlayson, 1981]. Below 6 lam the upper crust to 
20-km depth is characterized by three velocity 
inversions. The minimum velocity in these 
velocity inversions cannot be estimated from the 
data. Only the time delay and the length of 
segments evident in the travel time data provide 

constraints on the velocity models. At depths 
greater than 20 km the crust is characterized by a 
series of velocity gradients until the upper 
mantle, velocity of 8.16 lou/s is reached at 50.5-
km depth. Below the Moho there is a velocity 
gradient in the upper mantle, with velocities 
increasing to 8.29 km/s in the depth range 58-61 
km and a velocity of 8.31 los/s is reached at 70 
los depth (Figure 4). • Table 3 contains details of 
the preferred velocity-depth models. 

Mount lea Shot Record Section and Modeling 

Near-surface low-velocity cover rocks are 
comparatively evenly distributed along the seismic 
line between Tennant Creek and Mount Isa except at 
distances in the range 75-170 km from Mount Tea, 
where the Adelaidean and underlying Carpentarien 
sediments of the llndilla Basis (Figure 2) have a 
significant effect ontravel time delays at the 
recording sites. Robertson [19631 gave some 
indication of the velocities to be expected within 
the sedimentary sequence. The effects of near-
surface limestones with a velocity of about 5.2 
km/9 complicate the travel time corrections. 
However, Robertson eventually used an average 
velocity of 3.96 km/s to calculate depths down to 

2.4 km. Northwest of the Undille Basin, in the 
western McArthur Basin, Collins [1982] has 
interpreted 4 km of Proterozoic Roper Group 
sediments or their equivalents with a velocity of 
4.62 km/s. Tucker at al. [1979] attribute a 
broad gravity low in the Uodilla Basin to a 
maximum of 5 lm of Adelsirtean sediments underlain 
by up to 8 km of Carpentarien rocks. The travel 
times in the range 75-170 km from the Mount Isa 
shot have been adjusted by 0.2-0.5 5 to compensate 

for low-velocity cover rocks. 
The seismic record section for the Mount tea 

shot is shown inFigure 5 together with the 
preferred velocity-depth model (TCMI-3), the 
associated travel time curves, end synthetic 
seismograms. As with the Pennant Creek shot, the 
recordings have been band-pass-filtered in the 
range 6-15 Hz end normalized so that all BMR 
traces have the same maximum amplitude. 

The first arrivals at distances lees than 
60 km have an apparent velocity of greater 
than 6 km/s, indicating high velocities within 
the metamorphic rocks of the Mount Ise 
Genayncline. An offset in the first arrival data 
is evident at about 65 km from the shot point, and 
an apparent velocity of 6.2-6.3 We is observed 
out to 110 km. The character of the initial 
onsets changes in the distance range 120-160 km 
from strong initial onsets to more emergent 
arrivals, but the apparent velocity remains at 
6.2-6.4 ).m/s. The onset times can still be clearly 
identified on enlarged records, and these are 
plotted in Figure Sb. 

Beyond 160 km from the shot the initial onsets 
are emergent, and there is no evidence for 
apparent velocities less than 7.4 km/s. At 
distances greater than 240 km the apparent 
velocity of the first arrivals is 8.2- 8.3 km/s. 
There are no recordings at distances beyond 305 Ice 
except those at the Warramunga Seismic Array (IRA) 
at distances of about 541 km. 

As with the Tennant Creek shot interpretation, 
seismic ray-tracing models were formed initially 
to fit the travel time data, and theme models were 
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then further constrained using a synthetic 
seismogram program to model amplitudes. The 
resulting preferred velocity--depth model (Figure 
5) indicates some complexity of structure within 
the upper 20 1cm of crust. Three velocity reversals 
are apparent in this region, with the velocity 
generally increasing from 6.03 lou/s at the surface 
to a maximum of 6.35 Ion/s at 14.7-1os depth. In 
the model the minimum velocity in the low-velocity 
zones is 5.90 km/s. Details of the velocity/depth 
model P01(1-3 are contained in Table 3. 

Interpretation and Discussion 

The use of seismic interpretation methods which 
make e priori assumptions that the geology is 
near-horizontally stratified requires discussion. 
Certainly the surface geology at Mount Isa cannot 
be described as flat lying. However, analysis of 
the regional gravity field between Tennant Creak 
and Mount Ise does not indicate any abrupt lateral 
changes in crustal density which cannot be 
satisfied in terms of near surface geology. 
Wellman [1976] indicated that there is no 
appreciable difference between adjacent exposed 
and covered basement in mean density, density 
variability, or history of formation. As 
mentioned earlier, Tucker at al. [1979] attribute 
the comparatively minor gravity features between 
Pennant Creek and Mount Ise to geological 
variations in the upper 10 los of crust. Dooley  

[1979] does not peceive any abrupt density 
variations in the crust based on gravity 
interpretations. Hence, in the upper 10 los of 
crust, the derived seismic models must be regarded 
as having little wide-scale geological 
application. However, at greater depths some 
form of gross horizontal mataeorphic/geochemical 
stratification seems to be justified and 
appropriate for the bulk crustal structure derived 
from the long-range seismic profiles. 

The velocity-depth profiles from the 
Tennant Creek and Mount lea shots are illustrated 
in Figure 6 along with profiles from other areas 
of the North Australian Craton. 

There are significant differences between the 
profiles determined from the Tennant Creek and 
Mount Ise shots. At depths less than 20 Ins both 
profiles indicate interspersed high- and low-
velocity zones. The near-surface velocities at 
Tennant Creek are less than those at Mount Ise to 
depths of about 5 km. In the depth range 25-35 1cm 
the P wave velocity near Tennant Creek is greater 
(6.05-7.3 th/a) than that near Mount lea (6.3-6.4 
km/s). 

This latter feature of the velocity-depth 
profiles is essentially defined by the presence of 
prominent intrecrustal arrivals in the distance 
range 125-300 km on the Tennant Creek record 
section (Figure 4a) and the lack of corresponding 
arrivals on the Mount Isa record section (Figure 
5a) until greater distances. The cusp points of 
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Fig. 6. Seismic P wave velocity-depth profiles from the Proterozoic North Australian 
Craton: I, West Arafura Sea [flynn and Reid, 19831; 2 and 3,  west McArthur Basin 
[Collins, 19821; 4, east McArthur Basin [Collins, 1982]; 5,  North Australian Craton 
model TCMI-3 (Mount tea shot); 6. North Australian Craton model T0MI-2 (Pennant Creek 
shot). Stippled areas indicate velocity differences in the middle to lower crust 
fromthe TCMI-3 model. 

the travel time curves can be identified on the 
record sections and modeled using ray tracing and 
synthetic seismogram programs, the slowness in 
velocity models closely controlling the extent and 
amplitude of arrivals. The difference in depth to 
the velocity of 6.85 1cm/s of about 10 km in 
Figures 4d and Sd is therefore considered 
significant. 

Further north on the North Australian Craton, 
Collins [1982] has interpreted the results of 
seismic refraction/reflection work in the McArthur 
Basin (Figure I). The velocity/ depth profiles 
from the two survey lines sre shown in Figure 6. 
Comparisons with the present survey data indicate 
that P wave velocities between Pennant Creek and 
Mount Ise are greater in the upper crust but that 
velocities in the lower crust are significantly 
less. Velocities of about 7.5 Ice/s occur at 
depths of 34 km under the West McArthur Basin, 
whereas such a velocity is not reached until 42 to 
50-Ice depth between Tennant Creek and Mount Ina. 
Under the East McArthur Basin, P wave velocities 
are significantly greater in the depth range 15-25 
1cm and also in the range 38-50 km than under the 
eastern part of the Pennant Creek-Mount Ise line. 
In the McArthur Basin profiles there is also a 
trend, evident in the present data, for lower 
crustal velocities to be greeter under the western 
line than under the eastern line. 

Farther north again under the West Arafura Sea 
the P wave velocities are greater in the upper 
crust (10-25 1cm), and the transition to an upper 
mantle velocity occurs at 32-34  km [flynn and Reid, 
.1983]. 

Hence there appears to be e progressive 
increase in crustal velocities from the southern 
part of the North Australian Craton to the 
northern part. In particular, there are higher 
velocities at depths greater than 30  Iou in the 
north than in the south. There also appear to be 
higher deep crustal velocities under the central 
part of the craton than under the eastern part. 

Smithson [1978]  has outlined the constraints on 
crustal composition provided by (1)  surface 
exposures, (2) tectonically exposed deep crust, 
(3) xenoliths, and (4)  laboratory experiments on 
the physical properties of rocks. In Precambrian 
provinces he indicates the upper crust with P wave 
velocities of 6.0-6.3 km/s corresponds to 
granodinrite, being an assemblage of intermediate 
supracrustal rocks and granitic intrusives. 
Velocity inversions in the middle crust can be 
associated with migmatites depending on the 
overlying sequences. For the lower crust he draws 
attention to the Ivrea zone in Europe, which 
contains interlayered msfic and granitic rocks 
with an overall intermediate composition. 
Xenoliths from the Precambrian United States 
indicate a lower, crust with a composition more 
felsic than gabbro with corresponding seismic 
velocities of 6.5-6.8 km/s. 

In Australia, Moore and Goode [1978] have 
described the granulite fecies rocks from the 
Precambrian Musgrave Block of central Australia 
(Figure i) part of the Musgrave-Fraser orogenic 
subprovince of Rutland [1976]. These rocks are 
characterized by layered quart z-feld spa this 
gneisses which could have been formed from 
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metasedimentary rocks dehydrated in multiple 
metamorphic episodes or from anhydrous 
metavolcanic or metasedimentary sequences 
undergoing a single metamorphic episode. These 
granulites are considered to have been formed in 
the lower crust at depths of 30 to 35 km with 
temperatures of 680 0  to 800 0C and pressures of 
6 to B kbar. Their felsic nature is contrary to 
the notion of a gsbbroic lower crust but is in 
agreement with the model of Smithson and Brown 
[1977] for a heterogeneous mixture of lithologies 
in the lower crust. 

The various early Proterozoic domains of 
the North Australian Orogenic Province constitute 
the basement to the North Australian Craton 
[Plumb, 1979b], and outcropping rocks from these 
domains have similar ages, reck types, and 
tectonic styles. Older and younger domains can be 
identified, metamorphism reaching a higher grade 
in the older domains. Younger domain rocks at 
Tennant Creak and Mount Isa are designated green-
schist facies or lower, with some amphibolite 
fatten rocks. Politic gneisses, metamorphosed to 
amphibolite facies, underlie the low-grade 
Warramunga Group rocks near Tennant Creek. At 
Mount Ism the Kalkadoon granite and Leichhurdt 
metamorphics are interpreted as being underlain by 
an older orogenic domain. 

The velocities encountered in the upper 20 km 
(5.75-6.35 km/s) are compatible with an assemblage 
of younger and older domain setamorphics intruded 
by granites. The velocity reversals probably 
result from the deformations and intrusions in the 
basement rocks compatible with the tectonic style 
described by Plumb [1979b]. 

Lambert 119711 indicated that anhydrous 
granulite facies rocks depleted in radioactive 
heat-producing elements satisfied the below-
average heat flow in western and central 
Australia, basic granulites having too high a 
velocity to satisfy the available observed seismic 
velocity data. Smithson and Brown [1977] 
reiterate these findings in examples from the 
Precambrian of the United States with supporting 
evidence from deep vertical seismic soundings. 
They argue that the nature of these reflections 
from the lower crust indicates that multiple 
contrasting rock types must be present, similar to 
granulite terrains exposed at the surface. 
Granulites are preferred to amphibolites because 
of their much smaller proportion of heat-producing 
elements and because aephibolites have ton high a 
velocity to be a major component of the lower 
crust. Smithson and Brown [ign] indicate that 
the lower crust net be distinctly less mefic 
(less dense) than gabbro where velocities are less 
than 7 Ia/s on average, Between Tennant Creek and 
Mount Isa, however, the velocity is 7.3-7.45 
km/s. 

Christensen and Fountain [1975] evaluated the 
velocities of granulite fades rocks using 
laboratory experiments and demonstrated that 
such rocks satisfy observed velocities for both 
P and S waves and therefore must be likely 
candidates an major constituents in the lower 
crust. P wave velocities in laboratory samples 
at appropriate pressures were in the range 6.39-
7.49 km/s. Such a range of velocities can be 
satisfied by a wide range of mineral assemblages; 
the addition of S wave velocity data is required 
to provide tighter constraints. P wave velocity 

gradients in the lower crust also provide a 
constraint on composition; Christensen and 
Fountain [1975] indicate that changes in 
mineralogy can satisfy the gradient date, with or 
without a change in chemistry. They prefer 
metamorphic assemblages as a model for the lower 
crust because igneous rocks are less stable at - 
lower crustal temperatures and pressures. 

Manghnani at ml. [1974] have considçred the 
possibility of granulite facies rocks at the 
crust-mantle boundary. They indicate that garnet 
granulites are compatible with lower crustal 
velocities of 7.1-1.8 km/s. 

The principal dirferences in crustal 
structure within the North Australian Craton 
are in the depth range 25-40 los, where the 
proportion of rocks with velocities in the 
range 6.9-7.5 mI/s increases from east to west 
and also from south to north. Finleyson 
[1982] and Cull at al. [1981a,b] indicate that 
there are no high electrical conductivity layers 
within the lower crust in Precambrian central and 
northern Australia. This is in accord with the 
proposition that the water content in the lower 
crust is negligible and consequently granulite 
faciee rather than amphibolite facies rocks are 
the major constituent. 

Using the data of Christensen and Fountain 
[1975] the P wave velocities generally increase 
systematically with increasing pyroxene, 
amphibole, and garnet, the relative proportions of 
these minerals being impertsnt in determining the 
average velocity. Within the pyroxene and 
hornblende-granulite eubfacies the ratio of 
hornblende to pyroxena is important, the greater 
the proportion of pyroxene, the higher the 
velocity in rocks with e4uivalent percentages of 
mafic mineral. Thus in the depth range 25-40 Ion, 
within the North Australian Craton, an increasing 
proportion of wroxene, hornblende, and garnet 
within granulite facies rocks can satisfy the 
increasing proportion of rocks with bulk 
velocities in the range 6.9-7.5 km from east to 
west and from south to north. 
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THE AUSTRALIAN CONTINENTAL CRUST : EXPLOSION SEISMIC STUDIES IN 
ARCHAEAN, PRO'rEROZOIC, AND PALAEOZOIC PROVINCES 

D.M. iI'inIisyuon 

Bureau of Mineral Resources, Geology and Geophysics, 
P.O. Box 578, Canberra City, 2601, Australia. 

Explosion seismic studies of the crust in continental Australia since 

1976 have benefited from improvements in recording and interpretation methods. 

Investigations of crustal structure have been undertaken in widely separated 

geological provinces, and this paper reviews three such investigations.; the 

first from the Palaeozoic Lachlan Fold Belt in southeastern Australia, the 

second from the Lower/Middle Proterozoic McArthur Basin - Mt Ina Block - Pennant 

Creek Block of northern Australia, and the third from the Archaean Pilbara - 

Tilgarn Blocks of northwestern Australia. 

4,  

The Lachlan Fold Belt is characterised seismically by inhomogeneities 

in the upper and middle crust which probably extend to the lower crust as well. 

Seismic velocity - depth models incorporate velocity gradients rather than sharp 

velocity boundaries, and include velocity decreases in the upper and middle crust. 

The Belt includes the highest mountain ranges in Australia and it is under these 

that the greatest crustal thickness is measured (about 50 km); the upper mantle 

velocity is in the range 8.02 - 8.Q5 km/s. 

In northern Australia much of the Proterozoic craton is obscured by 

younger cover rocks. Preliminary seismic results of crustal structure are 

available from the McArthur Basin, from the Pennant Creek Block, and from the 

Mount Isa Block separated from Pennant Creek by the Georgina Basin. Earlier 

work (Bales & By= , 1978) indicited a crustal thickness of 40 - 45 ton and an 

average crustal velocity of 6.49 - 6.56 km/s on the continental shelf to the 

north of Australia. Reconnaissance data from a 1 972  Ord Dam explosion indicated 

that a crustal thickness of about 27 km may be expected in the Georgina Basin - 

Mount lea region. 

In northwestern Australia explosion seismic investigations have been 

undertaken across the Archaean Pilbara and northern Tilgarn Blocks and the 
- 84 - 
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intervening Proterozoic Eamersley Basin and Capricorn Orogenic Belt. The 

results to date (Drummond, 1979) indicate that the Pilbara Block, which contains 

the oldest known rocks in Australia, may be modelled with an upper crust having 

a velocity of 6.0km/s overlying a lower crust at about 13 Ion, which has 

velocities transitional between 6.4 km/s and the upper mantle velocity of 

8.2 - 8.5 km/s. The crustal thickness is in the range 28 - 33 km. South of 
I 

the Pilbara Block the crust thickens under the region of thET Capricorn Orogenic 

Belt, and the Iloho is at a depth of about 52 km under the northern edge of the 

Yilgarn Block, More studies of these general features will be required to 

determine detailed intra—crustal structure. 

- 85 - 
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VELOCITY DIFFERENCES IN THE MIDDLE-LOWER CRUST ACROSS THE 
PROTEROZOIC NORTH AUSTRALIAN CRATON 

D. M. FINLAYSON 

ABSTRACT Seismic refraction surveys conducted in two onshore and one offshore areas of 
the Proterozoic North Australian Craton indicate complex P'wave velocity visrialions in the 
upper 20 km of crust compatible with an assemblage of younger and older melamorphie rocks 
intruded by granites which are overlain by a 2 km thick sedimcniary sequence offshore. In the 
middle-lower crust between 20 and 50 km depth there appears to be an ins-reuse in P'wavc vtliiciiy 
irons Cast to west and from south to north. These trends can be interpresed as indicating a greater 
proportion of high-velocity granulites being emplaced at higher levels in the crust. 

INTRODUCTION Detailed seismic refraction surveys 

have been conducted at three locations on the North Austra-

lian Craton. The first was conducted offshore during 1976 

in the Western Arafura Sea by the Australian National 
University (ANU) and Woods Hole Oceanographic Insti-

tute/Indonesian Geological Institute (Rynn and Reid. 1982). 
The second was conducted in the McArthur Basin during 
1979 by the Bureau of Mineral Resources, Geology & Geo-
physics IBMRI (Collins. 1982), and the third was also con-
ducted by OMIt and ANU during 1979 between theTennant 
Creek Infer and the Mt Isa Geosynclinc across the cover. 

rocks of the Georgina Basin (Finlayson, 1982) (Fig. I). 
These three surveys provided data-for the interpretation of 
velocity-depth models to depth of about 60 km for com-
parative studies. 

TECTONIC SETTING Plumb (1979o, A) has described 

the tectonic evolution of the North Australian Craton. The 

Craton includes domains of the early Proterozoic North 
Australian Orogenic Province and overlying platform co-
vers, and has been stable since 1,700 Ma B.?. It is bounded 
to the south and cast by Ihe cratoniscd elements of the Cen-
tral Australian Orogenic Province which includes the Arunta 
Complex, and the Mt Isa Geösyncline. In the north, ele-
ments of the Archaean West Australian Orogcnic Province 
underlie the North Australian Craton. Archaean rocks have 
been identified near Tennant Creek but the full extent of 
Archaean basement is unknown (Black, 19811. 

Proterozoic and Palaeozoic platform covers as well as 
Mesozoic-Cenozoic platform cover rocks overlie much of 
the region. Consequently outcrops aye referred to as intiers 
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because they represent the exposed parts of much larger 

features. 
The Mt Isa Geosyncline contains mid-Proterozoic sedi-

mentary rocks deposited on the curly Proterozoic basement 
and then intensely deformed, metamorphosed and intruded 
by granites. 

The Proterozoic McArthur Basin consists mainly of rela-
tively undeformed shallow water sediments which are part 
of the North Australian Platform Cover. The basement 
comprises transitional domains of the North Australian 
Orogenic Province. The McArthur Basin succession is up 
to 12 km thick. The fault-bounded Batten Trough which 
is about 50-60 km wide extends N-S along, the axis of Ibe 
basin. 

The Arafura Shelf north of the Australian coast is regar-
ded as part of the North Australiaà Craton. Near-horizon-
tal Mesozoic and Cenozoic marine sediments overlie lower 
Mesozoic rocks and Cambrian/Precambrian basement (Jon-

gsma. 1974). 
The overall relationship of tectonic units within the North 

Australian Craton is shown in Fig. 2 compiled by Plumb 
(197%). 

SEISMIC SURVEYS In the western Arafura Sea 71 
shots fired along a 280 km traverse were recorded on two 
ocean bottom seismometer systems at distances out to 
300 km (Rynn and Reid, 1982). The resultant velocity-depth 
model comprises a 2 km thick sedimentary sequeitce over-
lying basement with a velocity of 6.0 km/s. At II km depth 
the velocity increases to 6.5 km/s and continues to increase 
along a velocity gradient to 7.0 km/s at 30 km depth where 
there is a step-wise increase to 7.3 km/i. A further increase 

in velocity is interpreted to 8.0 km/s at the Moho depth 

of 34 km. 
The McArthur Basin seismic data were derived from two 

300 km long seismic refraction traverses with seismic reflec-
lion probes at six locations (C(illins, 1982). The Tawallah. 
McArthur and Roper Group rocks of the McArthur Basin 
succession, deposited in the period 1.750-1.300 Ma B.P. are 
overlain, in places, by Cenozoic, Mesozoic and Cambrian 
sediments 100-200 in thick. The P-wave velocities in the 
basin sediments vary from 3.584.62 km/s for the Roper 
Group to 5.44-5.9 km/s for the Tawallah Group. The thick-
ness of basin sediments varies from 4.2 km in the west to 
2.7 km in the east. The basement velocities are characterised 
by broad gradient zones. On the western traverse the velo-
city increases from 5.9 to 6.9 km/s in the depth range 12 
to 26 km, from 6.9 to 7.5 km/s between 31 and 35 km. and 
from 7.5 108.4 km/s between 43 and 53 kin. On the eastern 
traverse the basement velocity of 6.04 km/s increases to 
6.47 knits in the depth range IS to 16.5 km, increases from 
64 to 6.8 km/sin the range 21 to 24 Ism and increases further 
to 7.5 km/5 at 40 km depth. An upper mantle velocity of 
7.9 km/s is reached at 44 Into depth and continues to increase 
below this depth. 

The seismic data between the Tennant Creek lnlier and 
the Mt Isa Geosyncline were recorded along a 600 km reverse 
refraction line with additional detailed near-surface data 
near Tennant Creek (Finlayson. 1982). These latter data 
indicated P-wave velocities of 5.47-6.2 km/s and correspond 
to low grade metamorphici of the Warramunga Group 
interspersed with weathered granites overlying amphtbolttc 
facies rocks of older metamorphic domains. At Mt In 
P-wave velocities of 6.03 to 6.1$ km/i correspond to the 
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Leichbart Metamorphics interspersed with granites. In the 

middle crust. velocities of 6.85 km/s occur at depth of 26 km 

near Tennant Crack but not until a depth of 37 km near 

Mt ha. The lower crust is charactcriscd by velocities of 

1.3 to 7.5 km/s and upper mantle velocities of 8.16-8.20 km/s 

arejreachcd at 51-34 km depth. 

DISCUSSION Fig. 3 illustrates the velocity structures 
from the three surveys on the North Australian Craton and 
also data from other relevant surveys. One of Drummond's 
typical (19821 velocity models from the Archaean Pilbara 
Craton is superimposed on the model for the west Arafura 
Sea. Although the velocities in the upper II km of the crust 
differ, the middle-tower crustal velocities are similar and 
upper mantle velocities arc evident al depths of 28-35 km 

where there is a pronounced velocity increase from lower 
crustal velocities of less than 7.0 km/s. Onshore from the 

west Arafura Sea traverse lie the Archaean Litchfield, Rum 
Jungle and Nanambu Complexes (Fig. I) and it seems likely 
that the crust offshore is also Archaean. The seismic data 

would certainly support such a proposal. 
A comparison of velocities in the middle-lower crust of 

the McArthur basin (Fig. 3) reveals very few significant 
differences. However the data do fit In with a trend of higher 
velocities below 20 km depth in the west (Finlayson. 1982). 
The velocities in the middle crust under the Tennant Creek 
Intier do appear to be significantly greater than those under 
the Mt Isa Geosyncline. 

Hence, although sampled in only three areas, the North 

Australian Craton is not uniform in its crustal velocities. 

The velocity structure in the north is more akin to that of 
the Archaean Pilbara Craton in north-western Australia. 
The velocities at middle-lower crustal levels appear to be 
lower under the Mt Isa Geosyncline than farther to the 
north and west suggesting that there may be a correlation 

with age since final cratonisation, 

As indicated by Finlayson (1982), exposed granulite lacies 

rocks in central Australia are low in heat producing dc-

meets and are compatible with the low surface heat flow 
generally measured in Precambrian Australia. (Lambert, 

1971). Laboratory measurements made on world-wide sam- 
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pIes (Manghnani e, al., 1974; Christensen and Fountain. 

1975) indicate that mid-lower crustal rocks could be an 

assemblage of granulite facies rocks varying from pyriactic  

granulite in the middle crust, through hornblcndc granular. 
to garnet granulite in the lower crust. The velocity tienA 

in the North Australian Craton could result from a greater 

proportion of high velocity granulites being emplaced as 

higher levels in the crust. 
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ABSTRACT 

Finlayson, D.M.. Collins, C.D.N. and Lock, J., 1984. P-wave velocity features of the lithosphere under the 

Eromanga basin, eastern Australia, including a prominent mid-crustal (Conrad?) discontinuity. -. 

Tectonophysics. 101; 

The crustal structure of the central Enomanga Basin in the northern part of the Australian Tasman 

Geosyncline, revealed by coincident seismic reflection and refraction shooting, contrasts with some 

neighbouring regions of the continent. The depth to the crust-mantle boundary (Moho) of 36-41 km is 

much less than that under the North Australian Craton to the northwest (50-55 kin) and the Lachlan 

Fold Bell to the southeast (43-51 kin) but is similar to that under the Drumniond and Bowen Basins to 

the east. 

The seismic velocity boundaries within the crust are sharp compared with the transitional nature of 

the boundaries under the North Australian and Lachlan provinces. In particular. there is a sharp velocity 

increase at mid-crustal depths (21-24 kin) which has not been observed with such clarity elsewhere in 

Australia (the Conrad discontinuity?). - 

In the lower crust, the many discontinuous sub.horizontai reflections are in marked contrast to lack of 

reflecting horizons in the upper crust, further emphasising the differences between the upper and lower 

crust. The crust-mantle boundary (Moho) is characterised by an increase in velocity from 7.2-7.7 km/s 

to a value of 8.15±0.04 km/s. The depth to the Moho under the Canaway Ridge. a prominent basement 

high, is shallower by about 5 km than the regional Moho depth; there is also no mid-crustal horizon under 

the Canaway Ridge but there is a very sharp velocity increase at the Moho depth of 34 km. The Ridge 

could be interpreted as a horst structure extending to at least Moho depths but it could also have a 

different intra.crustal structure from the surrounding area. 

The sub-crustal lithosphere has features which have been interpreted. from limited data, as being 

caused by a velocity gradient at 56-57 km depth with a low velocity zone above it 

Because of the contrasting crustal thicknesses and velocity gradients, the lithosphere of the central 

Eromanga Basin cannot be considered as an extension of the exposed Lachlan Fold Belt or the North 

Australian Craton. The lack of seismic reflections from the upper crust indicates no coherent accoustic 

impedance pattern at wavelengths greater than 100 m, consistent with an upper crustal basement of 

Lightly folded mew-sedimentary and meta-volcanic rocks. The crustal structure is consistent with a 

pencratonic or arc/back-arc basin being cratonised in an episode of convergent tectonics in the Early 

Palaeozoic, The seismic reflections from the lower crust indicate that it could have developed in a 

different tectonic environment- 

0040-1951/83/$03.00 	0 1983 Elsevier Science Publishers B.V. 
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Fig. 1. Gravity province boundaries of the Eromanga basin and neighbouring regions together with 
simplified geological provincc.boundarics and the 1980 seismic traverse location. 



INTRODUCTION 

The Mesozoic Eromanga Basin in eastern Australia conceals a number of mid. 
Palaeozoic infra-basins which overlie the basement rocks of the Early Palaeozoic 
Thomson Fold Belt. This fold belt is a province within the Phanerozoic Tasman 
Geosyncine of eastern Australia and has been described by a number of authors 
(Kirkegaard, 1974; Murray and Kirkegaard, 1978). It falls within the proposed 
Barcoo Basin of Harrington (1974). The fold belt is concealed by overlying sedimen-
tary basins and is therefore better defined by the gravity expression. Wellman (1976) 
recognised many of its features in his discussions of gravity trends and the growth of 
the Australian continent. Fraser (1976) has outlined the gravity boundaries for the 
region and these, together with the structural features of the Thomson Fold Belt, are 
shown in Fig. 1, adapted from Murray&K.irkegaard (1978). The tectonic develop-

ment of the basins in the region has been described by Veevers (2980). This took 
place at the eastern (Pacific) margin of Precambrian Australian largely in the period 

550-250 m.y. B.P. 
During 1980-1982 the region was the target for geophysical studies designed to 

determine a better understanding of basin structure. These studies included coinci-
dent, detailed seismic refraction and reflection shooting along major traverses 10 

enable structures down to depths of about 80 km to be investigated. 

FIELD SURVEY AND DATA PROCESSING 

The seismic recordings interpreted in this paper are from a 300 km east—west 
traverse centrally placed across the Thomson Fold Belt between Cheepie and 
Terebooka Bore (Fig. 2). The basement fold belt rocks are concealed in places by 
about 2 km of Jurassic—Cretaceous Eromanga Basin sequence overlying 0.4 km of 
Permian—Triassic rocks of the northeastern Cooper Basin or up to 3 km of Devonian 
rocks of the Warrabin and Quilpie Troughs, structural remnants of the Adadale 
Basin (Pinchin and Senior, 1982). Basement rocks of the Thomson Fold Belt from 
drillholes have Cambrian—Ordovician ages (Rumph, 1978). 

Seismic reflection records are available along 270 km of the 300 km refraction 
traverse described in this paper (Pinchin and Senior, 1982; Wake-Dyster and 
Pinchin, 1981). In addition, 37.5 and 75 km-long seismic refraction traverses were 
shot along the same 270 km (Fig. 2). These data have been interpreted in terms of 
basin and basement velocity structure to depths of about 10 km (Lock et al., 1983). 

Spence and Finlayson (1983) have interpreted magnetotelluric data along the 
central portion of the traverse in terms of basement morphology and the conductiv-
ity structure of the lithosphere. They found that magnetotelluric data were char-
acterised by the similarity of orthogonal components, indicating that simple one-di-
mensional models were appropriate for the region. 

Figure 3 illustrates the simplified basin structure derived from seismic reflection 
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Fig. 2. Seismic traverse and shot point locations in the central Eromanga Basin. 

profiling. The Warrabin Trough, Canaway Ridge and the Quilpie Trough are the 
major north-south trending structures intersected by the seismic traverse. Otherwise 
the traverse is characterised by comparatively flat-lying basin sediments overlying 

basement. 
The locations of seismic refraction shot points 1-10 are indicated in Fig. 2. The 

data interpreted in this paper are derived from large shots fired at shot point 1. 

Terebooka (0.75 and 2.0 tonnes), shot point 5, Tallyabra (2 x 0.75 tonnes) and shot 

point 9, Cheepie (0.75 and 2.0 tonnes). Thus a reversed data set was achieved along 
the length of the 300 km traverse and also separately along the eastern and western 
halves. The shot points 2-4, 6-8 and 10 were used for short-line refraction shooting 
with shot sizes of 200-400 kg and recording distances of 37.5 and 75 km. 

The shots were fired in shot-hole patterns drilled to at least 40 km depth, each 
hole being loaded with 0.1-0.2 t of explosive. The shots were fired electrically. 
Recorders were deployed at 7.5 km intervals along the 300 kin traverse. Twenty-one 
sets of automatic, 4-channel, tape recording equipment were used (Finlayson and 
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Collins, 1980). Each set recorded frequency modulated high and low gain seismic 

channels from a vertical seismometer, a digital clock signal and the Australian 

standard radio time signal (VNG) broadcast by Telecom Australia. 

The positions of shot and recorder sites in the central 150 km of the traverse were 

tied to the surveyed lines used for coincident reflection seismic shooting. Conse-

quently, relative distances between their positions are knbwn to within a few metres. 

The shot and recorder station locations at the extremities of the traverse were tied to 

known survey lines using aerial photography and shot-station distances are esti-

mated to have uncertainties of less than 50 m. 

The seismic data were digitised and plotted as record sections using programs 

incorporating provisions for normalising shot weight, distance and recorder gain, 

and various filter settings. The record sections in this paper are mostly from low-gain 

channels filtered digitally within the bandpass 4-16 Hz. 

SHALLOW SEISMIC VELOCITIES 

The seismic P-wave velocity structure at depths less than 8 km has been 

interpreted from 37.5 and 75.0 km detailed seismic refraction traverses. The veloci-

ties are indicated under the appropriate shot points in Fig. 3. Velocities from shot 

points 2-4 were derived by Lock et al. (1983) and those from shot points 6-9 were 

derived by Collins and Lock ( i'aa  ). The velocities in the Wanabin Trough are 

approximate values used to estimate the relative delays in travel-times. These 

velocities were derived from travel-time modelling studies of both refraction and 

reflection data, and also refracted arrivals multiply reflected at the surface. 

Generally, within the sedimentary sequence at depths less than 2.4 km (about 1.75s 

two-way-time), velocities increase from 2.0-2.3 kin/s at the surface to 5.0 km/s. In 

the Devonian infra-basins(Warrabin and Quilpie troughs) the velocities reach 5.5 

km/s. Within basement the P-wave velocity generally increases from about 5.4 km/s 

to about 5.7-6.0 km/s within an interval of about 2.3 km and does not exceed 

5.8-6.1 km/s at depth. 

SEISMIC RECORD SECTIONS AND VELOCITY MODELS 

One crucial step in the interpretation of crustal structure from the seismic record 

sections is that of identifying the significant seismic phases to be interpreted. Giese 

(1976), among others, has discussed the problems associated with the identification, 

especially when the phases are not first arrivals but are part of a complex wave-train. 

Much of the complexity in the wave-train can be attributed to scattering from local 

inhomogeneities. Giese (1976) suggests seismic phases may be correlated across the 

record section when, (a) amplitudes of the events being correlated exceed those of 

background noise, (b) the apparent velocity must show values within a possible and 

reasonable range, and (c) the travel-time branches are of some length. On any record 

section the reflected phases from a particular horizon generally have larger ampli- 
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Fig. 4. Seismic record section from shots fired at Terebooka and recorded In the distance range 40-170 

kin, illustrating the principal seismic phases used in the interpretation (see text). The seismic traces we 
normalised to have equal maximum amplitude and are filtered in the bandpass 4-16 Hz. All traces are 
from low-gain channels. Dots indicate first arrivals clearly seen on high-gain recordings. 

tudes than the refracted phases beyond the critical distance. Hence within the coda 
of seismic recordings those phases which are more readily apparent are often 
reflections from intra-crustal horizons or from the crust—mantle boundary. 

These principles were used in the identification of significant phases on the 
Eromanga Basin record sections. Figure 4 illustrates the principal phases used to 
interpret the velocity/depth functions; this record section is part of the section Iron) 
the Terebooka shots recorded eastward towards Cheepie. it should be emphasised 
that the record section in Fig. 4, like the others in this paper, is compiled mostly 
from low-gain recordings because the large amplitude phases tended to overmod-
ulate the high-gain recordings. The traces in Fig. 4 have been normalised to have 
equal maximum amplitude. The high-gain records give reliable onset times for first 
arrival phases, the majority of which can be timed with an uncertainty of less than 
0.05 s and frequently with uncertainties of less than 0.02 s. These first arrivals are 
marked on Fig. 4 as a dot beside each seismic trace. 

On Fig. 4 the first arrivals at distances less than 100 km are identified with 
P-waves refracted within the basement under the Eromanga Basin and infra-basins. 
On the high-gain records these phases are impulsive and are commonly labelled PS 
events (Giese, 1976). Beyond 100 km the first onsets become emergent and are not 
clearly impulsive again until distances beyond 120 kin where clear first arrivals on 
high-gain records are identified with P-waves refracted within the upper mantle (Pn). 
Data recorded out to 300 km indicate these events have an apparent velocity of 
about 8.14 km/s. 

In Fig. 4, super-critical reflections are identified from two horizons, one from a 



raid-crustal horizon (Pc) and another from the crust-mantle boundary (PmP). The 
travel-time branch for the latter phases should be asymptotic to that for the Pn 
phases near the critical distance which must therefore be at 100-120 km. There are 
prominent events identified on the records 1.0-2.5 s after the Pg phases in the 
distance range 60-100 km. The apparent velocity of these events is about 6 km/s 
beyond 150 km and is about 7 km/s between 60 and 80 km. The prominence of 
these phases lends support to the argument for the existence of a pronounced 
mid-crustal horizon. These phases have here been labelled Pc, although sometimes 
such a nomenclature is used only for horizons in the upper crustal basement. 

The Pg and Ph refracted phases and the Pc and PmP reflected phases are the 
principal phases used in the interpretation of the long-line seismic data from the 
Eromanga Basin. Although all these phase cannot always be seen in the record 
sections illustrated in this paper, it must be emphasised that alternative presentations 
from high-gain records with different normalizing and filtering factors have also 

been used in arriving at the prefered phase correlations for subsequent modelling 

stu4ies. 

TEREBOOICA TO CHEEPIE 

Figure 5a shows the complete record section from shots fired at Terebooka and 
recorded eastward to Cheepie. The traces are all low gain records at 72 dB gain 
setting and filtered in the bandpass 4-16 Hz. Trace amplitudes have been normal-
ized for distance (D) using a factor 1/D. 

Strong first arrivals form a forward travel-time branch between 10 and 120 km 
(Fig. 5, A-B). Linear regression of the time-distance data give an apparent velocity, 
intercept and RMS residual travel-time of 5.82 ± 0.03 km/s. 1.63 ± 0.07 5 and 0.09 s 

respectively. This apparent velocity is taken to be that of the Pg phase within the 
Thomson Fold Belt below basin cover rocks. 

In the distance range 60-120 km there are strong later arrivals 1-3 s after the first 
arrivals and these are interpreted as being Pc phase reflections from a mid-crustal 
horizon. A forward travel-time branch is evident from below this horizon in the 
range 60-210 km with an apparent velocity of about 6.9 km/s (Fig. 5, C-B). 

Beyond 120 km there is another series of prominent arrivals with an apparent 
velocity of about 6 km/s (Fig. 5, M-N). These are interpreted as being either 

wide-angle reflections from-the mid-crustal horizon or as channel waves within the 
upper crust. 

Beyond 125 km prominent first arrivals on the high-gain were recorded out to a 
distance of about 300 kin, the limit of the traverse (Fig. 5, E-F). These are 
interpreted as upper mantle arrivals (Pn). When all arrivals are fitted to a least 
squares straight line, the apparent velocity, intercept and RMS residual are 8.16 ± 
0.06 km/s. 8.49 ± 0.20 s and 0.22 s respectively. If the data recorded in the 
Warrabin Trough (139-162 km) and the Quilpie Trough (215-245 kin) are adjusted 
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because of delays introduced by thick basin sediments, the apparent velocity, 
intercept and residual are 8.14 ± 0.04 km/s, 8.31 ± 0.12 sand 0.12s respectively. If 
the velocity represents the upper mantle velocity and a spherical Earth correction is 
applied (Mereu, 1967), the upper mantle velocity reduces to 8.10 km/s. 

Beyond 220 km prominent subsequent arrivals occur up to 1.5 s after the Pa first 

arrivals (Fig. 5, G-H). These are interpreted as being reflections from a sub-Moho 
horizon. Their apparent velocity is about 8.5 km/s but this is not well controlled. 

These features of the seismic record section were modelled by iterative ray tracing 
using a computer program which assumes horizontal layering. The preferred model 
is listed in Table I and illustrated in Fig. 6a. 

The character and relative amplitudes of the events must also be considered when 
refining the preferred model. Amplitude features were modelled using the REFLEX 
program described by Fuchs (1968) and the synthetic seismograms for two im-
portant examples of velocity/depth features are shown in Fig. 7. To establish strong 

reflections at mid-crustal levels and the forward travel-time branch C-D a step 

increase in velocity is interpreted at 26 kin depth. This is illustrated in Fig. 7a where 

TABLE I 

P-wave velocity/depth models for profiles (a) Terebooka toCheepie, (b) Tallyabra to Terebooka, (c) 

Cheepie to Tcrcbooka, and (d) Tallyabra to Cheepie. A spherical Earth correction has been applied. 

(a) (b) (c) (d) 

depth velocity depth velocity depth velocity depth velocity 

(kin) (km/a) (kin) (km/a) (kin) (kin/a) kin) (kin/a) 

0.0 2.20 0-0 2.00 0.0 2.00 0.0 2.00 

0.6 2.50 0.5 2.30 0.5 2.60 0.6 2.60 

2.7 3.90 2.1 3.70 1.4 3.70 2.4 4.20 

2.8 5.35 2.2 5.00 1.5 5.40 2.5 5.10 

3.5 5.85 3.5 5.40 5.0 5.90 5.5 5.90 

7.0 5.90 7.0 5.75 11.5 6.10 9.5 6.10 

8.0 5.70 8.5 5.77 12.6 5.90 10.0 5.60 

17.0 5.72 8.6 5.60 21.5 5.95 24.0 6.40 

24.0 6.30 13.0 5.62 21.6 6.40 34.0 6.90 

24.1 6.90 22.5 6.30 28.0 6.50 34.1 7.70 

28.0 6.91 22.6 6.70 30.0 6.65 35.0 7.72 

30.0 . 7.04 30.0 7.10 37.5 7.10 37.7 7.20 

36.0 7.70 36.0 7.70 41.0 8.15 39.5 7.21 

36.4 8.15 36.4 8.15 50.0 8.20 40.0 8.15 

45.0 8.17 45.0 8.20 51.0 7.70 50.0 8.20 

46.0 7.85 56.0 7.75 

55.0 7.90 57.0 8.35 

56.0 8.35 80.0 8.37 

80.0 8.37 
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Fig. 6. Velocity/depth models derived from (a) Terebooka shots recorded towards Cheepie (b) Tallyabra 

shots recorded towards Terebooka, (c) Cheepie shots recorded towards Terebooka. (d) Tallyabra shots 

recorded towards Cheepie. 

synthetic seismic records show the combined effect of large amplitude Pc and PmP 
phases in the distance range 110-160 km. The Pc phases are evident at reduced 
amplitude back to the cusp point C at about 60 km. 

The lower crustal velocity increases with depth until 36 km. There the Moho is 
represented by a strong velocity gradient and the upper mantle velocity of 8.15 km/s 
is reached at 36.4 km depth. Below the Moho an increase in velocity from 7.75 to 
8.35 km/s is interpreted at 56 km depth below a low velocity zone to account for the 
travel-time branch G—J1 (Fig. 5). This latter feature was modelled using synthetics 
and is illustrated in Fig. 7b. There is no control on the minimum velocity and depth 
extent in the low-velocity zone, but a time delay between the Pn phases and the 
sub-Moho reflections must be introduced and 7.75 km/s perhaps represents the least 
velocity likely in the upper mantle. 
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CHEEPLE TO TEREBOOKA 

The record section for shots fired at Cheepie recorded towards Terebooka is 
shown in Fig. 8a. As in Fig. 5a, mostly low-gain records were used to compile the 
record section so that the character of the large amplitude later arrivals can be 

illustrated: Filtering and distance normalizing are the same as in Fig. 5. The first 

arrivals determined from the high gain records are indicated in Fig. 8b. 

The travel-time branch A—B (Fig. 8) results from Pg refracted waves in the 
basement Thomson Fold Belt rocks with an apparent velocity, intercept and RMS 
residual of 5.95 ± 0.02 km/s, 1.28 ± 0.04 s and 0.06 s respectively when the arrivals 

from the Quilpie Trough area are corrected for basin morphology. The character of 

the first arrivals changes at about 95 km from impulsive to emergent arrivals and the 

A—B branch terminates at about 120 km. Strong subsequent arrivals in the distance 

range 70-120 km (near C, Fig. 8) are interpreted as Pc reflections from a mid-crustal 

horizon. The forward branch C-I) (Fig. 8) is evident out to about 210 km. 

(a) 

Distance (0) km 	 241N41 

Fig. 7. Representative synthetic record sections illustrating velocity/depth features: (a) the upper/middle 
crust velocity distribution from a Terebooka shot recorded towards Chccp'e; (b) the sub-Moho velocity 
distribution from a Terebooka shot recorded towards Cheepie. The observed first arrivals are indicated by 
dots. The travel-time curves are from the models in Table I. Letters indicate the travel-time branches in 
Fig. S. 
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The PmP reflection phase from the crust/mantle boundaries is evident at 

distances of 130-160 km and the cusp point for super-critical reflections must be 
about 120 km. 

Upper mantle Pit refractions occur along the travel-time branch E–F (Fig. 8). 
They have an apparent velocity, intercept and RMS residual of 8.25 ± 0.04 km/s. 
8.97 ± 0.15 sand 0.11 5 respectively. After a spherical Earth correction is applied the 
velocity reduces to 8.20 km/s. When these data are combined with the reverse data 
from Terebooka shots the upper mantle velocity, with a spherical Earth correction 

applied, is determined as 8.15 ± 0.04 km/s, there being a small dip on the Moho 
from west to east. 

Subsequent arrivals at distances greater than 220 km indicate that there is 

evidence for a travel-time branch G–iJ (Fig. 8) resulting from a phase reflected from 
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Fig. 9. a. Seismic record section for shots at Tallyabra (shot point 5) recorded westward towards 
Terebooka. Shaded areas indicate mulupli-reflccted/rcfracted arrivals from within the sediment-base. 
mcxii boundary region (after Lock, cc al., 1982). The trace amplitudes are normalized for (1/distance). b. 
first-arnvai data and travel-Lime curve denved from prefered velocity/depth model (b) in Fig. 6 and 
tabulated in Table I. 
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a sub-Moho horizon. As with the same phase recorded from the Terebooka shots, 

the amplitude of the arrivals and the distance range over which it is recorded lends 

support to the preferred interpretation that a strong velocity increase is present at 

sub-Moho depths. The only way that this can be modelled without unreasonably 

high upper mantle velocities being used AtO incorporate a low-velocity zone. 

The preferred velocity/depth model was derived by modelling both the travel-time 

and amplitude data from the record section. The principal features of the synthetic 

seismograms are similar to those from the reversed profile which are illustrated in 

Figs. 7a and b. The preferred velocity/depth model from the Cheepie shots is 

illustrated in Fig. 6 (model c) and listed in Table I. 
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Fig. 10. a. Seismic record sections for shots at Tallyabra (shot point 5) recorded eastward towards 

Cheepie. Shaded areas indicate multiple-reflected/refracted arrivals from within the sediment-basement 

boundary region (after Lock ci al., 1982). The trace amplitudes arc normalized for (1/distance). b. 

First-arrival data and travel-time curve derived from the preferS velocity/depth model (d) at Fig. 6 and 

tabulated in Table I. 
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TALLYABRA TO TEREBOOKA 

Shots were fired at the centre point of the 300 km traverse (Tallyabra) to enable 
mid-crustal structure 10 be interpreted from reversed seismic refraction profiles. The 
seismic record section from Tallyabra to Terebooka, is shown in Fig. 9a together 
with the travel-time curve for the prefered velocity/depth model. The trace normal-
izing and filtering in Fig. 9a are the same as for Figs. 5a and 8a. 

The principal features of the record which control the velocity/depth model are 
as follows. Strong Pg first arrivals are evident on travel time branch A-B (Fig. 9); 
these extend out to a distance of about 100 km. A Pc travel-time branch C-D (Fig. 

9) is also prominent on the record section. The method of deriving the velocity 
structure was the same as for previous traverses. The prefered velocity/depth model 
is shown in Fig. 6 (model b) and listed in Table I. The model for the lower crust is 
taken from that derived from the shots at Terebooka. The large amplitude event at 
110 km is interpreted as being a Pm? reflection near the cusp point with Pn phases. 

The shaded regions in Fig. 9a at distances less than 50 km indicate some of the 
arrivals which are interpreted by Lock et al (1983) as multiple underside reflections 
of the Pg phase from the surface. These have assisted considerably in constraining 
the velocity models at depths less than 8 km. - 

TALLYABRA TO CHEEPIE 

The seismic record section from Tallyabra to Cheepie is shown in Fig. iDa. The 
trace normalization and filtering are the same as those for Figs. Sa, 8a and 9a. There 
are major differences between this record section and the sections from other shots, 
namely the prominent arrivals along travel time branch X-Y (Fig. 10) and the lack 

FART rnnprn kASIN 	 WARRARIN TROUGH 	 CARAWAY RIDGE 

S 

- 	 ctt 

Fig. 11. Schematic deep vertical seismic reflection profiling record from the central pan of the .4-8 

traverse near Tallyabra (after Mathur, 1983a, b). 
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of a travel-time branch with an apparent velocity of about 6.65-6.9 km/s. In Fig. 10 
the X-Y travel-time branch has a poorly determined apparent velocity of about 7.7 
km/s at point X and the events are interpreted as being super-critical reflections 
from a deeper, lower-crustal horizon. It is therefore evident that the mid-crustal 
structure east of Tallyabra is markedly different from that to the west. The method 
of deriving the velocity structure was the same as for previous traverses. A prefered 
velocity/depth model derived from the record section is shown in Fig. 6 (model d) 
and listed in Table I. 

The X-Y branch of the travel-time curve (Fig. 10) is interpreted as being from a 
prominent horizon in the lower crust at 34 km depth. The possibility of the arrivals 
being from a rapidly shallowing mid-crustal horizon was considered. The X- Y 
branch persists over a distance of at least 80 km. If a velocity ratio of 6.3/6.9 is 
assumed in the middle crust, a shallowing of over 8 km is required, assuming the 
events are reflections from a shallowing horizon. The magnetotelluric results of 
Spence and Finalyson (1983) and the seismic reflection data of Mathur (1983a) do 
not substantiate a major shallowing feature over any great distance, in the 
upper/middle crust. Also the gravity difference between the Warrabin Warrabin 
Trough and the Canaway Ridge is about 150 m/m 2  and this is accounted for by 
the basin structure in the upper 10 km of crust. Hence a major shaliowing feature at 
mid-crustal depths is inconsistent with the observed gravity field (Antiloff, pers. 
cominu n.). 

The prefered interpretation is that the Canaway Ridge is tectonically different 
from the surrounding region, that no major mid-crustal horizon exists under it at a 
depth of about 22-24 km, but that the major (A'-)') reflections come from a deeper 
horizon. Prominent reflections with an apparent velocity of about 6.3 km/s from the 
reverse profile from Cheepie towards Terebooka cut out at about 120 km, consistent 
with the disappearance of the mid-crustal horizon under the Canaway Ridge. The 
prefered velocity/depth model shown in Fig. 6 (model d) and listed in Table I has a 
prominent horizon S at 34 km depth. This horizon is difficult to distinguish from the 
crust-mantle boundary because PmP reflections from a Moho at the same depth as 
that in Fig. 6 model c would have large amplitudes virtually coincident with the X-Y 
travel-time branch. The travel-time curve from the prefered model is shown in Fig. 
lOb. It seems probable that events on the X-Y travel-time branch are PmP phases 
and therefore the crust/mantle boundary under the Canaway Bridge is shallower 
than that under the surrounding region. 

SEISMIC REFLECTION PROFILING 

Six-fold CDP continuous seismic reflection profiling, with recording times to 20 s, 
was conducted along a line coincident with the refraction line east of shot point 2 
(Fig. 2). This was part of 1400 km of continuous seismic reflection profiling 
conducted by BMR in the central Eromanga Basin in the period 1980-1982. Màthur 
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(1983a) has interpreted part of this data and Fig. 11 is a simplified line diagram of 
the essential features of the record section between shot points 2 and 5 (Fig. 2). 

Four zones have been described by Mathur (1983a). The uppermost zone is that 
from 0 to 2 s two-way-time (TWT) and is identified with the sedimentary sequences 
shown in Fig. 3. The zone between 2 and 8 s TWT is largely devoid of reflections 
and includes rocks of the Thomson Fold Belt. In the zone between about 8 and 12.5 
$ two-way reflection time there are discontinuous sub-horizontal reflections (Mathur, 
1983a). This zone is in marked contrast to the almost reflection-free zone in the 
upper crust. King and Falvey (1977) reported a more limited burst of energy at 
11-12 s two-way reflection time from a region farther north in the Eromanga Basin 
but the areal extent of their survey was not as extensive as the BMR work. However, 
the lower depth limit of their reflections (about 12 s) is in broad agreement with the 
B.M.R. profiling data. Below 12.5 s TWT there are very few reflections. This zone 
corresponds to the upper mantle. 

TECTONIC SETTING OF THE CENTRAL EROMANGA BASIN 

The Palaeozoic tectonic models envisaged for the survey region vary. Kirkegaard 
(1974) sees the development of the Thompson Fold Belt underlying the Eromanga 
Basin being associated with a continental margin which graded to an oceanic crust at 
its eastern limit, the deepest Cambrian sediments being deposited in a deep marine 
environment. Cook (1982) also indicates the edge of the Late Cambrian (510-520 
m.y.B.P.) continental margin as being west of the seismic survey area. Harrington 
(1974, 1983) envisages the region of the survey being part of a small ocean basin or 
back-arc marginal sea (Barcoo Marginal Sea) analogous to the Sea of Japan. 
Henderson (1980) has suggested that Precambrian rocks form the basement under 
the whole of the Eromonaga Basin to as far east as the Bowen Basin (Fig. 1), based 
on the possibility that cratonised Proterozoic crust may be identified in the 
Lolworth- Ravenswood Block. Such crust, however, could also be interpreted as 
Precambrian cratonic fragments rifted from the Palaeozoic continental margin 
(Harrington, 1974). 

Doutch and Nicholas (1978) have outlined the development of the Phanerozoic 
sedimentary basins of Australia. The region of the seismic interpretation is described 

in terms of internal (intracratonic) basins which developed at the end of orogenic 
transformation of the region into a craton. Veevers et al. (1982) envisage a conver-
gent plate margin in the region during the early Palaeozoic and the region bçing 
cratonised through marginal sea opening and filling behind an island arc. The 
basement rocks found in drilifioles in the region of the seismic work are phillite, 
schist, basalt, granite, mica quartz, hornblende granodiorite, slate, siltstone, shale, 
basaltic andesite, and greywacke (Rumph, 1978). Hence Veevers et al. (1982) see the 
region as being part of a pericratonic basin whose development began with partial 
continental breakup around 570 m.y.B.P. and included the Amadeus Basin region in 
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central Australia and island arc convergent tectonics in the east. 
At the elevations flown by the MACSAT satellite the Eromanga Basin stands out 

as being a distinct negative anomaly contrasting with the positive anomalies identi-
fied with the adjacent Precambrian areas (Frey, 1982). In the north, outcrops of the 
Thomson Fold Belt rocks occur in the Early Palaeozoic Lolworth- Ravenswood
Block and the Anakie inlier; the Precambrian Georgetown Inlier is to the north of 
these outcrops. In the west, the Precambrian rocks of the Mount isa Geosyndine are 
partly concealed under the Georgina Basin but the limits of the Geosyncline are well 
defined by the Diamantina Gravity Gradient and the Winton-Machattie Magnetic 
Lineament as described by Rumph (1978). To the south, Precambrian rocks crop out 
in the Adelaide Geosyncline and on the flanks of the Bancannia Trough. 

The southeast-east boundary of the Thomson Fold Belt is taken by Murray and 
Kirkegaard (1978) to be the gravity boundary defined by Wellman (1976) where the 
north-northwest trends of the Lachlan Fold Belt contrast with the northeast trends 
of the Thomson Fold Belt. This corresponds with the Nebine Arc of Harrington 
(1974, 1983) and the Nebine Regional Gravity High of Fraser (1976) which is a 
continuation southwestward of the Anakie Regional Gravity Ridge. 

Thus, prior to this seismic survey , there are quite a few geological as well as 
geophysical indications that the central Eromanga Basin crustal structure contrasted 
with its surrounding tectonic provinces. 

SEISMIC FEATURES OF THE LITHOSPHERE 

The upper crust 

The sedimentary sequence down to depths at which velocities of 5.0-5.5 kin/s are 
reached is thicker under the western end of the line (in excess of 2.1 kin) than under 
the eastern shelf and ridge areas (1.5-1.8 km). in the Warrabin and Quilpie Troughs 
up to 3.8 km of Devonian sediments underlie the Eromanga sequence (Pinchiri and 
Senior, 1982). Beneath the sedimentary sequence basement rocks in Mt. Howitt No. 
I well and GSQ Eromanga No. I well on the western side of the Canaway Ridge 
penetrated Ordovician shales and low grade metamorphic sandstones/shales at 2.1 
and 1.2 kin depth respectively. Murray and Kirkegaard (1978) consider that terrige-
nous clastics which have been metamorphosed to slate, phyllite, quartzite and schist 
form the basement under most of the region and that they are most probably of 
Cambrian and Ordovician age. From the seismic refraction work basement velocities 
increase to about 5.8-5.9 km/s in the west and to 6.1 km/s in the east before 
decreasing to a value taken to be not less than 5.7 km/s at depths of greater than 8 
km. 

There are a number of explanations for such decreases in velocity. Christensen 
(1979) has listed (1) high temperature gradients, (2) quartz alpha-beta transition, (3) 
increased fluid pressure in rock pores (4) low-velocity granite plutons, (5) partially 
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molten rocks, and (6) extensive hydration (serpentinisation), as possible causes of 
low velocity zones. Because of the widespread occurence of crustal low-velocity 
zones kern (1979, 1982) considers the alpha-beta quartz solid-solid phase transition 
to be the likely cause of velocity decreases in the crust. The Sass and Lachenbruch 
(1979) geotherm for the region indicates .temperature of 500°C may be reached at 

depths as shallow as 15 km and consequently decreases of up to 0.4 km/s can be 
expected in quartzites, granulites and granites. Christensen (1979) has commented 
that, even allowing for the effect of pressure on velocities, crustal velocity inversions 
produced, in part, by high temperatures are likely to be common within the crust. 

The lack of seismic reflectors within the upper crustal basement could imply a 
plutonic origin, however, Spence and Finlayson (1983) have argued against this 
interpretation based on magnetotelluric data from along the seismic traverse. It is 
therefore likely that the upper crust is composed of highly deformed rocks which do 
not present any acoustic impedence contrasts across sub-horizontal surfaces amena-
ble to detection by vertical seismic sounding at wavelength greater than 100 m but 
whose velocity/depth distribution is being influenced by temperature gradients. The 
resistivity values interpreted by Spence asi Finlayson (1983) are consistent with the 
basement being predominantly tightly folded, meta-sedimentary and meta-volcanic 
rocks. - 

THE MIDDLE-LOWER CRUST 

At depths of 21-24 km there is a prominent increase in P-wave velocity which 
results in wide-angle reflections on all record sections except that eastward from 
Tallyabra. The wide-angle reflections from the mid-crustal horizon are a feature of 
the record sections which has not been conspicuous in other regions of Australia 
except, to a lesser degree, under the Pilbara craton (Drummond, 1981). The 
velocities in the lower crust below the mid-crustal horizon are in the range 6.4-7.7 
km/s with the velocity at the western end of the line interpreted as being about 0.5 

km/s greater than at similar depths to the east under the Cheepie Shelf area. The 
most distinguishing feature of the lower crust with respect to the upper crust is the 
numerous sub-horizontal reflections from within the lower crust on seismic reflection 
profiling records. 

The interpreted depth of the mid-crustal horizon is a function of the velocity in 
the over-lying crust. The velocity in the sediments and upper crustal basement is well 
determined from seismic refraction and reflection profiling. However, the minimum 
velocity in the low-velocity region (Fig. 6, B'C) is not known with any certainly. A 
conservative estimate has been made that the velocity will not be less than 0.2 km/s 
lower than the basement velocity. This estimate is based on likely geothermal 
gradients the likely bulk compositions in the upper crust. The velocity increase at the 
mid-crustal horizon controls the cusp point C in the record sections so there are 
some limits to the likely velocity distributions within the low velocity region. The 
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prefered model contains one simple distribution which adequately satisfies the 

observed data. The distribution also satisfies the reflection profiling data where the 

lower-crustal reflections start at about 8 s TWT. However, even within these 

constraints the mid-crustal horizon can be modelled almost anywhere in the depth 

range 20-25 km. 

The P-wave velocities in the lower crust are difficult to interpret in terms of rock 

type. Green and Lambert (1965) have pointed out that such velocities can be reached 

by rocks of granitic composition metamorphosed to granulite facies. For higher 

velocities some increase in mafic content is necessary under anhydrous conditions 

(Drummond, 1982). Drummond has argued that basic rocks have velocities which 

would be much higher than the observed 6.3-7.7 km/s and also the velocities in acid 

rocks would be much too low at tower crustal depths. Hence at intermediate 

composition is implied (Green, 1970). Green and Lambert (1965) have pointed out 

that increasing garnet content in anhydrous rocks of granitic metamorphosed to 

eclogite facies increases velocities to those typically observed in the lower crust. 

However under hydrous conditions, amphibolite facies rocks also could be have 

similar velocities. Hence, under the Eromanga Basin, the competing effects of 

increasing mafic content and higher metamorphic grade are not resolved. 

The nature of the multiple discontinuous reflection horizons in the lower crust 

suggests a mechanism of formation akin to magma intrusion/underplating or the 

influence of metamorphic "fronts". However, it is difficult to resolve these mecha-

nisms without geological control from, say, xenoliths brought to the surface in later 

episodes of volcanism. 

THE CRUST-MANTLE BOUNDARY AND UPPER MANTLE 

The Moho is taken to be the depth at which a velocity of 8.15 km/s is reached. 

Wide angle reflections are less prominent than those from the mid-crustal horizon, 

indicating that the velocity gradient is less at the Moho; a gradient over a depth 

range of 1-4 kin is interpreted. The depth of the Moho is 36 km deep in the west 

and 41 km deep in the east. The accuracy with which the depth to the crust-mantle 

boundary can be determined is dependent on the velocity distribution in the crustal 

and this is not uniquely determined. Bessonova et al. (1974), Orcutt et al. (1980) and 

others have discussed the problems of placing bounds on the velocity/depth 

estimates from travel-time data. However, the formal bounds so obtained are often 

so wide that it is difficult to use the information in any form of geological/tectonic 

interpretation. Some estimate of the precision of the calculated depths to the 

crust-mantle boundary in the Eromanga Basin can be gauged from the standard 

deviation (SD) values of the Pn velocity and intercept, 0.11-0.12 km/s and 

0.12-01.15 s respectively. Using an average crustal velocity to a depth of 38.5 kin, the 

depth uncertainty is about 2km at the two SD level. 

As mentioned earlier the crust-mantle boundary under the Canaway Ridge is 
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different from that under the surrounding region. The boundary there seems to be 

much sharper and at a depth of about 34 km, i.e. 4-5 km shallower than the average 

for the region. The shallowing of the Moho under the Canaway Ridge is in 

agreement with the shallowing of upper crustal seismic and magnetotelluric features 

and the Ridge could therefore be interpreted as a major hors( structure extending at 

least to Moho depths. The different intra-crustal velocity structure from the sur-

rounding region could also indicate development in a different tectonic episode. 

There are few reflecting horizons evident at greater than 12.5 s TWT on the 

seismic reflection profiling records (Fig. 11). Thus the principal seismic feature of 

the upper mantle is the velocity increase at depths of 56-57 km below a low-velocity 

zone. This seems to indicate that there are broad-scale velocity features in the upper 

mantle which do not have related short wavelength impedance contrasts detectable 

by reflection methods. 

DISCUSSION 

The lithospheric structure of the Eromanga Basin determined from the seismic 

work highlights the contrast between the region and its surrounding tectonic pro-

vinces. The upper mantle velocity immediately below the crust-mantle boundary 

under the Eromange Basin is 8.15 ± 0.04 km/s. Under the North Australian Craton, 

northwest of the present survey area, Finlayson (1982) interpreted upper mantle 

velocities between Tennant Creek and Mount isa of 8.16-8.23 km/s at 50-55 km 

depth increasing to 8.29 km/s at 61 km depth. The upper mantle velocity under the 

central Eromanga Basin is therefore slightly lower but the depths to this velocity are, 

on average .14 km shallower than under the North Australian Craton. 

Southeast of the survey area, under the Lachlan Fold Belt, the crustal thickness is 

about 43 km and the upper mantle velocity is in the range 7.95-8.05 km/s 

(Finlayson et al., 1979; Finlayson and McCracken, 1981). Farther south the crustal 

thickness increases to over 50 km. Thus the crustal thickness under the Lachlan Fold 

Belt is, on average, at least 5 km thicker than under the central Eromanga Basin. 

To the east of the present survey area Collins (1978), Leven (1980) and Cull and 

Riesz (1972) have interpreted seismic refraction data to obtain crustal models. Under 

the Drummond Basin just to the vest of the Anakie regional gravity ridge (Fig. 1), 

Cull & Riesz (1972) recorded very limited refraction and reflection data and 

interpreted a crustal thickness of between 33 and 40 km using velocities of 6.01, 6.75 

and 8.00 km/s for the upper crust, lower crust and upper mantle respectively. 

More detailed, reversed, refraction data have been interpreted by Collins (1978) 

along the axis of the Bowen Basin (Fig. 1). He interpreted a Moho depth ranging 

from 35 km in the north to 37 km in the south of the Basin using a crustal velocity 

model of 4.00-5.53 km/s for the sedimentary sequence overlying an upper crust 

with velocity of 6.39 km/s and a lower crust with velocity of 7.07 km/s. The upper 

mantle velocity was interpreted as 8.10 ± 0.11 km/s. 
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In the southern part of the Bowen Basin Leven (1980) derived his CQEW model. 
The weak refracted arrivals from the Mobo at 32 kin are designated Pn(1) by Leven 
and the much stronger arrivals 1-2 s later from the 42-48 km zone recorded at 
distances beyond 220 km are designated Pn(2) (Leven, 1980; Fig 3.11). However, the 
data were recorded on cross-strike, unreversed, profiles and therefore the crustal 
thickness of 35-34 km obtained by Collins (1978) seems better controlled. The Pn(2) 
arrivals detected by Leven have characteristics similar to the G—H arrivals recorded 
in the Eromanga Basin and a similar interpretation is prefered. Thus there does not 
appear to be any great difference in crustal thickness or upper mantle velocity 
between the Eromanga Basin region and the tectonic provinces to the east of it. 

Within the crust there are also seismic features which contrast the Eromanga 
region with surrounding provinces. The mid-crustal horizon is not a conspicuous 
feature in the crust of the North Australian Craton, Lachlan Fold Belt or Bowen 
Basin although there are less prominent velocity increases at mid-crustal depths 
(Finlayson, 1982: Finlayson McCrackan, 1981; Collins, 1978). Seismic reflection 

profiling, too t  contrasts the Eromanga crust with other regions. Pinchin (1980), 

Collins (1983) and Mathur (1983b) have shown that there are many significant 
reflecting horizons in the upper-crustal basement of the Lachlan Fold Belt, Mc-
Arthur Basin region of the North Australian Craton, the Drummond and Georgina 
Basins and the Denison Trough. Hence the conspicuous lack of horizons between 2 
and 8 s TWT on Eromanga profiling records is a noteable feature. 

Beneath the crust—mantle boundary the velocity structure under the Eromanga 
Basin requiring a velocity increase at depths less than 80 kin is not unusual in 
continental Australia. Leven (1980), Finlayson and McCracken (1981), and Finlay-
son (1982) and Drummond (1983) have all interpreted sub-crustal velocity increases. 
Velocity reductions in the upper mantle are also interpreted for the lithosphere 
under parts of Europe (Fuchs, 1979). However in Australia the, data are too sparse to 
draw any general conclusions about upper mantle structure. 
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ABSTRACT 

Magnetotelluric data from the central Eromanga Basin indicate that one-dimen-
sional resistivity models are appropriate for the region. The uppermost Jurassic-
Cretaceous Eromanga Basin sequence contains flowing aquifers and has-an average 
section resistivity in the range 1 to 7 ohm m with a mean of 4 ohm m. This overlies 
the older sedimentary sequences of the Cooper (Permo-Triassic) and Adavale (Devo-
nian) Basins with resistivities in the range 10 to 400 ohm m, which present good 
resistivity contrasts for determining sub-surface morphology at the base of the Ero-
manga sequence. The depth extent of the older sequences is not well resolved because 
of the overlying highly conductive layers, but it appears to be greater than that 
determined from seismic reflection data in the Coonavalla Syncline and Warrabin 
Trough. 

Basement rocks of the Thomson Fold Belt have resistivities in the range 750 to 
3800 ohm in with an average of 1300 ohm m. This resistivity is evident to depths 
of 40-60 km. and consequently represents the conductivity of the Earth's crust in 
the region. No highly-c,orductive layers were detected within this crustal sequence. 
In the depth range60 to I Im, resistivities decrease to less than S ohm m. Such 
resistivities at 150 km depth are in broad agreement with data obtained from mag-
netometr array studies in southeastern Australia, which are explained by other 
authors in terms of a 5% partial basalt melt. 

KEY WORDS: Magnetotelluric data, crust, upper mantle, Eromanga Basin. 
Queensland, resistivity, conductivity, aquifers. 
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INTRODUCTION 
In 1980 the Bureau of Mineral Resources, Geology 

& Geophysics (BMR) undertook a multidisciplinary 
geophysical survey to examine the regional structure 
of the central Eromanga Basin in Queensland and the 
underlying Cooper, Adavale and Galilee Basins 
(Harrison et al., 1980). As part of this program. 
magnetotelluric (MT) techniques were employed to 
examine the conductivity of the Earth's crust and 
upper mantle. Recordings were made at 12 sites in 
the central part of a 300 km seismic reflection /refrac-
tion travel -se, which was surveyed to determine the 
deep structure of the crust. A ISO km profile in the 
centre of this traverse was investigated by '6-fold con-
tinuous seismic reflection profiling to determine detail 
within the sedimentary sequence and the underlying 
crust (Fig. I). 

Vozoff (1972) has described in some detail the 
techniques for applying the MT method to sedimen-
tary basins and deeper structures. Electromagnetic 
disturbances generated in the Earth's upper atmos-
phere penetrate the Earth, resulting in telluric cur-
rents within the Earth's strata. These currents, in  

turn, perturb the electric (E) and magnetic (H) com -
ponents of incoming electromagnetic field measured 
at the Earth's surface. - 

The depth of penetration of electromagnetic dis-
turbances is inversely related to the rock conductivity. 
In a uniformly conducting Earth, the depth at which 
the amplitude of the disturbance has fallen off to lie 
(e = exponential constant) of its surface value is 
called the skin depth (8) and is approximately given 
by the function: 

where f = frequency of oscillation (Hz) 
p = resistivity (ohm-m) = I/conductivity 

(siemens/rn) 

Thus by measuring both the H and E fields over a 
range of frequencies, the conductivity structure within 
the Earth can be established using the inversion tech-
niques described by Vozoff & Jupp (1975), Jupp & 
Vozoff (1975), Hermance (1973), and Vozoff 
(1972). The electrical conductivities of rocks are 
strongly influenced by ionic transport, -fluid content 
and temperature; hence all these factors must be taken 
into account in the interpretation of models resulting 

MS. received 4 May 1982;- revised MS. received 25 June 1982. 
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Fig. I. Simplified basin structure and magnetotelluric site locations in the central Eroinanga Basin. 

from the data inversion process. Other geophysical 
constraints from well log data, geological models and 
seismic information should be applied where appro-
priate. 

GENERAL GEOLOGY OF THE CENTRAL 
EROMANGA BASIN 

The geology of the sedimentary sequences within 
and underlying -  the Eromanga Basin has been de-
scribed by Senior et al. (1978), Senior & Flabermehl 
(1980), Ingram (1971), Rumph (1978), and Pinchin 
& Senior (1982). The simplified geological structure 
is illustrated in Figure 1. 

The Eromanga Basin is a large sedimentary basin 
within the Great Artesian (hydrological) Basin. In 
the area of study it overlies and entirely conceals two 
older basins, the Adavale Basin and the Cooper 
Basin. The Basin was formed in Jurassic to Creta-
ceous lime and forms a flat-lying blanket of sedi-
ments over the whole of the region. Within the Ero-
manga succession the Jurassic sequence is 500 to 1200 
in thick, and consists mainly of continental deposits 
of quartzose arenite interbedded with carbonaceous 
siltstone and mudstone. The Cretaceous sequence is 
500 to 1800 no thick in the central Eromanga region; 
the thickest accumulations are thought to be in the 
Cooper Syncline (Fig. t).A marine environment per- 
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skied throughout most of the Lower Cretaceous 
period. However, in the Middle to Upper Cretaceous 
the Winton Formation (generally the thickest unit) 
was formed during a return to continental conditions, 
and the weathered surface of this formation now 
forms the surface cover over a large part of the 
region. The remaining cover consists of Tertiary 
remains on the structurally high areas and Quaternary 
alluvium in the synclinal areas. 

Sediments of the Permo-Triassic Cooper Basin 
immediately underlie the Eromanga sequence, except 
on the shelf-areas to the south and east. East of the 
Caraway Ridge, Permian sediments extend for a 
short distance in places and Triassic sediments are 
continuous; in this region the Permo-Triassic se-
quence is known as the Galilee Basin sequence. West 
of the Canaway Ridge, along the line of the MT 
sites, Cooper Basin sediments extend westward from 
site 8 as a thin layer, gradually thickening towards 
the Cooper Syncline (Pinchin & Senior, 1982). At 
Mt Howitt No. I well the total thickness of Cooper 
Basin sediments is 500 m. The Permian sequence was 
laid down in fluviatile, lacustrine and deltaic environ-
ments, which later resulted in thick coal measures. 
The early Triassic was a period of fluviatile and 
lacustrine sedimentation, and some of the coarse-
grained Triassic sandstones have good porosity and 
permeability; however, the Nappamerri Formation 
contains tight sandstones, shales, siltstones and minor 
coal, and forms the cap-rock for gas fields in the 
South Australian part of the Cooper Basin. 

Mid-Devonian to Lower Carboniferous sediments 
are contained in the concealed north-trending War-
rabin Trough (Fig. 1) and may extend farther north 
and west (Pinchin & Senior, 1982). The sequence can 
he correlated with the sediments of the Adavale 
Basin, a subsurface Devonian-Carboniferous basin to 
the east of the Caraway Ridge. Pinchin (pers. comm.) 
has recently indicated that the Adavale Basin is now 
considered to contain only Devonian sediments, and 
in this paper the validity of the statement is assumed. 
In Late Carboniferous times epeirogenic movements 
resulted in uplift and erosion along the Canaway 
Ridge and downwarping of the Warrabin Trough, 
which has thus been preserved, in the same way as 
the Adavale Basin and its associated troughs, as a 
structural remnant of a once continuous area of shelf-
facies deposition between the Australian Craton and 
the Tasman Syncline (Ingram, 1971). 

The Adavale Basin sediments are considered pro-
spective for hydrocarbons on the basis of the gas find 
in the Log Creek Formation at Gilmore No. I well 
(Senior et at., 1978, table 116). A number of explora-
tion wells penetrated Adavale Basin sediments within 
the Warrabin Trough, including Chandos No. I, 
Chandos South No. I, and Cumbroo and Bodalla 
No. I. However, tests on cores from these wells did 
not provide sufficient encouragement for further ex-
ploration (Fig. I). 

SEDIMENTARY STRUCTURE 

The structure of the sedimentary sequences in the 
region has a dominantly northerly trend and is 
characterised by broad, generally low-amplitude folds  

and linear faults. The combination of faulting and 
draping of the overlying sediments, with differential 
compaction, is probably due mainly to basement 
block-faulting. Fault movements have been accom-
modated in the sediments by monclinal flexure or by 
faults that reach the surface. 

The major deformation of the Eromanga sequence 
took place in Early Tertiary time, when, following a 
period of intense weathering, fluvial deposits accu-
mulated in slowly subsiding synclines. A second phase 
involving generally gentle warping, occurred in Mid 
to Late Tertiary time. 

The principal structures of the sedimentary 
sequence along the geophysical traverse described in 
this paper are, from west to east, as follows (Fig. I 

Cetopt" Synritne. the axis of which coincides with 
the present position of Cooper Creek; it contains the 
maximum thickness of Eromanga and Cooper Basin 
sediments. 

Mt Howist Antic/me, a broad, closed structure 
approximately 140 km long and 50 km wide, which 
is slightly asymmetrical with a steeper eastern flank. 

Coonovolia Sync/me, a gently plunging feature to 
the east of the Mt Hewitt Anticline. 

Harkaway Anticline, a N-W trending feature about 
90 km long. Dips are very low, but indicate it is 
slightly asymmetrical with a steeper eastern flank. 

Ta//yabra Anticline, possibly resulting from the 
same fault system as the Chandos Anticline farther 
to the north. 

T/,yiungra Syncline, gravity and seismic work in-
dicating a considerable thickness of sediment in this 
area, which probably corresponds to the deepest part 
of the underlying Warrabin Trough. 

Canaway Ridge, a subsurface feature, represented 
at the surface by the Ray-Pinkilla Anticline near the 
MT traverse, and forming the divide between the 
Warrabin Trough and the Adavale Basin. 

Thorgon,mndai, S/wit, a broad basement feature 
mainly to the south of the survey region, but with an 
extension via the Canaway Ridge along the eastern 
margin of the region. 

HYDROGEOLOGY 

The central Eromanga Basin forms part of the 
Great Artesian Basin (Habermehl, 1980), which is a 
multi-layered, confined aquifer system in which the 
aquifers occur in continental quartzose sandstones of 
Triassic, Jurassic and Cretaceous age. The aquifer 
flow direction is mainly towards the west and SW in 
this section of the basin. This flow direction, com-
bined with the predominantly northerly structural 
trend, has led Senior & Habermehl (1980) to postu-
late that hydrocarbons could have accumulated in 
stagnation zones formed where aquifers have been 
partially blocked by fault movement. They noted that 
relatively small fault displacements would be suffi-
cient to cause this and, using LANDSAT-enhanced 
surface-fault data, pointed out many locations in the 
central Eromanga Basin where such conditions occur. 

BASEMENT GEOLOGY 

Lower Palaeozoic rocks of the Thomson Fold Belt 
form a basement to the sedimentary basins of the 
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central flromanga region. A Cambrian lratisgrcssion 
occurred to the east of [lie Precambrian Australian 
cratoit. Canibriati lithologics have been idenlified in 
many wells to the SW and west of the present survey 
region (Rumph, 978). over 1600 m of section being 
penetrated in at least one well. Lower-Middle Ordo-
vician sedimentation is evident in cores from wells in 
the Cooper Basin area to the SW of the survey area. 
The Late Cambrian-Ordovician Delamerian Orogeny 
in southeastern Australia resulted in Ordovician ages 
being overprinted on the earlier Palaeozoic sediments, 
isotopic ages of 430-480 Ma being measured (Rumph, 
1978). Basaltic and metamorphic rocks in the base-
ment of wells drilled in the Adavale Basin to the NE 

of the survey area indicate ages of 417-480 Ma 
(Ordovician-Silurian). Drillcore data from through-
out the region define a northeasterly trend for the 
early phase of the Thomson Fold Belt (Plumb, 
1979). 

PRE-SURVEY MODELLING 

To estimate the responsiveness of the MT method 
to variations in resistivity and thickness of layers of 
interest, forward modelling was carried out using 
data from the Mt Howitt No. I (Delhi-Santos, 1966) 
and Itodalla No. I (Buchan, 1968) exploration wells 
(Fig. I). These wells were drilled to depths of 2.4 
km and 2.6 'cm, respectively—comparatively shallow 
depths in terms of conventional MT sounding fre-
quencies. Unless there were major contrasts in layer 
resistivities, little resolution could he expected to these 
depths. Resistivities and corresponding thicknesses 
were extracted from the electric well-log data to form 
a one-dimensional model to put into the modelling 
program. 

The Mt Howitt No. 1 well, drilled on the Mt 
Howitt Anticline, intersected approximately 500 m of 
Cooper Basin sediments. In the input MT model, the 
Cooper Basin sedimentary layer was varied succes-

sively in resistivity and thickness by factors of 0.5 to 
2.0. This produced a variation in MT response of 
only about I 

The Bodalla No. 1 well, sited near the Tallyabra 
Anticline, intersected Eromanga, Cooper and Adavale 
Basin sediments: the Adavale Basin sediments are 
about 700 an thick. The object of the modelling in this 
case was to determine the MT response of the Ada-

vale sequence. The MT forward modelling program 
was run first with, and then without, the Adavale 
Basin sequence in the input model. The presence of 
the Adavale Basin sediments also produced only 
about )%-2% change in the MT response. 

The outcome of the modelling, therefore, is not 
very encouraging, as far as direct delectability of the 
Cooper and Adavale sediments are concerned. How-
ever, as discussed in the next section, MT work in the 
South Australia extension of the Cooper Basin 
(Moore et:it., 1977) has shown that MT methods 
can detect the base of the Cretaceous sequence and 
large-scale conductive features in the upper mantle, 
and give some indication of pre-Permian sediments 
and basement structure. 

CONF)tJC'FIVITY STRUCTURE 

Grant & West (1 4165). atitoug others, draw itten-
tion to the fact that, in the absence of serninietallie 
minerals, the electrical conductivity of rocks is largely 
controlled by moisture content, even in the tightest 
igneous and metamorphic rocks. In sedimentary 
basins, therefore, the permeability and porosity of 
the sequences and the conductivity of the contained 
fluids largely determine the apparent resistivities 
measured by the m tenetotel I uric method. Sedimentary 
rocks and unconsolidated material are distinctly more 
conductive than igneous rocks. The conductivity of 
metamorphic rocks is variable, because they have a 
wide variety of porosities. Coupled with the increase 
iu temperature with depth, these factors indicate that 
great care is required in any geological interpretation 
of conductivity structures. 

A number of previous surveys provide information 
on the conductivity structures in the Central Ero-
manga Basin. Whiteley & Pollard (1971) reported 
early resistivity and magnetotelluric work at Win-
dorah (Fig. I) near the present survey areas. The 
resistivity data indicated an 11-ohm m surface layer 
5 m thick, overlying a 67-rn thick layer of resistivity 
55 ohm m, interpreted as brackish groundwater. Be-
neath this was a 82 m thick saline layer (1.5 ohm tn), 
and a 1.22-km thick layer of resistivity 2.6 ohm m, 
overlying an 8-ohm m layer 3 km thick, Based on 
borehole data, the 8 ohm m layer was interpreted as 
being an aquifer sequence in the basal Winton/ 
Mackunda Formations. The MT data extended the 
depth of the interpretation to indicate a very. resistive 
(10 k ohm m) layer 90 km thick under the 8-ohm an 
layer. This is interpreted as being crustal and upper 
mantle rocks, and below this the resistivity decreases 
considerably to 20 ohm m. 

Middleton (1979) reported the results of deep 
electrical sounding near Chandos No. I petroleum 
exploration well (Fig. I) north of the present mag-
netotelluric sites. This interpretation indicated a 20 no 
thick surface layer with resistivity 74 ohm m over-
lying a 1000 m section with resistivity 4.4 ohm m: at 
greater depths the resistivity exceeded 10 ohm an. 
Also a deep sounding near Budgerygar No. I well. 
about 90 km NE of Chandos No. 1, indicated a low-
resistivity layer extending from 330 to 1400 no depth. 

Moore et al. (1977) reported the results of mag-
netotelluric sounding at 5 sites in the northern Cooper 
Basin (250-300 km SW of the present survey area) 
which underlies the Eromanga Basin. Their pre-
survey modelling, based on the electrical logs from 
16 exploration wells, indicated that the Eromanga 
sequence (about 1.5 km thick) had resistivities of 
1.8-3.4 ohm m, overlying the Permo-Triassic Cooper 
Basin sediments with resistivities of 13-73 ohm m. It 
was considered that the magnetotelluric method could 
be applied to mapping the Eronianga sequence, but 
could not provide detailed information within the 
Cooper Basin sediments. However, the method should 
respond to the conductivity contrast between pre-
Permian sediments and basement rocks of the Thom-
son Fold Belt. 

The results from the S northern Cooper Basin sites 
substantiated the modelling data. Resistivities between 
0.9 and 5.9 ohm m were interpreted to depths of 
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1.4-1.5 kin, where there is a marked resistivity in-
crease corresponding to the Lower Cretaceous Tran-
siton Beds. Pre-Permian resistivities were interpreted 
as having significantly greater resistivities than the 
Permo-Triassic sequence, but were variable and did 
not present a good contrast with resistive basement. 

On a larger scale, Woods & Lilley (1980) have 
reported on telluric currents channelled through the 
Eromanga Basin, based on the analyses of magneto-
meter array data. Current flow is concentrated in a 
model basin structure, with a maximum thickness of 
5 km and a resistivity of 2.86 ohm m overlying a 
basement with resistivity of 500 ohm m. These 
authors also commented that this basin structure 
alone was insufficient to account for the observed 
data, and that additional conductors must exist within 
or beneath the basin, causing current concentrations. 

MAGNETOTELLURIC (MT) RECORDING 

SYSTEM AND FIELD WORK 

Cull et al. (1981) have described the BMR record-
ing, data acquisition and processing system, and only 
a brief outline is given here. 

Three magnetic (H) components of the Earth's 
magnetic field are measured using Geotronics induc-
tion coil magnetometers. Field strengths in the pica-
tesla (pT) range are detected and routed to ampli-
fiers with extremely low noise characteristics. Two 
horizontal components of the electric field (E) are 
detected using two sets of electrodes set out in an 
orthogonal arrangement. The separation of the elec-
trodes on each set is 600 m; contact with the ground 

FOR PEtAMPI 	 FOR POST. 

400 Hz 115- 	 AMPS tilT  

is achieved using cadmium rods inserted in a cad-
mium chloride solution in a porous pot, which is in 
contact with moist earth. Voltages across the elec-
trodes are in the range 10-100 mV. 

The utility of a magnettelluric recording system 
in remote areas depends largely on its ability to 
handle large quantities of data and its capacity to 
process the data on-site to the stage at which judge-
ments can be made about data quality and possible 
interpretations. 

The BMR MT system (Fig. 2) used on this survey 
comprised a standard computer-based data-acquisition 
system to record and analyse the three magnetic and 
two electric field components. Data were recorded 
on a 10-Megabyte capacity disc memory and later 
transferred to a 9-track digital tape. Data were 
recorded in seven frequency bands as follows: 

Band 1 0.001-0.012 Hz 
2 0.01 —0.033 Hz 
3 0.03 —0.12 Hz 
4 0.10 —0.55 Hz 
5 0.5 —2.5 Hz 
6 2.5 —12.5 Hz 
7 10.0 —40.0 Hz 

In the higher frequency bands, data sets were col-
lected in a few minutes; some data sets in the low-
frequency bands took over a day to record. Usually 
several data sets were recorded in each frequency 
band to ensure good signal-to-noise ratios. 

Data recorded in the time domain were trans-
formed to the frequency domain for processing. The 
transfer functions of the various amplifiers and filters 
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were calculated prior to recording and used to reduce 
data to a common base. The usual output from the 
initial processing consisted of plots of the rotated-
tensor apparent resistivities and phases versus fre-
quency for each orthogonal component, together with 
tensor-rotation angles. 

In September-October 1980, 12 MT sites were 
occupied along an E-W line at latitude 26 ° 37'S be-
tween longitudes I42 and 144 ° 10'E. The site spacing 
was 15-20 km (Fig. I) and the locations are listed 
in Table I. 

TABLE 1. Site localities 

Site No. Latitude (5) 
dcg, 	miii, 	sec. 

Longitude (E) 
(leg. 	mm. 	see. 

26 	37 33 142 02 50 
2 37 25 IS 30 
3 37 09 27 38 
4 36 31 37 00 
5 35 53 44 10 
6 36 12 57 56 
7 37 20 143 II 10 
S 37 23 20 32 
9 37 23 36 37 

10 37 34 47 06 
11 37 IS 55 23 
12 37 55 144 08 04 

Apparent resistivity data were obtained from all 
sites, but unfortunately an equipment failure caused 
the loss of phase data from sites 7-10, inclusive. 

DATA ANALYSIS AND MODELLING 

All field data were first screened to remove those 
that were unacceptable in terms of coherency (self-
consistency between E and H components) or skew-
ness (indicating complicated three-dimensional struc-
mires) at the frequencies involved (Vozoff, 1972; 
Moore, 1977). The data were then rotated mathema-
tically to compile apparent resistivity and phase plots 
for the electric components perpendicular 
and parallel (E n ,) to the strike by minimising the 
diagonal elements in the impedance matrix (Vozoff, 
1972). The screened and rotated data were then com-
bined into a number of bands (normally 45 or 21) of 
equal logarithmic width on the period axis; a single 
average value was then specified for all apparent resis-
tivity and phase data within each band. These 
screened, rotated and averaged data from each site 
provided the basic input data for subsequent inter-
pretations. The improvement to the apparent resisti-
vity data from site 3 (Mt Hewitt) is illustrated in 
Figure 3. Signal period, rather than frequency 
(I /period) has been used in data presentation. 

Pseudosections along the line of 12 sites were con-
structed for the Ep.rp and E u,, components, to obtain 
some indication of structural uniformity under the 
Eromanga Basin. The apparent resistivities at various 

periods are plotted under each site location and con-
toured (Fig. 4). A comparison of the two pseudo-
sections highlights the similarity in their main 
features, which we interpret as indicating that there 
is no pronounced strike direction and that the one-
dimensional modelling of conductivity structures is 
appropriate. The pseudosections generally can be 
divided into three period zones. At periods less than 
tO s there is a zone of low apparent resistivity (less 
than 4 ohm m). At periods in the range 10-700s the 
apparent resistivity increases from 4 to 40 ohm rn 
and at greater periods under some sites the apparent 
resistivity begins to decrease, indicative of conduc-
tive zones within the upper mantle. Some anisotropy 
is evident in the top and bottom zones at the eastern 
end of the traverse, possibly caused by Canaway 
Ridge structures. 

One-dimensional modelling of structures at each 
site was conducted using the inversion scheme de-
scribed by Jupp & Vozoff (1975). The inversions 
require starting models to be set up based on well log 
and other geologicarinformation. Data from the Mt 
I-lowitt No. I well (Site 3) were used to construct a 
starting model at that site (Fig. 5). Intracrustal and - 
tipper mantle conductivity estimates were derived 
from the character of inflexions on the apparent resis-
tivity curves. Inversions were conducted separately on 
two resistivity amplitude and two phase data sets from 
each site, where available. 

Not all data sets for any one site could be com-
pletely reconciled with a single one-dimensional 
model. However, the basic characteristics of the 
models that fitted the observations at any one site 
were similar. The four models derived at the Mt 
Hewitt site (Site 3) are illustrated in Figure 5. A geo-
logical section of the drillhole is also shown. Low 
resistivities are associated with the Cretaceous 
Winton, Mackunda, Allura Mudstone, Toolebuc and 
Wallumbilla Formations, with an increase in resis-
tivity corresponding with the Jurrasic Horray, West-
bourne, Adori, Birkhead and Hutton Sandstone For 
mations. A further increase in conductivity is evident 
at the base of the Permo-Triassic Nappermerri, Gid-
gealpa and Merrimelia Formations, which overlie 
Ordovician basement at a depth of 2.3 km. 

At greater depths, the general character of the con-
ductivity structure is apparent from the inversion pro-
cess. The final models from the inversion are depen-
dent on the starting models; conductivity structure 
should not be considered solely in terms of formation 
depths because, within the crust and upper mantle, 
temperature as well as fluid content and composition 
plays an important role in determining the conduc-
tivity. At sites where all four data sets are available 
(2 for apparent resistivity amplitude and 2 for phase) 
there is a highly resistive layer from the basement 
contact down to depths greater than 20 km (Fig. 5), 
Below this there is evidence of resistivity decreasing 
until at a depth of about 120 km, where the resis-
tivity is very low (of the order of I ohm m). 

Fig, 3. Nt agneiotct I uric site 3 	Mt Howil t I apparent resistivity rotated. screened and averated data for (a) F 
perpcnctletil;tr-to-strike (F,,,,) and (b) E parallel-to-strike (F,,,) components. Data set I is basic data 
arranged into 44 hands; set 2 is rotated and screened data averaged into 44 bands; set 3 is data rotated 
and screened data averaged into 21 bands, Apparent resistivity scale refers to data set I. 
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Fig. 4. Pseudo-section of apparent resistivity amplitude along the magnetotelluric traverse for (a) E perpendicular-
to-strike and (b) E parallel-to-strike components. 

Model paramenters (resistivities and depths) are 	the sensitivity matrix produced by the inversion pro- 
termed sensitive if moderate changes in them produce 	cess (Jupp & Vozoff, 1975). The sensitive and insen- 
moderate or large changes in the calculated response 	sitive parameters of the Mt Howitt (Site 3) final 
(apparent resistivity or phase versus frequency) and 	models are indicated in Fig. 5. As might be expected, 
insensitive if large changes in them produce little 	the final solutions are clearly more sensitive to the 
change in the calculated response. Some measure of 	conductive, layers and their depth than to the resis- 
the sensitivity of model parameters is obtained from 	tive features of models. For sites 1, 2, 3, 4, 5, 6, 11 
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Fig. 6. Observed screened and averaged apparent resistivity data (dots) and one-dimensional mode! curves (con-
linuous curves) at all magnetotel!uric sites for (a) E parallel-to-strike, and (b) E perpendicular-to-strike 
components. 

and 12 separate one-dimensional inversions were pro-
duced from the resistivity and phase data. For sites 
7, 8, 9 and 10 inversions were produced from resis-
tivity data alone. 

The resulting fit of the models to the screened and 
averaged input data are shown in Figures 6 and 7. 
The resistivity models derived for all sites from the 
li,., and Er.,. components of apparent resistivity am-
plitude have been combined into resistivity profiles 
shown in Figures Li and Sb. In these profiles an 
average resistivity within the near-surface Frornanga 
sequence has been used to obtain a broad regional 
picture of the deeper resistivity features. The average 
resistivity was calculated using the expression: 

rn 

\ Pi 

where jr = average resistivity of the sequence 
rn = thickness of the i th layer 

resistivity of the i th layer 
The one-dimensional results were subsequently used 

to formulate input models for a two-dimensional 
linear inversion procedure developed by Jupp & 
Vozoff (1977). However, the one-dimensional models 
were not greatly changed and the preferred interpre-
tation is based on the one-dimensional results. 
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Fig. 7, Observed screened and averaged phase data (dots) and one-dimensional model curves (continuous curves) 
at 8 magnetotelluric sites for (a) E parallel-to-strike, and (b) £ perpendicular-to-strike components. No 
phase data were obtained from sites 7 to 10, inclusive. 

INTERPRETATION ABOVE BASEMENT 
The uppermost zones of consistently low average 

resistivities in Figures 8a and Sb (generally less than 
5 ohm m) corresponds to the sediments of the Jur-
rassic-Cretaceous Eromanga Basin sequence. The low 
average resistivities reflect high average porosity and 
saturation levels. In the survey area the water-table, 
which is taken to mark the upper boundary of the 
saturated zone, generally occurs at depths of less than 
20 m. The base of the sequence of low-resistivity 
sediment lies at an average depth of 2 km and con-
tains depressions corresponding to the Cooper Syn-
cline, Coonavalla Syncline and Warrabin Trough, 
and at its eastern end there is an uplift to within 0.5 
km of the surface over the Canaway Ridge (Fig. 8a), 

Another feature of this upper zone is the occur-
rence at some sites of average resistivities that are 
anomalously lower than the mean for that zone. This 
occurs at sites 2, 6, 7 on the E,, component, and at 
site 8 on the F,,, 0  component (Figs 8a, 8b). The 
gne:iii esistivily, parnllcl to strike, for all 12 sites is 
3.1 ± 0.8 ohm m. 

The general conductivity trends in rocks have been 
discussed earlier in this paper. In the central Ero- 

manga Basin the sediments are part of a large flowing 
artesian basin and there is a considerable thickness 
of these sediments under each site. Keller (1971) 
indicated that the resistivity in near-surface rocks is 
almost totally due to three factors, namely: (I) the 
water content of the rock, (2) the conductivity of the 
water, and (3) the way the water is distributed in 
the rock. In partially-saturated sediments, the in-
fluence of the water-content factor is orders of mag-
nitude greater than those due to the other two. How-
ever, when this factor can exert no further effect, 
owing to the -fully-saturated state of the sediments, 
variation in the conductivity of the water itself be-
comes the main source of resistivity variation. This is 
expected to be the situation in the central Eromanga 
Basin, where we consider the porosity and saturation 
level to be nearly uniform from site to site along the 
magnetotelluric traverses. 

The conductivity of the groundwater is controlled 
by the concentration of dissolved salts and the cation-
exchange Capacity of [lie host rock. Ilol h titcac pro-
cesses are temperature and time dependent. Local 
vertical movement along faults of hot groundwater 
from great depths can increase near-surface tempera. 
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lures. Polak & Ramsay (1977) explained anomalously 
high temperatures along the northern part of the 
Canaway Fault by upward migration of groundwater 
in the fracture zone adjacent to the fault. Faulting 
may also cause increased salinity, due to long periods 
of chemical interaction between water and rock. 

As mentioned in the earlier section on hydrogen-
logy, Senior & Habermehl (1980) have shown that 
comparatively small fault-displacements can obstruct 
several aquifers and cause stagnation zones. These 
displacements (approx. 50 m) are more likely to pro-
duce an effective seal of disconnected aquifers than 
larger movements, which would probably result in a 
broad fracture zone, permitting substantial leakage. 

The significantly low average resistivity values in 
the near-surface zones at Sites 2, 6, 7 and 8 could 
be due to local increases in porosity or to increased 
salinity resulting from long periods of stagnation. 
Senior & Habermehi (1980) associated such stagna-
tion zones with hydrocarbon entrapment. 

The zone immediately underlying the uppermost 
low-resistivity sediments has resistivities in the range 
5 to 500 ohm m, which are hereinafter referred to as 
intermediate resistivities (Figs 8a, 8b); it lies imme-
diately under low-resistivity rocks and is consequently 
not well resolved. Drillhole data indicate porosities 
in the range 4% and 10%, the average conductivity 
of the water being the same as that in the overlying 
sequences. At the eastern end of the magnetolelluric 
traverses (Fig. I) the Caraway Ridge structure is 
evident as a shallowing of this zone in the B,,, sec-
tion (Fig. 8a). There is also evidence for this zone 
within the Cooper Syncline, the Coonavalla Syncline, 
the Wan-abin Trough, and a feature on the western 
flank of the Caraway Ridge. 

Figures 8a and 8b indicate that below Sites I and 
2 in the Cooper Syncline are probably 4-5 km of 
isotropic sediment with resistivity in the range 95 to 
ISO ohm m. Within the Warrabin Trough under sites 
7, 8 and 9, the upper few kilometres of this zone of 
intermediate-resistivity rocks appear anisotropic. The 
underlying isotropic rocks with resistivities in the 
range 5 to 500 ohm m have an ill-defined base, but 
probably are at least 10 km thick. In the Coonavalla 
Syncline the intermediate resistivity zone appears to 
be 2-3 km thick and anisotropic. On the E r,, resis-
tivity section (Fig. 8b) is a layer of fairly uniform 
resistivity (95-110 ohm m) extending from the 
Cooper Syncline to under Site 7. The Permo-Triassic 
Cooper sequence is known to extend into the region, 
and although variations in this Cooper sequence 
could barely be detected in pre-survey modelling, it 
is quite probable that some associated feature, such 
as steep dips or folding with an axis along strike, is 
producing an MT response. 

SEISMIC DATA COMPARISON 

Wake-Dyster & Pinchin (1981 ) have described the 
seismic reflection profiling conducted by BMR during 
1980 in the Central Eromanga Basin, The magneto-
telluric Sites 3 to II, inclusive, lie along Traverse 1 
of this survey. The uppermost 4 seconds of two-way 
reflection record section are shown in Figure 9, to-
gether with the locations of magnetotelluric sites and  

one-dimensional interpretation above basement from 
the B,., component. 

As described earlier, the Mt Howitt No. 1 well-log 
data have been used as a basis for models of the 
sedimentary sequence. The depth to the top of the 
Permian is 2.1 km; this horizon is detected as a strong 
reflector (P-horizon) west of Site 8. It is recognised 
in the magnetotelluric data as the resistivity contact 
between the Eromanga sequence and the higher resis-
tivity Permo-Triassic sequence (Fig. 9). 

Beneath the P-horizon west of Site 8 few clear 
seismic horizons are recognised. The magnetotelluric 
data do, however, indicate a thicker sedimentary sec-
tion, and its extent is indicated in Figure 9. As men-
tioned earlier, part of the section may correspond to 
the eastward extension of the Cooper Basin sequence. 
The deeper part of this section is speculatively inter-
preted by us as a Devonian sequence, possibly the 
equivalent of the Adavale Basin sediments in the 
Warrabin Trough, but separated from them by the 
Harkaway Anticline._ 

East of Site S are the structures of the Warrabin 
Trough described by Pinehin & Senior (1982) based 
on the seismic data. The low-resistivity Eromanga 
Basin sequence here overlies Devonian Adavale Basin 
sediments (Fig. 9) which are interpreted as being of 
intermediate resistivity. Its thickness is estimated at 
3 km from the seismic data. The magnetotellurie 
data indicate a greater thickness of intermediate-
resistivity rocks, but the interpretation of their depth 
extent is weakened by the lack of phase data at sites 
7 to 10, inclusive. 

Data from Sites 11 and 12 are strongly influenced 
by the Canaway Ridge, which is regarded by Pinchin 
& Senior (1982) as a fault-bounded basement horst. 
There does appear to be some evidence of inter-
mediate-resistivity rocks under these sites. 

DEEP CRUSTAL AND UPPER MANTLE 
INTERPRETATIONS 

Below the hydrocarbon-prospective sequences, the 
basement rocks at Mt Howitt No. I well are Ordo-
vician shales. Along the Canaway Rdge, exploration 
well information indicates granodiorite basement in 
Budgerygar No. I, schist and basalt in Yongala No. 
I, and phyllite in Canaway No. I (Pinchin & Senior, 
1982). These rocks are taken by us to be representa-
tive of the underlying Thomson Fold Belt. They are 
characterised in the magnetotelluric data by resisti-
vities in excess of 500 ohm an and generally in the 
range 900-2000 ohm m. 

The Fold Belt rocks are generally isotropic and 
free of large lateral resistive discontinuities, except 
below Sites 8 and 9, where Warrabin Trough sedi-
ments are present to considerable depth. The Belt has 
little major structural deformation, and the pseudo-
sections suggest it consists of low-amplitude folds of 
long wavelength. The upper surface of the Fold Belt 
rocks marks the basement of the hydrocarbon-pro-
spective sequence in this region and occurs at an 
average depth of 3-4 km. 

The lower boundary of this resistive zone is a sen-
sitive' parameter in the magnetotelluric modelling 
and generally occurs at 40-60 km depth. This highly 
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resistive zone, therefore, corresponds to most of the 
Earth's crust in the region. The strike obtained from 
the rotation angle information is 17-75', which 
agrees with the compilation of Rumph (1978) who 
indicated that Thomson Fold Belt rocks underlie 
most of the central Eromanga Basin, consisting 
mainly of mel amorphic rocks displaying it strong 
northeasterly trend. 

There is no evidence in the data for highly con-
ductive regions within this zone as have been inferred 
elsewhere. Resistivities of about S ohm in at 20 km 
depth have been inferred under the Basin and Range 

Province (Lienert & Bennett, 977), and of about 13 
ohm m at 28 km depth under the Colorado Plateau 
(Pedersen & Hermance, 1981) in western USA. Resis-

tivities of 10-20 ohm m have been inferred at depths 
of 25 km in southern Africa (Van ZijI, 1977). 

At depths in excess of 60 km there is a general 
trend toward lower resistivities, the transition from 
1000 ohm m to about I ohm m occurring in the depth 
range 60 to 150 km. Moore et al. (1977) indicated a 
similar general decrease in resistivity at about 90 km 

depth in the southern Cooper Basin, and in the 
Murray Basin of southeastern Australia, Vozoff et al. 
(1975) interpreted a decrease in conductivity at about 

100 km depth. It is probably simplistic to interpret 
the model resistivity layering in terms of geological 

layering, because of the considerable effects of tem-
perature (partial melting) at such depths. Lilley et al. 
(1981) discussed the minimum depths to various 
resistivity levels within the upper mantle, and indi-
cated that in southeastern Australia the minimum 

depth to 100 ohm no is about 120 km. and to I ohm 
m is about 230 km. The equivalent depths in central 

Australia are about 200 km and 450 km, respectively. 
The indications from the Eromanga Basin data are 
that resistivities in the range I to 10 ohm in are  

reached at depths less than 150 km and therefore 
broadly agree with data from southeastern Australia. 
Lilley et al. (1981) indicated that a zone of 5% 

partial basalt melt at depths of about 150 km satisfies 
the conductivity structures for southeastern Australia. 

COMMENT 

The relatively small departures from one-dimen-
sional structures along the greater part of the mag-
netotelluric traverse have allowed simple layered 

models to be used as a basis for interpretation. Por-
stendorfer (1975) estimated that in situations where 
it conductor overlies a resistive substratum, which is 
the case in the Central Eromanga Basin, the calcu-

lated depths are likely to have an error of about 
10%. 

No attempt has been made to interpret the strati-
graphy .within the Eromanga Basin sequence, because 

with a site separation of about 20 km and skin depths 
at the higher frequencies of less than 0.2 km, cor-
relating between sites is speculative. 

Below the low-resistivity, near-surface Eromanga 

Basin sequence there are indications that the sedi-
mentary sequence is thicker than that indicated from 
the seismic data. The basement morphology from the 
magnetotelluric data highlights the long-wavelength 
features of the Thomson Fold Belt. 
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THE MID-CRUSTAL HORIZON UNDER THE EROHANGA BASIN, EASTERN AUSTRALIA. 

D.M. FINLAYSON 

Bureau of Mineral Resources, Geology & Geophysics, Canberra, Australia. 

ABSTRACT 

Long-line explosion seismic recordings indicate that a major mid-crustal 

P-wave velocity increase exists under the Eromanga Basin which contrasts the 

crust of this region from its neighbouring tectonic provinces. The velocity 

increase is shown to be a regional feature and to correspond to the upper 

boundary of a zone of discontinuous seismic reflections characteristic 

of the lower crust. The velocity increase of 0.35-0.6 km/s occurs over a . 	 ' -• 

small depth range at an average depth of 24 km. This velocity gradient 

produces conspicuous wide-angle reflections at distances greater than 60 km 

from the shot point. The seismic data present the clearest evidence to date 

of the existence of a major mid-crustal horizon in continental Australia, a 

feature not prominent in other cratonic provinces which have been investigated 

in detail. The velocity in the lower, crust below the horizon is 6.7-7.0 km/s. 

The horizon represents a boundary between the upper and lower crust which 

could imply a different tectonic history for these two zones. 

INTRODUCTION 

On a world scalar anomaly map of Magsat data,. the Eromanga Basin in 

eastern Australia stands out as a prominent magnetic anomaly low (Frey, 

1982) which contrasts with its neighbouring tectonic provinces. A large 

proportion of the Earth's crust must be involved in producing this anomaly. 
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Using a magnetite Curie point of 670 degrees C and the Sass & Lchenbruch 

(1979) geotherms for central and eastern Australia, a Curie point depth of 

35-40 km is appropriate for the Eromanga Basin and surrounding region. Thus 

we have at least one geophysical parameter which strongly suggests that the 

Earth's crust under Eromanga Basin is significantly different from that of 

surrounding regions of continental Australia. 

In 1980 the Bureau of Mineral Resources, Geology & Geophysics (B4R) 

conducted a long-line seismic refraction survey and coincident vertical seismic 

profiling to 20s in the central Eromanga Basin region (Fig. 1). Finlayson et al 

(1983, in press) have already reported some results from the refraction work 

along the 300 km east-west traverse and summarised the major geological 

features of the region. Mathur (1983, this volume) has highlighted the 

significant features of the deep vertical profiling records. A major feature 

of the velocity/depth distribution from the east-west data is the prominent 

mid-crustal horizon at a depth of 21-2'r km where the P-wave velocity increases 

by up to 0.6 km/s in a depth range of less than 0.5 kin. This is interpreted - 

from large-amplitude wide-angle reflection phases beyond the critical distance. 

During 1981 BMR conducted further long-line seismic refraction recording on 

a north-south azimuth traversing the Adavale Basin, Quilpie Trough and 

Thargomindah Shelf (Pig. I). Figure 2 Is a simplified stratigraphic diagram 

of the Eromanga Basin and its underlying basins. This paper presents 

interpretations of data from this traverse and provides further evidence 

for a mid-crustal seismic horizon as a general feature of the crust under 

the Eromonnga Basin and discusses its significance for theories on the tectonic 

evolution of the region. 	 - 

THE MIDDLE CRUST 

Seismic models of the Earth's continental crust have long recognised 

the necessity of including some form of increase in the P-wave seismic 

velocity with depth in order to satisfy observed data (e.g. see Bott, 
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3. velocity/depth profiles from other regions of continental Australia. 

1) Pilbara Block (Druminond, 1983), 2) McArthur Basin, North Australian 

Craton (Collins, 1983); 3) Tennant Creek, North Australian Craton 

(Finlayson, 1982); 4) southern Lachlan Fold Belt (Finlayson at al, 

1919); 5) northern Lachlan Fold Belt (Finlayson & McCracken, 1981). 
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1971). Such models often include the concept of upper and lower :crustal 

layers separated by a Conrad discontinuity at which the velocity increased. 

Explosion seismic work during 1950-1970 indicated that such simple models 

were not appropriate and more complex velocity/depth distributions were 

required to satisfy the observed data (for reviews see Closs,1969; 

Sollogub, 1969; Kosminskaya et al 1969; Healy and Warren, 1969)..  The 

concept of a single mid-crustal discontinuity changed to one of many possible 

velocity gradients in the crust. At the extreme there were places where 

no layering within the crust was evident and continuous velocity increases 

with depth were enough to satisfy data. Mueller & Landisman (1966) pointed 

out that low velocity zones were likely in the crust at depths less than 20 

km. In fact, these authors included observations from southeastern Australia 

by Doyle et al (1959) to substantiate their interpretations. Mueller & 

Landisman (1966) also used statistical evidence from deep vertical soundings 

by Liebscher (1962) to illustrate further evidence for horizonsthroughout 

the crust, including a Conrad discontinuity at 7s two-way reflection time i.e. 

at about 21 km depth. However, the widespread existence of a Conrad 

discontinuity throughout all continents was rightly questioned. 

In Austrtalia recent detailed investigations of continental structure 

resulted in more complex crustal features being recognised. Figure 3 

illustrates examples of veloèity/depth models from the Phanerozoic Lachlan 

Fold Belt in southeast Australia (Finlayson et al, 1979; Finlayson & McCracken, 

1981), Proterozoic North Australian Craton (Collins, 1983; Finlayson, 1982) 

and Archaean Pilbara Craton (Drummond, 1983). All models are characterised by 

velocity gradients rather than 'discontinuities' at mid-crustal depths 

(Finlayson, 1979). Thus in regions of exposed basement geology throughout 

Australia there does, not appear to be a major mid-crustal. horizon. 

In recent years the tectonic significance of mid-crustal seismic horizons 

has changed also. The models of continental crustal structure have long been 

constrained by the geochemistry of rocks comprising the continental lithosphere 
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(see for example McLennan & Taylor, 1982: Ringwood, 1982). However, 

the introduction of long, deep-seismic, reflection profiles in continental 

USA has highlighted the possibility of large scale decollement and 

mylonite horizons inthe middle crust many hundreds of kilometers in extent 

resulting from horizontal tectonic movements (see for example Smithson et al 

1980; Cook et al, 1979; Harris & Bayer, 1979). Hence continental mid-

crustal horizons may not only be interpreted in terms of compositional or 

metamorphic horizons resulting from vertical geochemical differentiation 

but also in terms of large scale extension and shortening of the 

lithosphere. 

SEISMIC REFRACTION VROFILES 

The locations of seismic refraction profiles used in this paper are shown 

in Figure 1. The east-west traverse extends from the Cooper Basin 

across the Warrabin Trough, Canaway Ridge, Quilpie Trough and Cheepie 

Shelf. The north-south traverse extends along the axis of the Adavale Basin 

and Quilpie Trough on to the Thargonindah Shejf.In this paper only the 

recorded seismic data out to distances of 150 km will be discussed. Hence 

the east-west line will be considered as two reversed, 150 km traverses A-B 

and B-C, and the central part of the north-south line will be considered as 

two reversed, 150 km traverses E-F and F-G. A full description of survey 

operations has been written by Lock (1983). 

The shots for the interpretation in this paper were, respectively, 0-7t and 

0.9t on the east-west and north-south lines. Dupont Anzite Blue explosive 

was placed at 40 m depth in drillhole patterns, usually 100 kg of explosive 

per hole. The shots were fired electrically and timed with respect to the 

Telecom Australia radio time signal broadcast by VNG. Seismic recordings were 

made at 7.5 km intervals on BMR automatic seismic tape recording systems, 21 

of which were used on this survey. These systems record both a high and 

a low-gain vertical seismic channel (24 dB separation, frequency modulated), 
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a programmable crystal clock time-code and the VNG radio time signal to 

ensure a common time source for all data (Finlayson & Collins, 1980). 

SEISMIC RECORD SECTIONS 

Seismic recordings were digitized using the playback system described by 

Liu & Seers (1982). The seismic record sections produced from the data 

for this paper all have the traces nomalized to the maximum amplitude 

on each individual trace and all have been filtered in the bandpass 

2-15 Hz. In many cases the low-gain seismic channel displayed the 

character of the seismic phases better than the high-gain channel because 

of overmodulation of the large amplitude phases on the high-gain channel. 

Consequently the majority of traces displayed on the record sections are 

from the low-gain channel. The high-gain channel has however been used to 

determine the arrival times of the various phases, often with an error of 

less than 0.05s; these are indicated by dots ba the record sections. - 

The diagnostic features of a major velocity boundary at mid-crustal depths 

have been outlined by Bott (1971) and Braile & Smith (1975). These are 

principally the large amplitudes expected for super-critically reflected 

energy from the boundary, the apparent velocities of the refracted 

and reflected phases from within the upper crust and the identification of 

refracted phases from the lower crust. 

TRAVERSE A-B-C (EAST-WEST) 

Data from the traverse A-B-C have already been described by Finlayson et al 

(1983; in press); only the essential features of the mid-crustal horizon 

will be described here. Figures 4 a,b,c and d show the seismic record 

sections along the two halves of the traverse in the distance range 40 to 

160 km. They clearly illustrate seismic phases interpreted as traversing 

the upper and middle crust. The series of first arrivals out to distances 

of about 100 km (labelled p-q) are usually implosive and have an 
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4. Seismic record sections from the east-west traverse A-B-c. a) Shots at 

A recorded to B; b) shot at B recorded to A; c) shots at C recorded 

to B; d) shot at B recorded to C. Seismic traces have been normalised 

to equal maximum amplitude and filtered in the bandpa8s 2-15 lix. Dots 

indicate first arrivals confidently read from high-gain records (not 

all shown). The various seismic phases are described in the text. 
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apparent velocity of less than 6.1 km/s. They are identified with P-waves 

traversing the upper crustal basement beneath the sedimentary sequence. 

The other significant phases displayed in the record sections are the 

events labelled r-s. In Figures 4 a,b and c they are evident at distances 

greater than 60 km. Near point 'r' the apparent velocity is greater than 6.5 

km/s and near point 's' it approaches that of the upper crustal basement i.e. 

about 6.1 km/s. The low apparent velocity of the critically refracted events 

'r-t' precludes their being upper mantle arrivals. These large amplitude 

events are interpreted as being wide-angle reflections from a prominent 

mid-crustal velocity increase. In Figure 4d the events labelled z-y have a 

much higher apparent velocity than events r-s and Finlayson et al (1983, in 

press) have indicated that they result from a shallower crust/mantle boundary 

under the Canaway Ridge where the crustal velocity/depth distribution is 

significantly different from the surrounding region. 	 - 

TRAVERSE E-F-C (NORTH-SOUTH) 

The traverse B-F-C was designed to extend the regional coverage of crustal 

investigations to ensure that features found on the east-west traverse were 

not isolated features. Figures 5 a,b,c and d show the seismic record sections 

in the distance range 40 to 160 km from the central part of the north-south 

traverse. Traverse E-F (Figs 5 a,b) is centrally placed in the Adavale Basin. 

The features seen on the east-west traverse are again evident on this north-

south traverse. Arrivals p-q have apparent velocities of less than 6.1 1cm/s 

and arrivals r-s have a similar character to wide-angle reflections from the 

mid-crustal horizon on the east-west traverse. This interpretation is 

therefore attached to the r-s events on the north-south traverse. 

Traverse F-C (Figs S c,d) crosses from the Adavale Basin and Quilpie 

Trough onto the Thargonindah Shelf. The difference in thickness of low-velocity 

basin sediments under shot points F and C is an obvious feature of the 

record sections, the first arrivals at distances out to 60 km being 
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5. Seismic record sections from the north-south traverse E-F-C. a) Shots 

at E recorded to F; b) shot at F recorded to E; c) shot at F recorded 

to C; d) shots at C recorded to F. Trace display and annotation the 

same as in Figure 4. 
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0.8-0.9s earlier from shot point C. However this difference between the 

thickness of basin and shelf sediments can be taken into account in any 

interpretation. The principal feature of the record sections beyond 

40 km is still the series of wide-angle reflections from a horizon 

in the middle crust. 

VELOCITY/DEPTH MODELS 

Finlayson et al (1983, in press) have derived velocity/depth models for the 

traverse A-B-C. The travel-time curves for these models are superimposed 

on the record sections in Figures 4 a,b,c, and d. The models themselves 

are shown in Figure 6. The interpretation of the record sections from the 

north-south traverse' D-E-F was conducted in a manner similar to that for the 

east-west traverse. The travel-time curves from the preferred models are 

superimposed on Figures 5 a,b,c and d. These models are also shown in Figure 6. 

One feature of the models different for the north-south line compared 

with those for the east-west line is the lack of a reduction in velocity in 

the upper crust at depths of 5-12 kin. The models shown in Figure 6 

indicate that there is no decrease in velocity in the approximate depth 

range 12-22 kin and it is possible that the sharp velocity reduction on the 

models from the east-west line should not be taken as a significant feature. 

Certainly, if the velocity reduction in Fig. 6 model 3 was reduced, the. 

depth to the mid-crustal horizon would increase and be more in accord with 

the average depth of 24 kin for this horizon. 

VERTICAL SEISMIC REFLECTION PROFILING 

As mentioned in the introduction, extensive seismic reflection work was 

also conducted in the central Eromanga Basin. Approximately 1500 km of 6 fold 

CD? shooting was recorded to 20s two-way reflection time. Mathur (1983, 

this volume) has described some of the deep reflection recording results 

from the central part of the east-west traverse A-B-C. Below the sedimentary 
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6. Velocity/depth models for the central Erosianga Basin and Bowen Basin. 

1) shot point A towards the east; 2) B west; 3) C west; 4) B east; 

5) E south; 6) F north; 7) F south; 8) C north; 9) Bowen Basin CQEW 

model (Leven, 1980); 10) Bowen Basin model 3 (Collins,1980). 
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sequence there is a zone of very few reflections until a two-way reflection 

time of about 8 s is reached. Between B and 12.5 a there is abroad zone of 

numerous short, discontinuous reflection events which model studies (Fuchs,1969) 

have shown can be produced by laminae of alternating high and low velocity 

the layer thicknesses being less than the seismic wavelength of about 

100 in. The mid-crustal horizon interpreted from the long-line refraction 

work described in this paper corresponds with the start of the prominent 

reflection events in the middle crust. 

Under the north-south traverse D-E-F the same zonation can be applied to 

the reflection events. The zone of reflection events is in the two-way-tma 

interval 8-14 s (Nathur, pers. Comm.). The velocity/depth models in Figure 6 

are compatible withthe vertical reflections at 9 s. 

of the Adavale Basin. 

DISCUSSION 

The seismic 'record sections in Figures 4 and 5 present the clearest 

evidence to date of the existance of a major mid-crustal velocity increase in 

continental Australia. The data from both east-west and north-south 

traverses show that this feature is not an isolated structure but is general 

throughout the central Eromanga Basin. The only exceptional structure 

is that under the Conaway Ridge from shot point B shooting eastwards which 

results from a different tectonic environment under the Ridge. 

The mid-crustal horizon does, however, generally seem to be present under 

both basin and shelf areas. The velocity increase at this horizon is 

interpreted as being in the range 035 to 0.6 km/s and its depth being 

in the range ii to 25 km, however the average depth is about 24 km. 

In Figure 7 the refraction and reflection information have been combined 

to produce a schematic representation of the Earth's crust in the 

central Eromanga Basin. The deep velocity structure has been taken from 

the interpretation of Finlayson (1953; in press). It includes a crust/ 
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7. Schematic lithospheric section for the central. Eromanga Basin region, 

a) derived from the character of the vertical seismic reflections 

(Mathur, this volume), and b) velocity/depth profile from shots at A 

(Fig. 1) recorded eastward. Deep reflection data (greater than 4 a 

two-way-time) are not available east of the Canaway Ridge, therefore the 

nature of the reflection horizons there is only diagramatic. In a), 

symbols in the depth range 0-5 km represent Devonian and younger sediments; 

5-24 km - highly deformed metasediments/metavolcanics of the Thomson Fold 

Belt and other late Proterozoic-early Palaeozoic rocks; 24-40 km -- lower 

crustal rocks with increasing average velocity and layered, possibly by 

metamorphic fronts, underplating or magma intrusion; 40-70 km -- amorphous 

upper mantle rocks with broadly varying velocity with depth, including a 

low velocity zone. 
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mantle boundary at a depth of 36-41 km with a velocity in the upper 

mantle of 8.15 km/s. Deeper within the upper mantle at a depth of 

56-57 km there is another seismic horizon where the velocity increases 

to 8.35 km/s. A low velocity zone is interpreted above this horizon. 

The vertical reflections apparent in the lower crust cut out fl1  the 

crust/mantle boundary and within the upper mantle there are no further 

reflections (Mathur, this volume). 

The tectonic significance of the mid-crustal horizon in the Eromanga 

Basin is difficult to determine. Such prominent horizons are by 

no means always recorded in continental regions. In some areas of Europe 

particular horizons evident on reflection records are associated with 

'discontinuities' e.g. the Conrad and Subconrad discontinuities of 

Dohr & Meissner (1975), and not with broad zones of reflections. 

Under the Columbia Plateau and Basin and Range Provinces ofwestern USA 

Prodehl (1970, 1971) identified his b and 'a-b' events on long-line 

refraction profiles with retrograde branches of the travel-time 

curve originating at fairly strong velocity increases at mid-crustal 

depths. However the events are not ubiquitous. Prodehl (1970) for 

example, interpreted a distinct lower crustal layer with the velocity 

increasing from 6.4-6.6 km/s to 7.0 km/s under the northern Basin and 	
K 

Range Province but not in the southern part. Braile (1977) and 

Muller & Mueller (1979) have shown how in another parts of the Basin 

and Range Province (eastern) there is a thin crust (30 kin) with 

the lower crustal velocity only reaching 6.4-6.6 km/s and the dominent 

mid-crustal reflections come from a velocity increase at about 10-12 km 

depth, below & low velocity zone. 

Thus the long-line refraction data alone can be interpreted in many ways. 

However, combined with the vertical reflection profiling data there seems 

to be a major difference in the geological character of the upper and 

lower crustal zones of the central Eromanga Basin, the upper crust under the 
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sediments being effectively 'transparent' and the lower crust displaying 

effectively a multiple series of short reflecting horizons. 

Some measure of credibility must therefore be accorded to a number 

of tectonic models mentioned below. Mueller (1977) has taken characteristics 

such as those found under the Eronianga Basin into account in his generalised 

model of the continental crust, emphasizing the diversity of possible 

tectonic situations which can arise. In this model the lower crust 

with velocities of about 7 km/s is composed of inafic metamorphic 

rocks with, perhaps, migmatitic rocks overlying amphibolite facies 

rocks contributing towards the rapid velocity increase at mid-

crustal depths. 

The different character in the vertical reflection records from the 

upper and lower crust leads to speculation that tectonic episodes 

in these two crustal regions were different. The upper crust could 

be uniformly plutonic so that no seismic reflectors arise, or else it could 

be highly folded and faulted thus precluding the return of coherent 

seismic energy.This latter interpretation is preferred based on the 

comparatively low resistivitl.es of the crust (Spence & Finlayson,1982). 

The lower crustal reflection character could result from metamorphic 'fronts' 

(Mueller, 1977) during some tectonic episode which may or may not be 

contemporaneous with upper crustal tectonism. Rutland (1982), for instance, 

has argued in favour of the separate development of the upper and lower crust 

in continental Australia. Much of the upper crustal rock in eastern Australia 

is envisaged as being reworked older continental material with platformal 

cover. The lower crustal rocks are considered to be from a different 

chelogenic cycle (global thermal cycle of the order of 1000 Ma) and this may 

result in a different seismic reflection character as well as causing a 

velocity unconformity corresponding to the mid-crustal horizon (Conrad 

discontinuity). 

Other mechanisms which may cause the lower crustal 'laminated' seismic 
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character include the introduction of basaltic melt, fractions or some form of 

underplating by differentiated upper mantle components either at the time of 

cratonisation or later. Ewart et al (1980) and Wass & Hollis (1983) have 

proposed such underplating for crustal thickening under eastern Australia. 

Similar episodes could arise during the cratonisation of back-arc or 

pericratonic basins to cause the laminated structure under the Eronanga Basin. 

The structure under the Canaway Ridge (Fig. 6 profile 6) is enigmatic 

at this stage. Finlayson et al (1983) have compared the velocity structure 	- 

with that of Leven's (1980) CQSW model from the Bowen Basin (Fig. 6 

profile 9). However, this latter model, derived from seismic profiles 

recorded cross-strike, differs from the longer reversed profiles 

of Collins (1980) albng the axis of the Bowen Basin (Fig. 6 profile 10). 
Io..jtr 

Collins interprets a 	.-crustal horizon at slightly shallower depths than 

Leven's 'Moho' suggesting that they may be the same feature. The true Moho 

may well be at 44-48 km depth where both authors agree that velocities in 

excess of 8.2 km/s are reached below similar velocity gradients. Thus 

under the Canaway Ridge there is undoubtedly a strong velocity feature at 

34 km depth, but there is still some doubt about whether it should be 

identified with the Moho. 
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SEISMIC FEATURES OF THE LITHOSPHERE UNDER THE CENTRAL EROKANCA 
BASIN -- A CONTRAST WITH ADJACENT TECTONIC PROVINCES. 

D.M.Finlayson & S.P.Mathür 

Bureau of Mineral Resources, Geology & Geophysics, Canberra. 

NAGSAT observations at heights of 400 to 450 km and regional 
gravity anomalies serve to distinguish the Eromanga Basin region from 
its neighbouring tectonic provinces. Seismic refraction and coincident 
seismic reflection profiling data from a 300 km traverse across the 
central part of the Basin quantify some of the features which contrast 
this region with the North Australian Craton to the northwest, the 
Lachlan Fold Belt to the southeast and the Anskie Inlier to the 
northeast. 
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Seismic refraction record sections indicate strong seismic 
velocity gradients at basement depths (about 2 )an) and at a mid-crustal 
horizon (a Conrad discontinuity?), and lesser velocity gradients at the 
crust/mantle boundary (Moho) and in the sub-crustal lithosphere. 

The P-wave velocity in the basement increases from 5.0-5.4 
km/s at about 2 km depth to about 5.9 km/s at 5-7 km, and 
at greater depths does not exceed 6.1 km/s. Velocity decreases are 
evident at depths below about 9 1cm and these are interpreted in terms 
of the alpha-beta quartz transition at high temperatures (Kern, 1982). 

Strong super-critical reflections evident as second arrivals at 
distances less than 100 kin are interpreted as coning from a prominent 
velocity gradient at depths of 19-26 km. This mid-crustal horizon is in 
contrast to mid-crustal features from some other geological provinces 
of Australia. In other continents it has been referred to as the Conrad 
discontinuity. 

The Noho deepens from about 36 km in the west tó about 41 km in 
the east with the sub-crustal lithosphere having a velocity of 
8.15+0.04 km/a. Energy returning after the first arrivals beyond 220 
km indicates that there is a velocity gradient at depths of about 
55-60 Ion, possibly with a low-velocity zone above it. 

The seismic reflection section along the western half of the 
traverse can be divided into four 2-way reflection-time zones based 
on the character of events. Between 0 and 2 s there are fairly 
uniform, coherent and continuous events which correlate with the 
Late Palaeozoic and Mesozoic sediments. The zone from 2 to 7 s is 
relatively free of primary reflections although a few multiples 
of the stronger sedimentary reflections exist. The absence of 
reflections in this zone suggests that the upper crust (6-20 km) 
is seismically homogeneous and may represent crystalline igneous 
rocks or highly deformed metasedimentary/metavolconic rocks. 
Relatively low resistivity values for basement rocks favour the 
latter rock type. Without any recognizable reflections or 
diffraction patterns in this zone, it is difficult to say whether 
faulting observed in the sedimentsextends deep into - the crust. 	 - 	- - - - - 

The zone from 7 to 13 s shows numerous short, discontinuous 
reflection events with variable amplitude and varying, sometimes 
cross-cutting, dips Model studies made elsewhere suggest that such 
events can be produced by laminae of alternating high and low 
velocity, the layer thicknesses being less than the seismic 
wavelengths (about 100 m). The reflection-free zone below 13 5 

corresponds to the upper mantle, which therefore seems to be free 
of acoustic impedance contrasts. The lower crust with velocities of 
6.3-7.0 km/s and numerous reflection segments could consist of 
finely interlayered rocks of intermediate composition. 

The Moho under the Canaway Ridge is at a depth of about 34 km and 
is characterised by a sharp velocity increase. There does not appear to 
be a mid-crustal velocity discontinuity under the Ridge. Thus the Ridge 
could be a major horst at least to the depth of the Moho but it 
also has an intra-crustal structure different from the surrounding 
region. No deep reflection data is available yet from the Ridge area. 

The crustal thickness of the region is less than that of the North 
Australian Craton (50-55 Ion) (Finlayson, 1982) and of the Lachlan Fold 
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Belt (43-50 km) (Finlayson & McCracken, 1981) but is similar to that 
interpreted for the Drummond (Cull & Riesz, 1972) and Bowen Basins 
to the east (Collins, 1978; Leven, 1980). The distinct velocity 
gradients of the lithosphere under the central Eromanga Basin are in 
in contrast to the gradational velocity increases interpreted for the 
North Australian and Lachlan provinces. The reflection 
characteristics of the deep crust in the Eromanga region are 
significantly different from those of the North Australian Craton, 
the Lachlan Fold Belt and the Anakie Inlier. 	 - 

The crustal structure is consistent with a pericratonic or arc/ 
backarc basin being cratonised in an episode of convergent tectonics 
in the Late Proterozoic - Early Palaeozoic. The contrast in seismic 
reflection characteristics of the upper and lower crusts could indicate 
that the latter developed in a different tectonic environment. 

REFERENCES 

COLLINS,C.D.N. ,1978 - Crustal structure of the central Bowen Basin, 
Queensland. BMR J. Aust. Geol. Geophys., 3, 203-209. 

CULL,J.P., & RIESZ,E.J. ,1972 - Deep crustal seismic reflection/ 
refraction survey between Clermont and Charters Towers, Queensland 
1971. Bur. Miner. Resour. Aust., Record 1972/97. 

FINLAYSDN,D.M.,1982 - Seismic crustal structure of the Proterozoic 
North Australian Craton between Tennant Creek and Mount Isa. J. 
Geophys. Res. • in press. 

FINLAYSDN,D.M., & McCracken, H.M.,1981 - Crustal structure under the 
Sydney Basin and Lachlan Fold Belt determined from explosion seismic 
studies. J. Geol. Soc. Aust., 28, 177-190. 

KERN ,H.,1982 - Elastic-wave velocity in crustal and mantle rocks at 
high pressure and temperature: the role of the high-low quartz 
transition and of dehydration reactions. Phys. Earth Planet. mt., 

29, 12-23. 
LEVF2,J.H.,1,980 - The application af synthetic seismograms to the 

interpretation of crustal and upper mantle structure. PhD Thesis, 
- Australian National -University, Canberra. 	 - 
MATHUR,S. ,1983 - Deep reflection studies in the central Erontanga 

Basin. Tectonophysics, in prep. 



Basement structure and velocities under the central Eromanga Basin from 

seismic refraction studies. 

J. Lock, C.D.N. Collins & D.M. Finlayson 

Bureau of Mineral Resources, Geology & Geophysics, P.O. Box 378, Canberra, 

City, A.C.T. 2601 

ABSTRACT 

Seismic refraction recordings along a line extending from Mt Howitt I 

to Eromanga, over Eromanga and Cooper Basin sediments, revealed two 

intra-basement refractors not recorded by co-incident reflection profiling. 

These refractors were recorded at 3.5 and 5.0 kin depth between the basal 

unconformity at 2.4 km depth and a low velocity zone at about 8.5 km depth. 

Faulting within the basin sediments extends into basement to at least 5.5 

kin, with increasing displacement with depth, causing lateral variation of 

structure and velocity. P-wave velocities increase gradationally with depth 

and average values along the traverse are 2.2 km s-i at the surface to 5.0 

km s-i at the basal unâonformity; below that, the velocity increases to 6.0 

- - 	kin s-i above a low velocity zone. A seuemce of up to five multiples can 

be observed from 10 kin beyond the shot, to at least 40 kin and possibly 50 kin. 

Travel-time characteristics indicate that they are waves refracted within 

basement and multiply reflected at the surface, travel-time modelling of the 

first arrfvals, multiple arrivals, and two way reflection times provide a 

tight constraint on the velocity and structure to a depth of about 5.5 km. 

25-1 



25-2 

INTRODUCTION 

In 1980,  the Bureau of Mineral Resources, Geology and Geophysics (BMR) 

conducted seismic refraction surveys in the central Eroinanga Basin as part of 

large scale multidisciplinary study to investigate structure, stratigraphy, 

geological evolution and petroleum potential of the area (Pinchin & Senior, 

1982). The program for the central Erornanga Basin Project its objectives, and 

previous geological and geophysical investigations are outlined by Harrison 

at al. (1980). The planned geophysical program and its objectives are discussed 

in more detail by Moss (1980) and Pinchin (igao). 

One of the objectives of the seismic refraction program was to determine 

seismic velocities within the Eromanga basin, the infra-basins and the 

basement, which, combined with the vertical reflection data could be used to 

interpret geological structure and rock type. There are few vertical reflections 

recorded from within the basement down to 8 seconds two-way vertical reflection 

tine. The refraction program was designed to define the velocity structure to 

any sub-basement horizons or within any hidden basins. This detailed upper 

crustal velocity information would also be used to interpret vertical 

reflection and refraction data from the deep crust and upper mantle and to 

deterniné travel-tine residuals. - 	 - 	 - 	 - - 

Two reversedend-to-end 37.5 Icc traverses were recorded from 200 kg shots 

fired at Mt Hewitt 1, Lit6le Wonder Mine, and near Eromanga township (Eromanga) 

(Pig. 1). These two traverses were combined to give one reversed 75 km line by 

firing 400 kg at Mt Hewitt I and Eromanga. Recordings were made at 21 stations 

deployed at 1.875 km intervals between adjacent shot locations. Details of 

survey design and field operations have been described by Lock (1983). In this 

paper the data are interpreted in terms of basin and basement velocity 

structure to depths of 8.5 km. 
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GEOLOGY AND STRUCTURE 

In the survey area the Early Jurassic to Late Cretaceous Erornanga Basin 

sequence is concealed by Tertiary and Quaternary sediments. The Permian to 

Triassic north-eastern Cooper Basin unconformably underlies the Eromanga Basin. 

The Cooper Basin is thicker at the western end of the seismic traverse where it 

is drilled in Mt. Howitt 1. It thins eastward and wedges out east of Eromanga 

and west of the Canaway Ridge. The detailed geology and structure of the basins 

have been inferred from well completion reports and previous seismic data. The 

combined average thickness of the Eronanga and Cooper Basins is 2.4 kin. 

Eromnnga Basin stratigraphy and structure are discussed in detail by Senior 

at al. (1979) and that of the Cooper Basin by Senior (1975) and Battersby (1976). 

Mt Howitt in tightly folded Ordovician 

shales and meta-sediments of the Thompson fold Belt (Murráy& !Cirkgaard,1978: 

Rumph, 1978) which forms the basement to this part of the Cooper Basin. 

The vertical reflection section recorded along the refraction traverse 

(Wake-Dyster & Pinchin, 1981) shows that the sediments are generally flat-

lying but, in places, are gently displaced by three faults which extend from 

basement through the basal sediments of the Cooper Basin. Younger sediments of 

the Cooper Basin and the Eromanga Basin are draped over the faults which do not 

have surface expression. The most westerly fault is associated with the - 

Mt Howitt Anticline and the most easterly, with the Harkaway Anticline (Fig. I). 

The Coonovalla Syncline lies between these anticlines. The adjoining geological 

provinces and tectonic setting are described in more detail by Finlayson et 

al. (1983). 

FIRST-ARRIVAL DATA 

Figure 2(a) shows the seismic refraction record section from Mt Howitt 1 

to Eromanga and Figure 3(a) shows the reverse section. No strong wide angle 

reflection branches are observed at short distances; therefore the velocity 
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of the Eromanga and Cooper Basin sequences is interpreted as increasing 

continuously with depth. Arrivals between about 8 and 18 Ion distance have a 

lower apparent velocity than those recorded at greater distances. Data recorded 

on a reversed overlapping traverse extending east and west shows that the clear 

impulsive first arrivals out to 75 km shown in Figures 2(a) and 3(a) extend out 

to about 100 km. Beyond this, the waveform changes and the first arrivals 

become emergent (Finlayson at al., 1983). 

Because the Permian-Cretaceous strata are generally flat lying and the 

structure is relatively simple (Wake-Dyster & Pinchin, 1981), preliminary 

models were developed from the first-arrival data assuming flat layering; 

Table 1 lists and Figure 4(a) shows, the model derived from shots at Mt Howitt 

I, Little Wonder Mine and Eromanga. In each model the velocity increases with 

depth and there are no first-order velocity discontinuities within either the 

basin strata or Ordovician basement. At Mt Howitt I (Table 1(a), Figure 4(a)) 

the surface velocity of 2.3 Ion s-i increases through the sedimentary sequence 

to 3.2 Ion s-i at800 m, 3.6 km s-i at 1.2 km and 5.0 kin s-i at the 2.4 Ion deep 

basement unconformity. Between 2.4 km and 3.5 Ion depth the velocity increases 

relatively rapidly from 5.0 to 5.6 Ion s-i. Between 3.5 and 5.0 1cm depth the 

velocity increases from 5.6 5.9 Ion s-i. As the velocity gradient below 3.5 Ion 

decreases, the zone between the basement unconformity at 2.4 km and 3.5 km 

depth may, perhaps, represent the vertical extent of the Ordovician shales and 

meta-sediments. The reflebtiflty method for modelling synthetic seismograms 

(Fuchs, 1968 (transl. Collins, 1979)), which assumes planar layers, 

demonstrated that if the velocity decreases from about 5.9 km s-I to 5.6 km s-i, 

amplitudes of first arrivals decay beyond 100 lea distance; as was observed by 

Finlayson et al., 1983. As there are no other constraints on velocity in this 

low velocity zone, 5.6 km s-i is only an estimate of the true velocity. 

Comparison of the velocity/depth profiles at each shot point shows that while 

the velocity of the refractors varies little across the traverse, depths vary 

up to 500 m. 
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Table 1. 	P wave seismic velocity models for depths less than 10 km for 

(a) Mt Hewitt I shooting east, (b) Little Wonder Mine shooting 

west, (c) Little Wonder Mine shooting east, (d) Eromanga shooting 

shooting west.. 

(a) 	 (b) 	 (c) 	 (a) 

Depth Velocity Depth Velocity Depth Velocity Depth Velocity 

km km s-i km Ian s-I km 1cm s-i kin Ion s-i 

0.0 2.3 0.0 2.2 0.0 2.2 0.0 2.2 

3.8 3.2 1.2 3.0 1.1 3.0 1.1 3.0 

1.2 3.6 1.5 3.6 1.4 3.6 1.3 3.4 

2.4 5.0 2.5 5.0 2.4 5.0 2.4 5.0 

3.5 5.6 3.5 5.6 3.5 5.6 3.5 5.5 

5.0 5.9 4.5 5.7 4.5 5.7 5.0 ..... 5.8 

8.0 6.0 8.0 5.8 8.0 5.8 8.0 5.9 

8.5 5.6 8.5 5.6 8.5 5.6 8.5 5.6 



Refractors in the Eromanga Basin correlate with the Toolebuc Formation, the 

Wyandra Sandstone member at the top of the Cadna-Owie Formation, and also with 

the unconformity at the base of the Cooper Basin in Mt Howitt 1, at the western 

end of the line. These prominent horizons can be identified on the vertical 

record section (Wake-Dyster & Pinchin, 1981) and are reflectors 2, 3, and 7 of 

Pinchin & Senior (1982). These time horizons were used to extrapolate between 

the velocity/depth profiles at Mt Howitt 1, Little Wonder Nine and Eromanga 

thus enabling the development of a continuous velocity/depth model along the 

traverse which incorporated basin structure. The lithological units which give 

rise to vertical reflections must be thin, as the abrupt increases in velocity 

seen at these horizons the Mt Howitt 1 sonic log (Wake-Dyster & Pinchin, 1981) 

would otherwise produce wide-angle reflections which are not observed in the 

refraction data. 

In order to precisely model the first arrival times at distances beyond 

20 kin, it is necessary to invoke basement structure. Extension of faults 

identified on the seismic reflection secton into basement and increasing the 

displacement on the faults with depth accomplishes this. Waves which propagate 

into the basement and arrive at the surface at distances greater than 30 kin, 

have long path ldngths and travel-times within the basement. As a result, 

arrivals beyond 30 km are quiet sensitive to snail changes in basement velocity 

gradient. This accounts for the small variations.in  velocity along the second 

basement refractor (Table 1, Fig. 4(b)). Departures of the observations from 

the travel-times calculated for a flat-layered model are satisfied by varying 

the thickness and velocity gradient of the layers within the $romanga and 

Cooper Basins and basement along the traverse. Figures 2(b) and 3(b) show 

first-arrival times compared with travel-times using the preferred velocity/ 

depth model. The preferred model is further constrained by ensuring that the 

two-way vertical reflection times to the three reflecting horizons calculated 

from this model are in good agreement with the times shown on the vertical 

reflection section. 
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SECONDARY-ARRIVAL DATA 

A feature of seismic refraction data in this region is a sequence of clear 

later arrivals which, in general, consist of a wavelet of the same shape as the 

primary wave but often larger amplitude. There are at least three such arrivals 

on any record section. These later arrivals are observed beyond 10 km to at 

least 40 km and possibly 50 km. Unambiguous identification of the secondary 

arrivals is difficult at larger distances. The dominant frequency in the initial 

and secondary arrivals is 5 Hz. Application of a 3 to 7Hz band-pass filter 

removes the higher frequencies and accentuates five secondary arrivals in the 

record section from Mt Hewitt 1 to Eromanga (Fig. 5). King & Falvey (1977) also 

recognised these multiples in refraction data recorded in the Cooper Basin in 

the vicinity of Thunda 1 to the northeast of this survey. These multiples are 

relatively rare but have also been reported by McMechan & Mooney (1980) in the 

Imperial Valley, California. 

Multiples with purely reflected paths are characterised by travel-time 

curves which are concave upwards (Fig. 6(a)). The observations have travel-

time curves which are concave downwards and are therefore refracted rays which 

are multiply reflected at the free surface (Fig. 6(b)). Meissner (1965), in a 

study of multiple events from flat layers in which the velocity increases with 

depth, showed five multiples with observable amplitudes were possible. He noted 

several features of this type of multiple, which can be seen in Figure 5. 

Multiple travel-time curves diverge slowly with time, and energy shifts 

progressively to larger distances as the number of multiples increases. He 

suggested that the amplitude along one multiple event depended on velocity  

in the region through which the ray travelled, local differences in the depth 

of the weathering layerand changes in the surface reflection coefficient. This 

probably explains the much lower amplitude of multiple I near 35 km (Fig. 5). 

The conditions necessary for the existence of these multiples are, a high 

velocity gradient in the sedimentary sequences and a relatively high velocity 
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to Erosanga. Trace amplitudes are adjusted as in Figure 2(a) and 
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from the preferred model for refracted arrivals multiply reflected 
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gradient in the zone where the multiples turn (is are refracted), . .This ensures 

relatively energetic propagation of the multiples to extended distances 

(McMechan & Mooney, 1980). A further requirement is a low surface velocity so 

that the energy returns to the surface at near vertical incidence. All three 

conditions are met by the preferred model (Fig. 4(b)) and ray tracing through 

the preferred model confirmed that the energy is returned to the surface near 

vertical incidence. 

Travel-times for rays refracted in the layer below the basins at 2.4 to 

3.5 Ion depth and reflected at the free surface, were calculated using the 

preferred model. These times are shown on Figure 5 for five multiples. Curve 0 

represents the primary wave, and curves 1, 2, 3 , 4 and 5 are those multiples 

which have been reflected at the surface one, two, three, four and five times 

respectively. These travel-times are in good agreement with the observations 

indicating that the preferred model is well constrained to at least 3.5 Ion 

depth (the base of the Ordovician ?). 

CONCLUSIONS 

Refractors in the Eromanga Basin correlate with the Toolebuc Formation, 

the Wyandra Sandstone Member of the Cadna-Owie Formation and also with the 

Cooper Basin Permian-Ordovician basement unconformity. There are two refractors 

at 3.5 and 5.0 lcd, recorded between the unconformity and a low velocity zone 

at about 8.5 km. The uppermoht basement refractor between 2.4 and 3.5 km depth 

may indicate the vertical extent of the Ordovician shales and metasediments. 

Faulting within the basin sediments extends downward to at least 5.5 km, with 

increasing displacement at depth (up to 500 m) causing lateral variation in 

structure and velocity. The angle of faulting cannot be resolved and is 

assumed to be vertical. 

When structure is taken into account, velocity models developed assuming 

flat layering where structure is simple give a good fit to the first arrival 

data, and two-way travel-times to identified reflecting horizons. The 
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secondary arrivals observed in the refraction record sections are multiples 

refracted within the basement and multiply reflected at the surface. The 

preferred velocity model for the traverse has velocity gradients which return 

the rays to the surface sufficiently focussed, and at near vertical incidence, 

to give multiples with observable amplitudes fot up to five surface reflections. 

The accordance of the multiple travel-times, first-arrival times and two-way 

reflection times with the observations, indicates that the model is well 

constrained to 5.5 kin depth 
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ABSTRACT 

Finlayson, D.M., 1982. Geophysical differences in the lithosphere between Phanerozoic and Precambrian 

Australia. Tectonop/mvsics, 84: 287-312 	 - 

Cannikmn atomic bomb recordings indicate that there are differences in travel-times from the Aleutian 

Islands test site to Phanerozoic and Precambrian provinces in Australia of up to 1.1 s. Explosion seismic 

studies in central and southeastern Australia enable travel-lime corrections for crustal and upper mantle 

structure to be made to recordings of such telescismie events. Structure in the upper 60 km can account 

for, at most, about 0.2 s of the residual difference, but attempts to constrain the remaining residual time 

to the region above the Lehmann discontinuity at about 200 km depth are difficult to reconcile with 

explosion seismic models. Regional differences in seismic velocity structure between Phanerozoic and 

Precambrian Australia therefore appear to exist at depths greater than 200 km. 

Electrical conductivities within the mantle have been investigated using two mttethods. Long-period 

electromagnetic depth sounding using magnetometer arrays demonstrates that conductivities increase at 

about 200 km under Phanerozoic Australia but not until about 500 km depth under Precambrian 

Australia. Shorter period magnetotetlurie measurements can only resolve shallower structures; these too 

mndicaie a similar trend but with sub-crustal conductivities increasing at less than 100 km under 

Phanerozoic Australia. Magma at these depths and shallower may be the source for Cainozoic volcanism 

in eastern Australia. Under Precambrian central and northern Australia magnetotelluric investigations 

indicate that pronounced conductivity increases do not occur until depths of 50-200 km are reached. 

Oceanic magnetic observations indicate that the Australian lithosphcrie plate as a whole is separating 

from Antarctica at a rate of about 7cm/yr. The seismic and conductivity structures under the continental 

region of this plate indicate that lateral inhomogeneities possibly extend to depths as great as 500 km and 

are probably caused by the passage of eastern Australia over a hot spot. Hawaiian studies indicate that 

hot spots are not local features but result from large scale disturbances in the mantle. Conductivity 

increases commencing in the depth range 100-250 kin may give an indication of uppermost zones within 

which the Palaeozoic lithosphere has been substantially modified resulting in elevated surface heat flow, 

volcanism and seismic travel-time anomalies.  

0040-1951/82/0000-0000/$02.75 © 1982 Elsevier Scientific Publishing Company 
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INTRODUCTION 

The concept of the lithosphere being the outer part of the solid Earth has come 
into being along with the other concepts of plate tectonics developed principally 
from the structure under the oceans (Le Pichon et al., 2973). The lithosphere is 
usually envisaged as that outer part of Earth which translates away from mid-ocean 
ridges, separated from the Earth's deep interior by an asthenosphere which cannot 
sustain substantial shear stresses for long periods. The continents translate with the 
lithospheric plates, and it is therefore implied that there is an asthenospheric 
boundary under the continents which may be evident in the lateral variation of 
geophysical parameters at various depths. 

This paper reviews some geophysical data which has contributed to our under-
standing of the sub-crustal structure in southeastern and central Australia, and 
compares the structural differences between southeastern Australia and the older 
Precambrian craton from the surface downwards to examine the depths at which 
lateral inhomogeneities have been resolved. The boundary between the lithosphere 
and the asthenosphere, if such a boundary exists at a uniform depth under 
continents, may show up as the common depth for various geophysical features. 

GEOLOGY AND GEOCHEMISTRY 

The geological structural framework of continental Australia considered in this 
paper is shown in Fig. I (adapted from Derrick, 1979); Plumb (1979) has described 
the major crustal subdivisions. The eastern limit of Precambrian Australia is 
indicated in Fig. I. The Tennant Creek Block and the platform cover in the Wiso 
and Georgina Basins form part of Plumb's North Australian Craton which has been 
a relatively stable crustal block for 1700 m.y. The mid-Proterozoic Mount Isa orogen 
developed upon a reworked basement of the North Australian Craton. 

The Arunta and Musgrave Blocks formed part of large orogenic provinces in 
central Australia active from 2300-1950 m.y. onwards and have long records of 
repeated mobilisation. These blocks and the intervening basins were progressively 
cratonised in the period 1400-900 m.y. and now constitute the Central Australian 
Mobile Belts (Plumb, 1979). Isotopic dates of greater than 2300 m.y. have been 
determined within the Gawler Craton, and rocks of the Broken Hill Block date from 
2300-1950 m.y. The main Adelaidean succession of the Adelaide Fold Belt was 
deposited from 900 my. to the Early Cambrian (about 510 my.). Plumb (1979) 
speculates that the widely scattered occurrences of Archaean rocks suggest that 
much of Precambrian Australia is underlain by Archaean continental crust. 

Crook (1980a, b) has presented evidence for the Palaeozoic evolution of the 
continental crust in eastern Australia, using a model incorporating fore-arc extension 
in an island are situation to transform areas of oceanic crust into cratonic continen-
tal crust. In eastern Australia this continental growth extends for 1000 km from the 
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Fig. I. Principal geological provinces of eastern and central Australia, (adapted from Derrick. 979). the 

approximate eastern limit to the Precambrian based on surface geology, and the simplified bathyinetry 

illustrating the Tasman Sea basin and the quasi-continental Lord Howe Rise. - 

eastern limits of the Precambrian craton, and, if .the formation of the 300 km wide 
Lord Howe Rise is included, a total of 1300 km of new continental crust must have 
been - added during the Palaeozoic (Fig. I). 

This process of continental accretion outlined above is in broad agreement with 
the concepts of Taylor (1979), who proposed that the origin of most post-Archaean 
upper crustal rocks demands at least two stages of chemical fractionation: (I) 
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fractionation from the mantle; and (2) intra-crustal melting and fractionation to 
provide upper crustal material of predominantly granodioritic composition, either or 
both stages occurring episodically throughout geological time. 

Such a continental accretion process, if applied to southeastern Aistralia, would 
require the subduction of material equivalent to 4-6 times the thickness of oceanic 
crust and therefore the total width of subducted oceanic crust must have been 
5200-7800 km, i.e. about the width of the present-day Atlantic Ocean. lithe rates of 
plate motion were similar to those in the Atlantic, the accretion process would have 
taken about 260-340 m.y. If, as suggested below, only two-thirds of continental 
material accreted in this way, the process would have taken about 173-226 m.y. 
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Fig, 2. Simplified geological section of the upper lithosphere in southeastern Australia (adapted from 

Ferguson ci al. 1979, and Crook, 9804. The mineralogy is based on the analysis of kiinberliiic nodules 

which contain crust-mantle inclusions. The Moho boundaries are derived From the seismic refraction 

interpretations of Finlayson et al. (1979. 1980) (Lachlan Fold Belt) and Shackleford (978) (Adelaide Fold 

Belt). 
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One enigmatic aspect of geology in southeastern Australia is revealed by geo-

chemical analysis of S-type granites (Compston and Chappell, 1979). The geochem-

istry and source rock age of these granites is incompatible with surrounding 

Palaeozoic rock sources, but compatible with Precambrian continental material. 

Compston and Chappell (1979) estimate that the age of the lower crust in southeast-

ern Australia is probably late—middle Precambrian (1.1 By.) rather than Palaeozoic, 

thus severely weakening an argument for a totally oceanic Precambrian regime. 

Crook (1980a) estimates that about a third of the continental crust of southeastern 
Australia is recycled from older continental material. 
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Ferguson and others (1979) have described the composition of the lower crust and 
upper mantle in southeastern Australia (Fig. 2) using samples from kimberlites. The 
intrusion of the kimberlites has been dated isotopically from Permian to Late 
Jurassic and the maximum depth estimates for material recovered 'from the intru-
sions is about 70 km. The samples include granulite-facies rocks of a basaltic lower 
crust consistent with the velocity gradients described later in this paper and thus, at 
the time of intrusion (late Palaeozoic—early Mesozoic), a lower crust of considerable 
thickness was present. 

The continental character of southeastern Australia was largely established by the 
Silurian (Crook, 1980a), but eastern Australia has since been subject to Cainozoic 
volcanism (Wellman and McDougall, 1974a; Sutherland, 1981) the most recent of 
which occurred less than 2000 years ago (Fig. 3). Wellman and McDougall (1974a) 
attribute major activity to the northward drift of continental Australia over a fixed 
hot spot at a rate of 66 mm/yr. Sutherland (1981) extended this model and 
associated centres of thermo-tectonic activity with trails extending from the Coral 
Sea to Tasmania. Wellman (1979a) has described current uplift in the southeastern 
Australian highlands starting 90 my. ago. Ewart et al. (1980) and Wellman (1979b) 
have proposed models for underplating of the crust based, respectively, on petrologi-
cal interpretations on megacrysts and the isostatic compensation of topography. 
Cainozoic volcanism appears to have modified the earlier eastern Australian 
Palaeozoic lithosphere but not necessarily grossly changed its structure, as is 
apparent in western U.S.A. where there is substantial evidence for major tectonic 
activity. 

SEISMIC INTERPRETATIONS 

The travel-times, amplitudes, and dispersion characteristics of the various body 
and surface waves generated by earthquakes and artificial sources place the best 
available controls on our knowledge of the Earth's fine structure and regional 
variations. There is still no general agreement about how seismic variations relate to 
rheology, the essential physical property required to define the lithosphere. However, 
making the assumption that continental Australia is drifting as part of a single 
lithospheric plate, we can investigate the possibility of there being seismic velocity 
features at a common depth under the whole continent which could be interpreted as 
a lithospheric boundary. 

The velocity/depth structure of the crust in Phanerozoic southeastern Australia 
has been investigated by explosion seismology; the locations of some of the more 
recent surveys are shown in Fig. 4 (Finlayson et al., 1979, 1980; Finlayson and 
McCracken, 1981). The P-wave velocity—depth structure under the region of highest 
topography in Australia, which is within the Lachlan Fold Belt, and under the 
Sydney Basin, is shown in Fig. 5. 

The P-wave velocity in basement rocks of the upper crust generally increases from 
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about 5.6 km/s near the surface to about 6.3 km/s at depths of 10-15 km; velocity 
decreases and inhomogeneities within the upper crust are evident. Within the Sydney 
Basin sediments (Fig. 1), velocities range from 3.6-3.9 km/s at the surface to 
4.35-4.8 km/s at 2 k depth and greater. The basement velocity beneath the 
sediments is 5,75-5.9 km/s, increasing to 6.36-6,5 km/s at about 15-17 km depth. 
These velocities are consistent with the idea that Lachlan Fold Belt rocks underlie 
the Basin (Finlayson and McCracken, 1981). In agreement with geology, the seismic 
data present a picture of a laterally and vertically inhomogeneous upper crust. 

It is to this upper crustal region that earthquake activity in southeastern Australia 
is largely confined, 85% of earthquakes occurring in the upper 20 km (Finlayson and 
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McCracken, 1981). Activity is attributed to compressive stresses (Denham, 1980) 
affecting pre-existing joints, fractures, and faults in the inhomogeneous upper 20 km 
where brittle-elastic rock characteristics are evident at confining pressures of 5 kb 
(500 MPa) or less. At greater depths, the lithosphere behaves as an elastic-plastic 
medium, responding elastically to seismic waves and plastically to long-term stress 
evident from Cainozoic regional uplift of between 0.6-1.3 km over the last 90 m.y. in 
the highlands of southeastern Australia (Wellman, 1979a, b). 

The earthquake activity in southeastern Australia may be compared to that over 
another hot spot, Hawaii. There, the localised activity described by Crosson and 
Koyanagi (1979) is in marked contrast to the widespread activity in southeastern 
Australia (Denham, 1980). In the oceanic lithosphere the crustal thickness is about 
13 km with quite pronounced low velocity layers produced by volcanic activity. 
Earthquakes are in the depth range 0-35 km. Detrick and Crough (1978) have 
described a lithosphere thinning model to account for structural features in the 
Hawaiian region and this will be discussed later in this paper. 

In the middle and lower crust of the Lachlan Fold Belt the P-wave velocity 
increases from about 6.3-6.5 km/s to greater than 7 km/s, and there is evidence for 
velocity decreases within the middle crust. The Moho is characterised by a velocity 
gradient rather than a sharp velocity discontinuity. This is in accord with the 
geochemical evidence presented earlier (Ferguson et al., 1979) for a gradual geo- 
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chemical differentiation in the lower crust and upper mantle rather than a single 
major boundary at the Moho. 

The upper mantle velocity is in the range 7.95-8.12 km/s, and there is evidence 
that the lithosphere beneath the crust under the northern Fold Belt has a velocity 
decrease in depth range 50-60 km (profile 3, Fig. 5). The depth at which upper 
mantle velocities are reached varies from over 50 km under the highest topography, 
to 41-44 km under the northern Lachlan Fold Belt and the Sydney Basin. 

In the western region of Phanerozoic southeastern Australia there is only limited 
seismic crustal information. In the Broken Hill-Mildura region (Fig. 4) deep vertical 
seismic sounding has been interpreted by Branson et al. (1976). Using assumed 
crustal velocities, well-recorded events at 8.6, 10.1, and 14.7 sec two-way reflection 
time near Mildura were identified with intra-crustal, Moho, and sub-Moho 
boundaries at 24.5, 30.3, and 48.8 km depth. A diagrammatic summary of the crustal 
information across the southern Tasman Geosyncline is given in Fig. 6, together with 
models for Precambrian provinces further northwest. 

The structure of the sub-crustal lithosphere under southeastern Australia is 
derived from only one explosion seismic study (Finlayson et al., 1974; Muirhead et 
al., 1977). Recordings were made in the distance range 250-1100 km from shots 
fired at the two ends of the recording line, in the northern Adelaide Geosyncline 
(Mount Fitton) and in Bass Strait (Fig. 4) The survey gives no information on the 
structure of the crust; an assumed model for crustal velocities is used to determine 
the lithospheric velocity/depth model shown in Fig. 7 (Muirhead et al., 1977). These 
authors drew attention to the larger travel-times to stations under the Snowy 
Mountains than to sites in the central Tasman Geosyncline (differences of about 
0.5 s). They also drew attention to an adjustment to records of the Bass Strait shot of 
0.8 s because of about 4.5 km of Gippsland Basin sediments with velocities in the 
range 2.5-3.4 km/s underlying the shot. 

The models presented by Muirhead et al. (1977) must be regarded as simplified, 
and further data would undoubtedly alter them. Alternative models may even be 
derived from the existing data using prominent later events in the distance range 
600-1000 km. The later arrivals from the Bass Strait shot in particular suggest that, 
rather then being multiply reflected phases as originally interpreted, they may 
represent near-critically reflected phases from the sub-crustal lithosphere. An al-
ternative model for structure at depths greater than 150 km includes a low velocity 
zone (Fig. 7) with the velocity being reduced from 8.36 to 8.10 km/s in the depth 
interval 155-190 km. Thus the velocity/depth structure in the transition from a 
velocity of 8.36 km/s to 8.72 km/s in the depth range 190-205 km may differ from 
that shown in Fig. 7. However, the evidence that a transition exists in that approxi-
mate depth range still stands. - 

Surface-wave dispersion studies also contribute to our knowledge of the sub-crustal 
lithosphere. Goncz et al. (1975) and Goncz and Cleary (1976) have derived general 
dispersion characteristics for two-station paths which lie wholly within Precambrian 
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or Phanerozoic provinces. Their preferred general model, El, for eastern Australia is 
shown in Fig. 7; the two-station paths traversed both the eastern highland areas and 
the western areas of the Tasman Geosyncline. 

Mills and Fitch (1977) have interpreted the surface-wave dispersion data from the 
March 1973 Picton earthquake, recorded along particular paths northward under the 
eastern highlands at Charters Towers and eastward under the Tasman Geosyncline 
at Adelaide (locations shown in Fig. 4). Their S-wave velocity/depth models allowed 
by the data do not include pronounced low-velocity zones or high-velocity lids in the 
sub-crustal lithosphere. One of their models is shown in Fig. 7. The authors indicate 
that the general model, El, of Goncz and Cleary (1976) with a high-velocity lid of 
4.6-4.7 km/s above 90 km (Fig. 7) is not acceptable along the particular paths 
analysed; they also indicate that, although low-contrast low-velocity zones can be 
reconciled with their data, prondunced zones cannot. Although there are differences 
between the models produced by various authors, they give an indication of the 
range of velocities required by the surface-wave data. As indicated later in this 
paper, this range cannot be reconciled with the teleseismic data from earthquakes in 
the Fijian region, analysed by Frohlich and Barazangi (1980). Models by Mills and 
Fitch (1977), however, contain an S-wave velocity increase from about 4.3 to 4.6 
km/s in the depth range 180-220 km, in moderate agreement with the Gonez and 
Cleary (1976) El-model increase at 171 km. The shear-wave data also substantiate 
the presence of a discontinuity at about 200 km depth determined from P-wave data. 

The seismic velocity/depth structure under the Precambrian Adelaide Geosyn-
dine to the west of the Tasman Geosyncline has been determined from both 
explosion and earthquake seismic investigations (Shackleford, 1978; Shackleford and 
Sutton, 1979). P-wave velocities in the Adelaide Geosyncline sediments are in the 
range 3.59-5.18 km/s, with an average of 4.8 km/s; sediment thickness varies from 
I to 5km. Upper crustal velocities range from 5.70-5.88 km/s near the surface to 
6.3 km/s at depth, with an average of 5.95 km/s. A mid-crustal velocity of 6.42 
kth/s is reached at about 18 ± 5 km depth; the average P-wave velocity in the lower 
crust is 6.46 km/s:An upper mantle velocity of 7.97 km/s is reached at a depth of 
38.5 ± 5 km depth (Fig. 6). 

The seismic velocity/depth structure in the upper mantle under Precambrian 
central Australia has been determined from explosion seismic work by Denham et 
al. (1972), Simpson (1973), Finlayson et al. (1974), and Finlayson (1979). The 
traverse locations are shown in Fig. 4 and the simplified interpretations are shown in 
Fig. 7. The most striking difference between the Precambrian and Phanerozoic 
provinces is the higher upper mantle velocities at shallower depth under Pre-
cambrian Australia. Simpson (1973) interpreted a sharp increase in velocity from 
8.38 km/s to 8.53 km/s at 175 km depth, and Finlayson et al. (1974) interpreted a 
velocity increase from 8.18-8.23 km/s to 8.53 km/s at 165 km for their TASS la 
and 2a models. The latter two models indicate possible differences in upper mantle 
structure within Precambrian Australia. Under northern Australia, Hales et al. 
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(1980a) interpreted a P-wave velocity increase from 8.24 km/s to 8.62 km/s at 200 
km depth (Fig. 7). Hales et al (1980b) also showed that there was an S-wave velocity 
increase at 76 km depth from 4.60 km/s to 4.72 km/s (Fig. 7). At/depths greater 
than 45 km, their model is substantially the same as the model of Goncz and Cleary 
(1976). 

Thus, there are explosion and earthquake seismic data relevant to the structure to 
depths of at least 200 km from both Precambrian central Australia and Phanerozoic 
southeastern Australia. Models for both provinces require the velocityto increase in 
the 165-205 km depth range. Is this velocity feature the base S  of the lithosphere? 
Anderson (1979) has presented data supporting the concept of a world-wide Leh-
mann discontinuity at about 220 km depth, with all strong lateral variations 
occurring above this depth under both continents and oceans. 

In Australia there is little difficulty in demonstrating regional differences down to 
200 km. Goncz and Cleary (1976, fig. 2) have shown convincingly the difference in 
surface-wave dispersion characteristics between eastern Australia and shield regions 
to the west. Cleary et al. (1972) have demonstrated the differences in teleseismic 
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travel-time residuals for recording stations sited across the southern Tasman Geo-
syncline and on to Precambrian shield areas further west. Their recordings of the 
Cannikin atomic bomb test at angular distances of about 90° indicate residual 
differences between sites in the eastern highlands and sites on the Precambrian 
craton-of about 1.1 s (Fig. 8) with the earlier arrivals being recorded in the Pre-
cambrian regions. These data agree with studies of P-wave residuals from deep 
earthquake sources (Sengupta and Julian, 1976). Angles of incidence of P-waves 
from the Cannikin shot under the recording stations are 14-15°; consequently, the 
travel-time differences due to structure in the upper 60 km can be estimated from 
known crustal structure to be, at most, about 0.20s after allowance is made for low 
velocity cover rocks. A substantial proportion of the residuals must be attributed to 
structures deeper than 60 km: 

If the remaining residual time differences are distributed in the depth range 
60-200 km, estimates can be made of the seismic velocities to be expected in the 
Precambrian regions, using as a starting point the model for southeastern Australia 
produced by Muirhead et al. (1977). Any reasonable distribution of the residual 
times within this depth interval produces average velocities in the range 8.65-8.70 
km/s, which are unacceptably high when compared to a value of about 8.3 km/s 
measured by Finlayson et al. (1974) and Simpson (1973) in the Precambrian of 
western and central Australia. This discrepancy may be attributed either to de-
ficiencies in the velocity/depth models determined from the explosion seismic 
studies, or to the teleseismic travel-time anomalies at depths greater than 200 km. By 
considering only the explosion seismic data, the uncertainties associated with earth-
quake positioning and timing are eliminated. Generally, the quality of the explosion 
seismic data considered in this paper is good. However, the interpretation of the data 
in terms of velocity/depth profiles must include the ambiguities associated with the 
inversion of geophysical data. The models derived for central and southeastern 
Australia must be regarded as preferred general models, but any differences from 
these general models must be constrained by the integrated P-wave travel times 
satisfying the data. 

There is evidence that the model for southeastern Australia of Muirhead et al. 
(1977) may require modification in the Adelaide Fold Belt and eastern Lachlan Fold 
Belt. Their fig. 5 shows delayed first arrivals at distances less than 600 km, at which 
P-waves do not penetrate deeply within the upper mantle. The diversity of crustal 
and upper mantle structures that can account for delays at such distances is 
illustrated in Fig. 4 by the Lachlan Fold Belt models. - 

At greater distances the apparent velocities measured by Muirhead et al. (1977) 
can be regarded as the average velocities at the deepest point of penetration of the 
rays. Attributing teleseismic traveltime residuals to the interval above 200 km depth 
results in average velocities which are not observed. A distribution of the residuals 
within a greater depth range (60-500 km) produces average velocities which are 
more in accord with observed data. There is therefore some doubt whether regional 
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seismic velocity variations in continental Australia can be limited to the upper 200 
km without involving low velocity zones in southeastern Australia of a magnitude 
not evident in the explosion seismic data. 

There are not many explosion seismic surveys which probe to depths greater than 
200 km. Given and Helmberger (1980) compare the structures of northwestern 
Eurasia with those of western U.S.A. and conclude that there is no distinguishable 
difference below 250 km. Hales et al. (1980a) have, however, demonstrated that, 
when comprehensive data are available, there is considerable structure to depths of 
at least 700 km; Hales (198 1) questions whether there is yet any indication of a base 
to the lithosphere beneath continental platforms and shield regions. 

Hales (1981, fig. 11) also shows a range of velocity models in the upper 200 km 
which satisfy data from northern Australia; these illustrate that more detailed work 
needs to be undertaken to determine the fine structure in different tectonic 
provinces. Yegorkin and Pavlenkova (1981) and Vinnik and Ryaboy (1981) have 
reported interpretations of long-range explosion seismic profiles in western, central, 
and southern USSR. These illustrate the differences in velocity/depth structure 
which can occur. In particular, low-velocity zones were interpreted in the upper 
mantle beneath the east European platform from explosion seismic data, and 
converted waves from transitions deeper than 200 km illustrate the differences from 
average Earth models that can occur. 

ELECTROMAGNETIC SOUNDING 

Constraints on the structure of the sub-crustal lithosphere can also be made using 
its electrical properties. Electrical conductivities in rock are strongly dependent on 
ionic transport, and this is greatly influenced by temperature (other major control-
ling factors being water and mineral content). Tozer (1979) has reviewed the 
interpretation of electromagnetic depth sounding experiments and indicated that, 
although upper mantle conductivities have been commonly connected with the 
behaviour of olivine under various conditions of temperature and impurity, this does 
not exclude a great many other compositional and physical correlations. He has 
pointed out that it may well be the anomalous aspects of lithospheric structure 
confined to comparatively small regions that control measured conductivities, and 
not the bulk composition, which merely adds a resistive component. In particular, 
chemical variations and fluid content can drastically alter conductivities on a local 
scale. 

Tozer (1979) argues that, at the microscopic level, conductivity may be closely 
related to viscosity. This may be of greater significance when considering litho-
spheric processes than the more common interpretation linking conductivity to 
temperature. Conductivity anomalies may therefore be interpreted not only in terms 
of heat-flow anomalies but as zones of possible convection and other transport 
phenomena. 
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In southeastern and central Australia there have been a number of magnetotel-
luric and magnetic variation studies which have been interpreted in terms of the 
electrical conductivity structure within the Earth. Tammemagi and Lilley (1971) 
reported data from four sites across the eastern highlands, and indicated that, at 
depths of 100-300 km, conductivities decreased westward across the Tasman 
Geosyncline. 

Bennett and Lilley (1973) and Lilley et al. (1981a, b) have reported the results of 
geomagnetic spatial gradient experiments in southeastern and central Australia. The 
method is only sensitive to conductivity structures at depths greater than 200 km. 
Lilley et al. (1981b) indicate that, on a regional scale, there is a major conductivity 
increase at about 200 km depth in southeastern Australia, but that such a conductiv-
ity increase is not observed until about 500 km depth in central Australia (Fig. 9). 
The case for regional variations in the physical properties below continental Australia 
at depths greater than 200 km is therefore strengthened. 
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Magnetotelluric investigations can be interpreted in terms of conductivities at 
depths less than 200 km. In the western Tasman Geosyncline relatively high 
conductivities in the range lQ to 2- 10-2  S/m have been interpreted by Vozoff et 
al. (1975) at depths of about 100 km. For the Precambrian Officer Basin (Fig. I) 
Jupp et a]. (1979) have drawn attention to the greater depth (200-250 km) at which 
high conductivity layers are reached in the mantle compared with the western 
Tasman Geosyncline. 

Cull and Spence (pers. common., 1981) report conductivity increasing at depths 
of about ISO km under the Precambrian North Australian Craton, and at depths less 
than 100 km under the Phanerozoic Eromanga Basin (Fig. I). 

The conductivity increase at about 200. km in southeastern Australia can be 
interpreted in terms of elevated temperature and partial melting (Lilley et al., 1981b) 
or in terms of viscous flow (Tozer, 1979). Both interpretations embrace the idea of 
dynamic processes operating in the mantle. For shallower depths, Van Zijl (1977) 
has interpreted conductivity increases in the lower crust in southern Africa in terms 
of hydration of lower crustal rocks and possibly serpentinised mantle material, i.e., 
in terms of anomalous zones as suggested by Tozer (1979). Olhbeft (198 1) has drawn 
attention to the importance of free water in lower crustal and upper mantle rocks, 
and the magnetotel]uric results in eastern Australia may reflect this effect. 

It is possible that at greater depth the conductivity increase under southeastern 
Australia may be part of an anomalous zone of mobile material associated with 
eastern highland uplift. However, the direct evidence from Cainozoic volcanism in 
southeastern Australia indicates magmatic activity at depths of about 70 km, with 
intrusions having taken place along pre-existing fissures (Emerson and Wass, 1980). 
The generation depth for Permian-Late Jurassic kimberlitic material analysed by 
Ferguson et al. (1979) is generally in the range 60-70 km, with material from one 
site estimated to have come from about 125 km depth. Any direct connection 
between volcanic intrusive activity and possible deeper mobile material is conjec-
tural. 

Thermal models of the lithosphere can be constructed by making assumptions 
about the distribution of heat sources in the Earth's crust and about the conductivity 
of the various rock types. However, it is important to include the role of convection 
as well as conduction in any models of heat flow. Because convection is a more 
efficient means of heat transfer and because it requires assumptions about magmatic 
and hydrologic processes within the Earth, it is difficult to quantify in any heat-flow 
model. Little control is therefore achieved from heat-flow data on lithospheric 
structure because of the ambiguities surrounding the interpretation of source re-
gions. 

DISCUSSION 

Regional variations of the seismic and electrical conductivity structure within the 
crust and upper mantle of central and southeastern Australia extend deeper than 200 
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km. Thus, although there is a major seismic velocity feature at 165-205 km depth 

under continental Australia that may correspond to the Lehmann discontinuity of 

Anderson (1979), regional differences in continental structure extend to greater 

depths. 

Frohlich and Baranzangi (1980) have examined teleseismic events from the Fijian 

region recorded at stations in eastern and central Australia. Using the differences 

between P and S-wave residuals for both direct and core-reflected phases, Frohlich 

and Barazangi highlighted the considerable differences between the Precambrian 

and Phanerozoic provinces, and attributed these differences principally to S-wave 

velocity variations in the upper part of the mantle. They were unable to quantify the 

depth range within which the variations occur; however, they did comment that, if 

the variations were restricted to the upper 200 km, S-wave velocity differences of 

about 8% would be required. The observed data of Mills and Fitch (1977) and 

Goncz and Cleary (1976) do not support such a large velocity difference. 

On the basis of isostatic compensation and compositional differences in the upper 

mantle under the Australian region, Dooley (1977) has expressed doubts that an 

asthenosphere can exist under the shield regions at depths less than 200 km, 

implying that deeper processes must be involved and that there are differences 

between sub-continental and sub-oceanic mantle to depths of "several hundreds of 

kilometres". 

Interpretation of the difference in electrical conductivity between the Pre-

cambrian and Phanerozoic provinces in terms of either viscosity or temperature 

indicates a shallower, active tectonic environment within the sub-crustal lithosphere 

under eastern Australia than under the remainder of the continent. Source material 

for volcanism in eastern Australia may well be in anomalous conductivity zones at 

depths of less than 100 km (Emerson and Wass, 1980). Wellman and McDougall 

(1974a, b) attribute the southward aging of basaltic volcanics in eastern Australia to 

the northward movement of Australia over a hot spot during the last 60 m.y. 

In an oceanic environment Detrick and Crough (1978) use a lithospheric thinning 

model to account for the geophysical features of an oceanic plate passing over a hot 

spot, namely Hawaii. They take the lithospheric boundary to be an isotherm near the 

solidus, and this boundary moves upwards as the lithosphere translates over the hot 

spot. Magma convection as well as conduction must occur to an account for the 

formation and subsidence of the Hawaiian swell. However, in highlighting the 

implications of their model, they emphasize the wavelength of the feature (1000-1400 

km) which supports the view that hot spots are not just local features but are caused 

by mantle processes on a massive scale. 

The problem of defining a lower lithospheric boundary for continental Australia 

from the available geophysical data is not yet resolved. In eastern Australia 

Cainozoic volcanism and uplift, and magnetotelluric data suggest that mobile zones 

may exist at depths shallower than 100 km. Under Precambrian Australia such zones 

are at greater depths. 



26-19 

310 

ACKNOWLEDGEMENTS 

The author acknowledges the considerable contributions of many colleagues to 
the seismic investigations of the crust and upper mantle in Australia. Useful 
comments by Peter Wellman and David Denham greatly assisted in preparing the 
manuscript. This paper is published with the approval of the Director, Bureau of 
Mineral Resources, Geology and Geology and Geophysics, Canberra. 

REFERENCES 

Anderson. DL., 1979. The deep structure of continents.). Geophys. Res.. 84: 7555-7561. 

Bennett, D.J. and Lilley. ELM.. 1973. Electrical conductivity structure in the south-east Australian 

region. Geophys. J. R. Astron. Soc.. 37: 191-206, 

Branson, J.C., Moss. F.I. and Taylor, F.)., 1976. Deep crustal reflection seismic test survey. Mildura. 

Victoria and Broken Hill, N.S.W. 1968. Aust. Bur. Miner. Resour., Geol. Geophvs.. Rep. 193. 

Cleary, JR., Simpson, D.W,. Muirhead, K.)., 1972. Variations in Australian upper mantle structure from 

observations of the Cannikin explosion. Nature. 236: 111-112 

Conipston, W. and Chappell, 8W.. 1979. Sr-isotope evolution of granitoid source rocks. In: M.W. 

McElhinny (Editor), The Earth: Its Origin. Structure and Evolution. Academic Press. London-Nev 

York-San Francisco. 

Crook, K.A.W., I980a. Fore-are evolution in the 'Tasman Geosyncline: the origin of the southeast 

Australian continental crust. ).'GeoI. Soc. Ausi.. 27: 215-232. 

Crook, K.A.W., 1980b. Fore-arc evolution and continental growth: a general uiodel. J. Sirtict, (leol.. 2: 

289-305. 

Crosson, P.S. and Koyangi, R.Y., 1979, Seismic velocity structure below the island of Hawaii front local 

earthquake data.). Geophys. Res.. 84: 233 1-2342. 

Denham, D., 1980. The Robertson earthquake-more evidence for compressive stress in southeast 

Australia. Bur. Miner. Resour., J. Aust. Geol. Geophys.. 5: 153- 156. 

Denham, D., Simpson, D.W., Gregson, P.J. and Sutton. D.J., 1972. Travel times and amplitudes from 

explosions.in  northern Australia. Geophys. J. R. Astron. Soc.. 28: 225-235. 

Derrick. G.M.. 1979. General geology (of Australia). BMR Earth Science Atlas of Australia. 

Detrick, R.S. and Crough, ST.. 197k. Island subsidence, hot spots, and tithospheric thinning. J. Geophv, 

Res., 83: 1236-1244. 

Dooley, J.C.. 1977. Implications of Australian seismic and gravity measurements for the structure and 

composition of the upper mantle. Bur. Miner. Resour,. J. Aust. Geol. Geophs.. 2: I-S. 

Emerson, D.W. and Wass, S.Y., 1980. Diatreme characteristics-evidence from the Mogo Hill intrusion 

Sydney Basin. Bull. Aust. Soc. Explor. Geophys., II: 121-133. 

Ewan, A., Baxter, K. and Ross, J.A., 1980. The petrology and petrogenesis of the Tertiary anorogenic 

niafic lavas of southern and central Queensland. Australia-possible implications for crustal thicken-

ing. Contrib. Mineral. Petrol., 75: 129-152. 

Ferguson, J., Arculus, R.J. and Joyce, J., 1919. Kimbcrlite and knuherlitic intrusivcs of southeastern 

Australia: a review, Bur. Miner, Resour., Aust. Geol. Geophys.. 4: 727-241. 

Finlayson, D.M., 1979. The Australian continental crust: explosion seismic studies in Archaean. Protero-

zoic and Palaeozoic provinces. Abstr. Int. Assoc. Seismol. Phys. Earth's Inter.. Canberra. Aust.. pp. 

84-85. 

Finlayson. D.M. and McCracken, H.M., 1981. Explosion seismic studies of the crustal structure under the 

Sydney Basin and northern Lachlan Fold Belt. J. Geol. Soc. Aust,, 28: 117-190. 

Finlayson, D.M., Cull. J.P. and Drummond. Di., 1974. Upper mantle structure from the Trans-Australia 

Seismic Refraction data. J. Geol. Soc. Aust,, 21: 447-458. 



26-20 

1L 

Finlayson, D.M., Prodehi, C. and Collins, C.D.N., 1979. Explosion seismic profiles, and the implications 

for crustal evolution in southeastern Australia. Bur. Miner. Resour., 3. Aust. (;col. Cleophys., 4: 

243-252. 

Finlayson, D.M., Collins C.D.N. and Denham, Ii, 1980. Crustal structure under the Lachlan Fold Belt, 

southeastern Australia. Phys. Earth Planet. Inter., 21: 321-342. 

Frohlich, C. and Barazangi, M., 1980. A regional study of mantle velocity variations beneath eastern 

Australia and the southwestern Pacific using short-period recordings of P, S. Pep, Sep and SeS waves 

produced by Tongan deep earthquakes. Phys. Earth Planet. Inter., 21: 1-14, 

Given, J.W. and Helmhcrger. DV., 1980. Upper mantle structure of northwestern Eurasia. J. Geophys. 
Res., 85: 7183-7194, 

Gonez, J.H. and Cleary. JR.. 1976. Variations in the structure of the upper mantle beneath Australia 

from Rayleigh wave observations. Geophys. J. R. Astron. Soc., 44: 507-516. 

Gonez, 3.11, Hales, A.L. and Muirhead, K.i. 1975. Analysis to extended periods of Rayleigh and Love 

wave dispersion across Australia, Geophys. J. R. Astron. Soc., 41: 81-105, 

Hales. AL., 1981. The upper mantle velocity distribution. Phys. Earth Planet. Inter., 25 I-lI. 

Hales, AL.. Muirhead, K.J. and Byrn, 3MW., 1980a. A compressional velocity distribution for the 

upper mantle. Tcctonophysies. 63: 309-348, 

Hales, AL., Mutrhead, K.J. and Rynn. J.M,W., 1980b. Crust and upper mantle shear velocities from 

controlled sources. Geophys. J. Royal Astron. Soc., 63: 659-670. 

lupp. DL II.. Kerr. 0., Lcmarre, H., Milton, BE.. Moore, R.F,, Nelson. R. and Vozoff, K., 1979. Joint 

magnetotclluric-DC resistivity survey, eastern Officer Basin. Bull, Aust. Soc. Explor. Cicophys., 10: 
209-212. 

Lc Piehon, X.. Francheteau, J. and Bonnin, 3., 1973. Plate Tectonics, Develop. Geotectonics, 6. Elsevier, 

Amsterdam. 300 pp. 

Lille. F.E.M.. Woods. D.V. and Sloane. MN., 1981a. Electrical conductivity from Australian niagnetom-

ctcr arrays using spatial gradient data. Phys. Larill Planer. Inter., 25: 202-209. 

Ltlley, F.E.M., Woods, DV.; Sloane, MN., 1981k Electrical conductivity profiles and implications for 

the absence or presence of partial melting beneath central and south-east Australia. Phys. Earth 

Planet. Inter., 25: 419-428, 

Mills. J.M. and Fitch. T.J., 1977, Thrust faulting and crust-upper mantle structurc.in east Australia. 

Geophys. J. R. Astron. Soc., 48: 351-384, 

Muirhcad, K.J., Cleary. J.R. and Finlayson, D.M., 1977. A long-range seismic profile in south-eastern 

Australia. Geophys. J. R. Astron. Soc., 48: 509-519. 

Mutter. J.C. and Jongsnia. D., 1978, The pattern of the pre-Tasman Sea rift system and the geometry of 

breakup. Aust. Soc. Explor. Geophys. Bull., 9: 70-75, 

Olhoeft. CR., 1981. Electrical properties of granite with implications for the lower crust. J. Geophys. 

Res.. 86: 931-936. 

Plumb. K.A,. 1979. The tectonic evolution of Australia. Earth-Sei. Rev., 14: 205-249. 

Sengupta. M.K. and .Julian. BR.. 1976. P-wave travel times from deep earthquakes. Bull. Seismol. Soc. 

Am.. 66: 1555-1579. 

Shackleford, P.R,J.. 1978. The determination of crustal structure in the Adelaide Geosynclinc using 

quarry blasts as seismic sources. M.Sc. Thesis. Department of Physics. University of Adelaide. 

Shackleford. P.R.H. and Sutton. Di., 1979. Crustal structure in South Australia using quarry blasts. In 

D. Denham (Editor), Crust and Upper Mantle of Southeast Australia. Aust. But. Miner. Rcsour., Rec. 
1979/2. 

Shor. CC., Kirk, H.K. and Menard. CL., 1971. Crustal structure of the Melanesian area. 3. Geophys. 
Res.. 76: 2562-2586. 

Simpson. D.W., 1973. P-wave velocity structure of the upper mantle in the Australian region. PhD. 

• Thesis, Australian National University, 



26-21 

312 

Sutherland, F. L., 1981. Migration in relation to possible tectonic and regional controls in eastern 

Australian volcanism. J. Volcanol. Cieoihcriii. Res., 9: 181-213. 

Tanimentagi, FLY. and Litley. FEM., 1971 Magnetotelluric studies across the Tas nan Geosyneline. 

Australia, Geophys. J. R. Astron. Soc., 72: 505-516. 

Taylor, SR., 1979. Chemical composition and evolution of the continental crust: the rare earth element 

evidence. In: M.W. McElhinney (Editor), The Earth: Its Origin. Structure, and Evolution. Academic 

Press, London-New York-San Francisco. 

Tozer, D.C., 1979, The interpretation of upper mantle electrical conduetivitics. Tectonophvsics. So: 

147-164. 

Van ZijI, ISV., 1977. Electrical studies of the deep crust in various tectonic provinces of southern Africa, 

In: LG. Heacock (Editor). The Earths Crust. (;eophys. Monogr., Ant. (ieophys. Union. 20: 470-500. 

Vtnnik, L.P. and Ryaboy, V.1., 1981. Deep structure of the east European platform according to seismic 

data. Phys. Earth Planet. Inter., 25: 27-37. 

Vozoff, K., Kerr, D,, Moore, RE., Jupp, D.L,B., and Lewis, RIG., 1975. Murray Basin magnetotellurie 

study, J. Geol. Soc. Aust,, 22: 361-375. 

Wellman, P., 1979a. On the Cainozoic uplift of the southeastern Australian highland. J. Geol. Soc. Aust,. 
26: 1-9. 

Wellman, P., 1979b. On the isostatic compensation of Australian topography. Bur. Miner, Res.. J. Aust. 

Cool. Geophys., 4: 373-382. 

Wellman, P. and McDougall, I., 1974a. Catnozote igneous activity in eastern A'tralia. Tectonophvsic, 

23: 49-65. 

Wellman. P. and McDougall, L. 1974b. Potassium-argon ages on the Cainozoic volcanic rocks of New 

South Wales. I. (h,ol: Soc. Aust., 21: 247-272: 	 . 	 . 

Yegorkin. A.V. and Pavlenkova. NI:, 1981. Studies of mantle structure of USSR territory on long-range 

seismic profiles. Phys. Earth Planet. Inter., 25: 11-26. 



SEISMIC REFRACTION AND REFLECTION FEATURES OF THE LITHOSPHERE 

IN NORTHERN AND EASTERN AUSTRALIA, AND CONTINENTAL GROWTH 

D.N. Finlayson & S.F. Mathur 

Bureau of Mineral Resources, Geology & Geophysics, 

P.O. Box 378, Canberra City - ACT 2601, Australia. 

ABSTRACT. Seismic refraction and reflection data from a transect of the 

lithosphere across Proterozoic and Phanerozoic eastern Australia indicate 

that the depth to the upper mantle under outcropping igneous, metamorphic and 

fold belt provinces is 10-15 km greater than that under the intra-cratonic 

basins. This is probably a result of crustal underplating during episodes of 

high thermal flux from - the mantle. Under the larger basins the upper crustal 

basement is mostly transparent to vertical seismic waves (i.e. there are few 

reflecting hopizons) whereas the lower crust displays multiple reflecting 

horizons: the velocity boundary at mid-crustal depths is a prominent feature, 

seen also under intra-cratonio basins on other continents. The different 

character of reflecting horizons in the upper and lower crust suggests 

separate tectonic histories. 

Under outcropping igneous, metamorphic and fold belt provinces their 

complex tectonic history is displayed in the multiplicity of both upper and 

lower crustal velocity/depth distributions. In the lower crust the velocity 

changes are transitional rather than sharp: seismic reflecting horizons 

are shorter and more varied under the Proterozoic than under the Phanerozoic 
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provinces, consistent with the relative youth of the latter. 

In the sub-crustal lithosphere there are few, if any, seismic 

reflecting horizons but there are velocity changes with depth which indicate 

geochemical zonation. The upper mantle velocity under the Protérozoic crust 

is about 8.15 1cm/s on average and about 8.06 km/s under Phanerozoic Australia. 

A velocity increase to about 8.3 1cm/s is interpreted at its shallowest (55 Ian) 

under the central Eromanga Basin. There is no obvious difference between 

upper mantle velocities measured north-south from those measured east-west 

under the North Australian Craton. 

The crustal growth patterns indicated by the seismic data, together with 

xenolith studies, suggest that the Phanerozoic development of eastern 

Australia was propagated by episodes of high geothermal flux from the mantle 

rifting and underplating/intruding a pre-existing crust. The development 

of the major basins on the eastern margin of the Precambrian craton probably-.  

has analogues in central/western European basin development. 

Key words: Australian lithosphere, deep seismic, refraction and reflection. 

INTRODUCTION 

The structure under the Eromanga Basin in eastern Australia provides 

an important link when comparing lithospheric structure under the Protero- 

zoic provinces of northern Australia with that under the outcropping Palaeo-

zoic provinces of the eastern Australian seaboard. 	The Mesozoic Eromanga 

Basin is the largest intra-cratonic basin in Australia (Fig. 1) and it 

conceals a number of infra-basins dating back to at least the Devonian. The 

sedimentary sequences have been targets for oil and gas exploration and the 

subject of much lithological discussion (Moore & Mount,1982). However, the 

deep lithospheric structure of the Eromamga Basin is important in assessing 
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models for the tectonic development of the region and this was largely unknown 

until 1980-82 when a series of deep seismic reflection and refraction surveys 

was conducted in the central part of the Basin. 

Some results from these surveys are presented in this paper together 

with results from other seismic surveys in northern and eastern Australia to 

provide a 3500 km transect of upper lithospheric structure across continental 

Australia from the Arafura Sea to the Lachlan Fold Belt (Fig. I). 

PRECAMBRIAN GEOLOGY 

An understanding of the evolution and composition of the Australian 

continental lithosphere is more easily attainable than elsewhere since. 

cratonisation has progressed from west to east throughout geological 

time with comparatively few episodes of major reworking of earlier cratonic 

provinces (Plumb,1.979a). 	Thus the Pilbara and Yilgarn cratons in 

western Australia have remained comparatively undisturbed since 2.3 b.y.B.P. 

and the North Australian Craton and Northeast Orogens, incorporating 

the Tennant Creek Block, the Mount Ina Geosyncline and the McArthur 

Basin (Fig. 1) have been largely stable since 1.4 b.y.B.P. The Mount 

Isa Geosyncline contains mid-Proterozoic sedimentary rocks deposited on 

early Proterozoic basement (i780 m.y.B.P.) and then intensely deformed, 

metamorphosed and intruded by granites with final cratonisation about 

1490-1460 m.y.B.P. 

Elsewhere in northern Australia basement outcrops are often referred 

to as 'inliers' because they are considered to be the exposed parts of 

much larger features. 	In the Tennant Creek Inlier pelitic gneisses were 

metamorphosed at 1920 m.y.B.P. (Black,1977) and these form basement to 

the Warramunga Group of sedimentary and volcanic rocks (older than 1800 m.y. 

B.P.) which were intruded by granites is the period 1500-1700 m.y.B.P. 

Farther north Archaean rocks of the Pine Creek Geosyncline crop out 

27-4 



(older than 2500 m.y.B.P.) but the full extent of Archaean basement is 

not known under cover rocks. 	The McArthur Basin is a mid-Proterozoic 

basin consisting of relatively undeformed, mainly shallow marine sedi- 

ments which are part of the North Australian Platform Cover (Plumb,1979b); 

the McArthur Basin succession was deposited about 1700-1400 m.y.B.P. 

The offshore areas of northern Australia are regarded as a continua-

tion of the Australian continental lithosphere (Curray at al.,1977). 

The early Cambrian-mid Ordovician Arafura Basin probably has a Precambrian 

basement. 	The Money Shoal well located on the seismic line shown in 

Fig. 2 bottomed at about 3 km depth in basement regarded as late Proterozoic-

early Cambrian. 

PHANEROZOI C GEOLOGY 

Veevers et sl.(1982) indicate that the development of Phanerozoic 

eastern Australia began with breakup of the central Australian Precambrian 

craton around 570 m.y.B.P. 	Doutch & Nicholas(1978) regard the Ercraanga 

Basin and infra-basins as being 'younger internal (intraoratonic) basins" 

overlying the Tasman Fold Belt System. 	Murray & Kirkegaard(1978) 

suggest that the central Eromanga Basin region was the site of a marginal 

sea between the Precambrian oraton and a Cambro-Ordovician volcanic island 

arc, but this was deformed and metamorphosed by about 480 m.y.B.P. Cook(1982) 

considers that the late Cambrian (510 m.y.B.P.) continental shelf was 

to the west of the Eronanga seismic traverses shown in Fig. 2. 	Herrington 

(1974) envisages the central Eronanga region being part of a small ocean 

basin or back-arc marginal sea (Barcoo Marginal Sea) analogous to the Sea 

of Japan with cratonic fragments rifted from the Precambrian crates lying 

to the east. 

Infra-basins of the Jurassic-Cretaceous Eromanga sequence include the 

Cambro-Ordovician Warburton Basin, the Devonian Adavale, the Devonian- 
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Carboniferous Drummond Basins, and the Permo-Triassic Cooper and Galilee 

Basins (Doutch & Nicholas,1978). 	MACSAT data highlight the contrast between 

the negative magnetic anomaly over the Eromanga Basin and the positive 

anomalies identified with adjacent Precambrian areas (Frey, 1982). 

The tectonic development of southeast Australia has been the subject 

of a substantial number of interpretations. 	There are essentially two 

interpretational models; one implies that the Lachlan Fold Belt evolved 

largely in a western Pacific-type continental-margin environment with 

island arcs and back-arc basins (Scheibner,1973; Crook,1980; Crook 

& Powell,1976), and the second model implies development on reworked 

Precambrian continental crust (Compston & Chappell,1979; White et al., 

1976), a model which is gaining increasing support as better dating methods 

are developed. 

Crawford(1983) has put forward a tentative model reconciling 

aspects of both models. 	He indicates that three widely separate, narrow 

elongate belts of Cambrian greenstcnes provide substantial evidence for the 

western Pacific-type model. 	Crook(1980) describes ten 'arc terrains in the 

southern Tasman Geosyncline and several features formed by crustal extension. 

He indicates that the Tasman Geosyncline was possibly initiated as early 

as 750-800 m.y.B.P. with subsequent development analogous to that 

currently existing betweón Vietnam and the Marianas Trench in the Pacific. 

Crook(1980) envisages that subduction had largely ceased in southeast Australia 

by the late Ordovician(about 460 m.y.B.P.) but there was a period of 

mid-Silurian crustal extension and sediment filling during the Silurian and 

Devonian. 

However, lower and middle Palaeozoic granitoids constitute about 

25 by area of the Lachlan Fold Belt and these have been divided into 

I-type granites, derived largely from maficintermediate sources which 

have not been through a weathering cycle, and S-type granites which are 

derived from a metasedimentary source. 	Compston & Chappell(1979) 
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in the Hrosanga Basin, the traverse lengths at sites considered in this paper 

were generally less than 20 kilometers; however this was usually sufficient 

to gauge the style of reflecting horizons. In the Eromanga Basin deep 

reflection profiling was continuous on thirteen traverses totalling 1400 km 

in length. 

Western Arafura Sea 

The marine profile in the western Arafura Sea (Fig. 2), with recordings 

out to 300 kin, has been interpreted by flynn & Reid(1983). 	They 

interpret a sedimentary layer 2 kin thick with velocities in the range 2.00-

5.28 km/s. The upper crustal basement has a velocity of 5.97 km/s extending 

to ii Ion depth where an increase in velocity to 6.52 Ion/s is interpreted. 

In the lower crust a velocity gradient was evident with the velocity 

increasing from 6.52 to 7.0 km/s in the depth range 17 to 30 km. A higher 

velocity (7.33 km/s) is interpreted in the depth range 30 to 34 km at which 

an upper mantle velocity of 8.0 kin/s is reached (Fig. 3). 

From recordings made of the marine shots at land stations out to 

distances of over 1000 Ion towards the Tennant Creek Block, Hales & Ryan 

(1978) interpreted an upper mantle velocity of 8.18 1cm/s between 45 and 76 

Ian depth and below this a velocity of 8.38 km/s (after spherical earth 

corrections have been made). 	This lithospheric model applies almost wholly 

to the velocity structure under the Archaean Pine Creek Ceosyncline. 

Hales, Muirhead & Rynn(1980) have determined deeper structure under the region 

using earthquake sources north of Australia. 	Major velocity discontinuities 

were interpreted at depth of 75, 200, 325, 411, 512, 610, 630, 645 and 

722 Ian, with the possibility of a low velocity zone between 200 and 

325 km. Leven(1980) has refined this model, the main modifications being the 

interpretation of velocity gradients in the ranges 190-210 km, 320-330 km, 

610-645 kin and 700-750 km rather than discontinuities and a prominent 
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decrease in velocity between 220 and 225 km. 

McArthur Basin 

Two seismic refraction traverses were shot in the McArthur Basin 

region of northern Australia (Fig. 2). 	The western traverse is almost 

wholly across the central part of the North Australian Craton; the 

eastern traverse is across the region of exposed McArthur Basin sequence 

and is probably more representative of the McArthur Basin province as a 

whole (Collins, 1983). 	Vertical seismic reflection recording was 

conducted at seven sites on the refraction traverses. 

Under the eastern traverse the McArthur Basin sequence is about 

3.3 km thick (velocity rage 3.5-5.57 km/s). 	A basement velocity of - 

5.99-6.04 km/s increases to 6.47 km/s at 16 kin depth and to 6.8 km/s at 

23 km. 	An upper mantle velocity of 79 kin/s is reached at 44 km depth. 

Under the western traverse Precambrian McArthur Basin sediments up to 9 lan 

thick (velocity 4.1-5.9 km/s) overly basement with a velocity of 

5.9-6.0 km/s. 	Velocity-  increases to 6.42 km/s are interpreted at 21 km 

and from 6.94 to 7.53 kin/s in the depth range 26 to 43 km. 	A poorly 

determined upper mantle velocity of 8.47 kin/s is interpreted at 53 kin, 

9 kin deeper than the Ilohd depth under the eastern traverse (Fig. 3). 	There 

are no outstanding velocity discontinuities within the crust below basement 

and the crust/mantle boundary is interpreted as gradational (Collins, 

1983). 

Hence the depth to the orust/mantle boundary under the McArthur 

Basin (44 kin) is close to the Hales & Ryan (1978) value for the Pine 

Creek Ceosyncline (45  kin). However towards the central part of the 

North Australian Craton the Moho depth increases to about 53 km. 

Mathur (1983a) and Collins (1983) have described the character of 

vertical seismic reflections from the two traverses. 	In the upper 
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crust (less than 7 a two-way reflection time) there are notable 

differences between the eastern and western traverses. 	The eastern 

traverse displays reflecting bands within the upper crustal 

basement suggesting strongly layered basement rocks (Fig. 4). The western 1  

traverse displays no reflections in the upper crust, emphasising the 

difference between the upper crustal tectonics wider the two traverses. 

At two-way reflecting times greater than 7 5 the characteristics of 

the reflecting horizons are similar under both traverses, namely short 

(up to 1 km long) weak segments dispersed evenly to the limit of recording, 

16 s. 	The reflections tend to increase in strength, continuity 

and coherency with depth. 

Tennant Creek - Mount Isa, Georgina Basin 

Between Tennant Creek and Mount Ise, on the North Australian Craton 

(Fig. 1), seismic recordings have been made at distances up to 600 km 

from explosive sources (Finlayscn, 1982a). 	Basement outcrop occurs at 

Tennant Creek and Mount Isa but the intervening basement is largely 

hidden by up to 10 km of late Proterozoic-Palaeozoic sediments in the 

Georgina Basin. 	The basement rocks are however considered to be 

subsurface extensions of'th6 Tennant Creek Inlier, the Arunta Inlier 

and the Mount Ise Geosyncline. 

Near Tennant Creek, Finlayscn(1981 ,1982a) interpreted the seismic 

refraction data in terms of near-surface (less than 6 kin) velocities of 5.47-

6.2 Ion/s in the Warramunga Group low-grade metamorphics and weathered granites 

overlying asphibolite facies rocks of older metamorphic domains with velocities 

greater than 6.2 kin/s. 	These latter rocks are possibly interspersed 

with lower velocity rocks (5.75-5.9 km/s). 	In the Mount Ise Ceosyncline 

the upper crustal velocities of 6.03-6.15 km/s correspond to the 

Leichhardt Metamorphics interspersed with granites. 
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In the middle crust velocity gradients are evident with velocities 

reaching 6.65 km/9 at 26 km depth near Pennant Creek and 37 km near 

Mount Ise. 	The lower crust is characterised by velocities of 7.3-7.5 

km/s and the upper mantle velocity of 6.16-6.20 km/s is reached at 

depths of 51-54 km (Fig. 3). 	The Moho depth and upper mantle velocity are 

in accord with data from the western traverse in the McArthur Basin. 	The 

upper mantle velocity rage straddles the value determined by Hales & 

Rynn (1978) on their north-south traverse(3.18 km/s). At a depth of 76 km 

they interpreted a further increase in velocity to 8.38 km/s; this can be 

compared with the velocity increase to 8.29 km/s interpreted by 

Finlayson (1982a) at 61 km depth from Pennant Creek data, increasing to 

8.31 km/s at 70 km. 

There is no seismic reflection profiling near the Tennant Creek-

Mount Ise traverse but farther south in the Georgina Basin Mathur 

(1983a) has described profiling on the eastern edge of the Precambrian 

oratos (Fig. 4). 	The character of the reflections is similar to that 

under the western McArthur Basin, namely, a general lack of 

reflections in the upper crustal basement to two-way reflection times 

of 4-5 5 with, short, discontinuous, reflection segments in the lower 

crust showing increasing strength, continuity and coherency with depth. 

Eromanga Basin 

Deep seismic refraction and reflection data from the Erornanga Basin 

(Fig. 2) have been interpreted by Finlayson at al. (1983), Finlayson 

(1983), Mathur (1983a, b). 	These data complement a large amount of 

upper crustal information available from the exploration industry 

(Armstrong and Barr, 1982) and from government research organisations (Moss 

& Wake-Dyster, 1983). In the region, 1400 km of continuous deep seismic 

profiling was conducted to 20 s two-way reflection time and, additionally, 
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shallow seismic refraction investigations were conducted to determine 

detailed velocity structure at depths less than 10 km (Lock at al., 1983; 

Collins & Lock, 1983). 

The seismic refraction data recorded at distances out to400 Ion 

revealed comparatively simple velocity/depth models for the region (Fig. 5). 

The upper crust is characterised by velocities of 2.0-5.5km/s in the 

Eromanga Basin sequence and infra-basins grading to 5.6-6.0 km/s in 

basement rocks. 	A velocity reduction is possible at depths of about 

8-12 km to values not less than 5.7 km/s. 	However the prominent feature 

in the record sections is evidence of a pronounced velocity increase at 

mid-crustal depths of 21-24 Ion (Finlayson et al., 1983; Finlayson, 1983). 

A similar feature is evident under intra-cratonic basins elsewhere, e.g. the 

Mississippi Erobayment (Mooney at al.,1983). 

In the lower crust the velocity increases to values of about 7.7 1cm/s and 

the crust/mantleboundary is defined over a 4 Ion depth range with 

an upper mantle velocity of 8.15 km/s being reached at depths of 36-41 km-

There is evidence of a further increase in velocity in the sub-crustal 

lithosphere to a value of 8.35 km/s at 56-57 km with a low velocity zone 

above this dapth. 

The deep seismic reflection data from the upper cruet of the region are 

characterised by the general lack of reflections below the sedimentary 

section (Mathur, 1983a, b) (Fig. 6). 	However between 8 and 13 s two-way 

reflection time there are a significant number of reflections which are 

generally coherent over horizontal distances of about 3 km. 	This 

reflection zone is a prominent feature of the record section. 	At two- 

way times greater than 13 s there are no prominent reflections. The 

onset of the reflection zone at 7 s corresponds to the prominent mid-

crustal velocity increase and the lower limit at 13 s corresponds with 

the crust/mantle boundary. 

In the Murray Basin (Figs. 1 & 2) between the Precambrian craton and 
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the Lachlan Fold Belt, Branson et at. (1976) have reported the results of 

split-spread recordings from the deep crust and upper mantle. 

These results, too, clearly indicate reflection segments between 

8 and 12 a, i.e. in the lower crust, with very few reflections from the 

upper crustal basement (Fig. 7). In this case the data were recorded on low 

sensitivity analogue equipment. 	On the neighbouring Precambrian oraton neat' 

Broken Hill similar recording techniques produced a record section with 

only a few reflections notable for their lack of strength, continuity and 

coherence. 

Bowen-Drummond Basins 

Collins (1978) and Leven (igao) have reported the results of 

seismic refraction surveys along and across the Bowen Basin respectively 

(Fig. 2). 	Alotig the Basin axis reversed seismic data were interpreted 

in terns of a sedimentary section about 6 km thick on average with 

velocities between 4 and 5.53 km/s, an upper and middle crust with a 

velocity of 6.35 kin/s. There is a prominent increase in velocity in the lower 

crust to 7.07 km/s at 31 len depth and a velocity gradient to the crust/mantle 

boundary at 44  lab depth, with an upper mantle velocity of 8.101cm/s (Fig. .3). 

Leven's (1980) model differs slightly; a velocity gradient of 6.3 to 

6.49km/s is interpreted between 4 and 32 km depth, with a prominent 

increase in velocity at the deeper level interpreted as the crust/mantle 

boundary. 	However it is more likely to be equivalent to Collins' lower 

crustal horizon and Leven's Mohc is probably at 48 km where he interprets 

an upper mantle velocity of 8.3 km/s. 	The Collins' Noho depth and 

velocity is thought to be more reliably determined, being interpreted 

from reversed data along strike. 

Deep seismic reflection data are available from the Denison Trough 

part of the Bowen Basin and from the Drummond Basin flank of the Anakie 
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basement high (Fig. 2). The Bowen Basin record sections below the 

sedimentary section indicate strong reflectida bands at 4-5 s and 8-12 s 

(fig. 4). 	The strength, coherence and continuity of the reflecting 

segments are prominent. 	The reflection zone in the lower crust is 

similar in character to that from the Eromanga Basin. 	The Drummond 

Basin record section, below the sedimentary/volcanic sequence at 4  s, is 

characterised by uniformly short, poor reflections to the recording limit 

of 16 a, leading Mathur (1983a) to suggest that the crust is Precambrian, 

a suggestion supported by some tectonic models for the origin of the Anakie 

Inlier. 

Lachlan Fold Belt 

Seismic refraction surveys have been conducted in the outcropping 

areas of the Lachlan Fold Belt with recording distances in excess of 

400 Ian (Finlayson at al., 1979; Finlayson at al., 1980; Finlayson & 

McCracken, 1981), (Fig. 2). 

Velocity gradients rather than velocity discontinuities characterise 

the structure,of the Lachlan Fold Belt (Fig. 3). 	At depths less than 12 km 

there is evidence for velocity decreases within a general velocity increase 

from about 5.6 kin/s to 6.3 km/s. 	In the middle crust (16-35 km) the 

velocity increases from 6.3 to greater than 7.0 km/s with some evidence 

again for velocity decreases. 	The prominence of the low velocity zones 

varies throughout the region. Such zones may be interpreted in terms of rock 

composition or of physical processes such as temperature effects and seismic 

scattering. Detailed studies have not yet been conducted in Australia. 

The upper mantle velocity of 8.02-8.05 km/s is reached at a depth greater 

than 50 Ian under the highest topography but is reached at 43-50  Ian towards 

the north of the Belt. There is some evidence for structure in the sub-

crustal lithosphere; a low-velocity zone is interpreted in the depth 
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range 50-64 km with a strong velocity gradient below it (Fig. 3). 

Along a traverse from the Lachlan Fold Belt to the Precambrian 	- 

craton across the Murray Basin (Fig. i) Muirhead, Cleary & Finlayson 

(1977) interpreted an upper mantle velocity of 7.98 km/s at 35 km depth, 

with subsequent velocity increases at 100 kin (to 8.36 km/a) and at 

205 km (to 8.72 kin/a). 	If a low velocity zone is interpreted above 

this latter velocity increase, its depth reduces to 190 Ion depth. 

Seismic reflection profiling in the eastern Lachlan Fold Belt has been 

described by Pinchin (1980) and Mathur (1983a). 	At the Gaudery Plains 

site (Fig. 2) reflections at two-way times of less than 2 a are 

attributed to Palaeozoic sediments and intersecting events at about 3 a to 

complex basement structure in the neighbourhood of the site. There are 

however also prominent bands of reflections at 7-95. and 10-'11 a which are 

seen on all profiles, indicating a layered structure in the middle-lower 

crust at depths of about 20-33 km. 	These bands fit into the zone of 

general velocity increase from 6.3 to 7.0 km/s interpreted from refraction 

data in the depth range 16-35 km. 	At two-way times greater than 11 a, 

reflections become less coherent and at times greater than 13 s they àut 

out altogether. There are no prominent reflecting horizons which 

might correspond to the crust/mantle boundary estimated to be at about 

50km depth by Finlayson et al. (1979), with a velocity gradient in the 

lower crust rather than a prominent velocity increase. 

SEISMIC SUMMARY 

Based on data from the above seismic surveys, comparisons can now 

be made of upper tithosheric structure across Proterozoic and 

Phanerozoic provinces in northern and eastern Australia. 	The velocity/depth 

interpretations and the character of the vertical reflecting horizons across 

the continent are summarised in Figs. 3, 4 and 6 . 	These have been compiled 
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into a lithospheric section in Fig. 8 

The interpretation of the deep seismic data in meaningful geological 

terms is somewhat speculative but there are now some constraints which 

are recognised. 	These are, 

The greater depth to the crust/mantle boundary under outcropping igneous, 

metamorphic and fold belt provinces than under the major basins. 

The sharper velocity changes under the major basins contrasting with more 

complex velocity gradients under outcropping igneous, metamorphic and 

fold belt provinces. 

The greater thickness of lower crust with velocity over 7 lao/s 

under the outcropping igneous, metamorphic and fold belt provinces than 

under the major basins. 

The complexity and variability displayed in both velocity and reflection 

charecter in the upper 20 km of crust. 

The ubiquitous lower crustal reflecting horizons, with horizons 

under the Phanerozoic provinces being stronger, more coherent and 

more extensive than under the Proterozoic provinces. 

The suborustal lithosphere displays few, if any, seismic 

reflectini horizons but still has gross velocity/depth 

zonation, with a velocity greater than 8.3 km/s being observed 

at depths as shallow as 55 km. 

The velocity below the crust/mantle boundary is greater than 

8.0 km/s under both Proterozoic and Phanerozoic provinces with 

the averages being 8.15 ta/s and 8.06 km/s respectively. 

In the Proterozoic North Australian Craton there is no obvious 

difference between upper mantle velocities measured north-south 

and those measured east-west. 

A question sometimes raised is whether the reflection and refraction 

horizons seen on records are merely an artifact of the recording methods 
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(Mereu & Ojo, 1981). However, the extent of some sub/super-critical 

reflections seen on long-line refraction record sections and the continuity 

and coherence on some multifold seismic reflection profiling sections 

strongly suggests that the gross features of the interpretations are real 

structural features. 	 - 

AUSTRALIAN CONTINENTAL LITHOSPHERE 

The structure determined from seismic data can be viewed in terms of 

some of the tectonic models currently being considered for continental 

Australia. In southeast Australia there is a substantial body of information 

on lower crustal compositions based on the study of xenoliths in kimberlitic 

and basaltic host rocks. 

Wass & Hollis (1983) propose a model including multiple intrusive, 

metamorphic and metasomatic events at the crust/mantle boundary. This 

indicates that the Moho is probably not a discrete sharp feature but is 

represented by a transition zone up to 20 1cm thick. They conclude that 

underplating by continental basaltic magmas could be an important 

alternative or, addition mechanism to the andesite model for crustal 

accretion. In eastern Queensland, Swart, Baxter & Ross (1980) have proposed 

a model of crustal underplating based on the analysis of megacryst 

composition in Tertiary mafio lavas. The results are interpreted in terms 

of a model of intrusion and fractionation within the crust/mantle interface 

region (Fig. 9). The crustal thickening may amount to about 40% of the 

depth to the upper mantle. 

Ferguson, Arculun & Joyce (1979), using the analyses of kimberlitic 

xenoliths, indicate that a basaltic lower crust in the granulite facies 

produces a multiplicity of mineralogical phase changes that is consistent 

with a gradational P-wave velocity transition to upper mantle values under 

southeast Australia. Manghnahi at al (1974) have shown that the elastic 
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Schematic cross-section of the crust under southeastern Queensland 

(from Ewart at al., 1980),illustrating the concept of crustal 

underplating and thickening by multiple basaltic intrusion and 

fractionation. 
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properties of garnet granulite are compatible with velocities of 7.1- 

7.8 km/s in the lower crust. This velocity range is measured in the lower 

crust of southeast Australia; Ferguson, Arculus & Joyce (1979) indicate that 

such a composition is possible, but they also emphasise the heterogeneity 

of the lower crust which is contributing to the bulk velocities determined 

by seismic refraction methods. 

Hale & Thompson (1982) have examined the reflection character of the 

continental Moho under conterminous USA and discussed the possible 

structures/rock types leading to multiple reflections in the lower crust. 

These. include granulite faciesgneisses of sedimentary and volcanic orogin, 

but they also emphasise that cumulate layering is a more reasonable 

explanation for reflection zones in magnatically active areas where extensive 

crustal melting would be expected. Smithson (1978) has emphasised the 

highly variable composition of the lower crust, being a region where igneous 

and metamorphic conditions overlap. 

It therefore seems quite reasonable to recognise that, under a variety of 

different circumstances, underplating can produce a range of lower 

crustal velocity/depth distributions and it is the intrusive nature 

of the procesp that we see in the character of some deep vertical 

reflections. The geochemical modelling envisages episodes of crustal magma 

intrusion, crystallisation and fractionation accompanied by underplating 

and crustal accretion with metamorphic equilibration and possible deformation. 

(Fig. 10). These processes would be repeated at times of high thermal flux 

from the mantle. Hence in the Australian continental crust there may 

have been episodes of crustal accretion at continental margins by island arc 

volcanism and back-arc spreading/basin formation as discussed earlier, but 

it seems likely that episodes of lower crustal intrusion and reworking 

play an important part in determining the present-day character of the 

lower crust. 

There is no reason to believe that such cumulative processes are 
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exclusive to Phanerozoic Australia. Thus under the areas considered in this 

paper such a process probably accounts for the greater thickness of crust 

as well as the high lower-crustal velocities, measured under 

outcropping igneous, metamorphic and fold belt regions. The stronger, more 

coherent, lower crustal reflections evident in Phanerozoic Australia are 

probably a function of their relative youth compared to the long time span 

since such processes began in Proterozoic provinces, with consequent 

degradation of reflecting horizons by later thermal and tectonic events. 

With the intrusive/underplating model envisaged, it would be unreasonable to 

expect seismic reflecting horizons to be coherent over more than a few 

kilometers in the lower crustal reflecting zones. 

Under the major continental basins (Hromanga,Murray) the character of 

the vertical seismic reflections is very different in the lower and upper 

crust, the latter being almost seismically transparent. The prominent mid-

crustal velocity increase under the Erornanga Basin strengthens the argument 

that the tectonic development of the upper and lower crust may have occurred 

by different processes, possibly temporally separate. Rutland (1982) has 

put forward arguments in favour of the continental lithosphere developing 

through successive thermal stages (chelogenic cycles), newer crust incorporat-

ing older crust at middle and lower levels, formed from reworked rocks of the 

preceeding chelogenic cycle. 	The geochemical models for southeastern 

Australian tectonics certainly support the presence of reworked Precambrian 

rocks (cornpston & Chappell,1979). However, Precambrian rocks need not under-

lie the entire region east of the Precambrian craton boundary (Fig. 1). 

There are many analogues in southeastern Asia,Japan and Europe (Ziegler,1981) 

of cratonic fragmentation and dispersal. In the Erosanga Basin the character 

of the lower crustal reflection horizons strongly suggests that it was 

affected by intrusive layering or metamorphic 'fronts'. Mathur (1983b) 

suggests the strong, coherent reflecting segments in the lower crust 

are produced by intrusive basaltic sills and that attenuation of 
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Precambrian crust took place during the development of a back arc marginal 

sea. However the possibility of other mechanisms cannot be discounted. 

Oliver, Cook & Brown (1983) have reviewed some of the major findings 

of COCORP deep reflection profiling in conterminous USA with respect to 

tectonic processes which are likely to apply to all continents, including 

Australia. The outstanding finding is that the continental lithosphere 

is extremely complex and consequently trying to generalise from 

data at any one site is fraught with danger. They recognised that 

different regions of the upper, middle and lower crust in any area may 

have undergone quite separate tectonic histories before their 

present-day configuration was achieved. Consequently we should not be 

surprised at the contrast in the character of reflections from different 

levels of the crust in continental Australia. 

Another point made was that Precambrian and Phanerozoic sediments can 

occur with a thickness corresponding to a substantial fraction of the total 

crustal thickness (15-20 kin). These may either be layered and hence seen by 

seismic reflection profiling or highly deformed and consequently seismically 

transparent (an interpretation preferred for the Eromanga Basin results). - 

However, within the continental crust, Oliver, Cook & Brown (1983) emphasise 

that the 'creation of new continental material may be of minor significance. 

Rather the process is primarily one of reshuffling of existing sialic crust'. 

In Australia, the differences between the sub-crustal lithospheric 

structure under the various geological provinces are more difficult to see. 

The strongest evidence for lithospheric differences in the mantle between 

Precambrian and Phanerozoic provinces comes from teleseismic travel-time 

differences. Cleary (1967) and Cleary, Simpson & Muirhead (1972) have 

highlighted the general trend towards earlier arrivals on the Precambrian 

craton compared to the eastearn Australian coast (by about 1.1 s). Finlayson 

(1982b) has argued that this time difference cannot be accommodated in current 

velocity/depth models to depths of 200 km; consequently deeper anomalies 



2 7-3 0 

must exist. Dziewonski & Anderson (1983) have'more recently re-emphasised 

this difference and also the dependence of that difference on source azimuth. 

CRUSTAL GROWTH 

There are a number of features in the seismic refraction and reflection 

data which, taken together with the analyses of crustal and upper mantle 

xenoliths, contribute to a better understanding of lithospheric structure 

and growth in continental Australia. 

The first feature to note is that the lower crustal reflections seismic 

velocities and rook compositions encourage the view that underplating and 

lower crustal intrusion are significant factors in any model of crustal 

growth. The greater depth to the crust/mantle boundary under outcopping 

igneous, metamorphic and fold belt regions can be attributed to lower crustal 

accretion. The deep reflections suggest strongly a process of thermal 

alteration from below by intrusion and/or by metamorphism. The mechanisms 

by which underplating and intrusion occur lead naturally to the strong 

possibility of reworked -older terrains in northernand eastern Autrali. 	- - - 

A second teature worth noting is that, under the major basins bordering 

the Australian Proterozoic: craton, there are significant differences in the 

character of the reflections from the upper and lower parts of the crust and 

these parts are separated by a prominent velocity horizon. This suggests that 

the dominant tectonic processes affecting the two parts of the crust could 

be separated spacially and/or temporally. The lower crustal reflections are 

perhaps indicative of thermal effects from the mantle (either intrusive or 

metamorphic). The preferred interpretation for the lack of reflections in 

the upper crust is that it is composed of highly deformed/folded metamorphic 

rocks, but it must be noted also that a granitoid basement is recognised 

in some parts of the Eromanga Basin. 

The gravity trends in the major basins bordering the Proterozoic 
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craton run strongly parallel to the craton boundary. Thee trends are linear 

and are evident in the morphology of the older depositional sequences under 

the Murray and Eromanga Basins (Wellman, 1976). It therefore seems likely 

that the lower crustal reflections under these basins are symptomatic of 

the thermal event(s) which rifted an earlier crust, a process similar to 

that described by Ziegler (1981) for the basins of central and western 

Europe. 
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SEISMIC RAY TRACING THROUGH THE ZURICH-I MODEL 

D.M.Pinlayson & C.D.N.Collins 

Bureau of Mineral Resources, Geology & Geophysics, Canberra 

INTRODUCTION 

The theme of the workshop meeting of the Commission on Controlled 

Source Seismology at Zurich/Einsiedeln during August 1983 is "Interpreta-

tion of Seismic Wave Propagation in Laterally Heterogeneous Structures"., 

Prior to the meeting a set of data was distributed consisting of a series 

of synthetic record sections generated by V.Cerveny and I.Psencik in a 

laterally'varying velocity model (here called the ZURICH-I model). The 

objective was to have participants at the meeting interpret the data by 

whatever means at -their disposal prior to arrival in Switzerland. Thus, 

at the meeting, the constraints that various methods of analysis can - 

place on interpretations can be assessed. 

This paper presents a seismic ray tracing interpretation of the 

Zurich-I data. 	- 

ZURICH-I DATA 

Synthetic seismic record. sections were generated bythe ray - 

theoretical method (Cerveny, 1979) from four shot points along the 

ZURICH-I model which was 520 Ion long and 60 km deep. Both forward and reversed 

sections were available from two of the shot points in the central part of the 

model; thus a total of six record sections were generated for interpretation. 

The sections were available with two normalising criteria; the first with 

the maximum amplitudes of all traces the same, and the second with the trace 

amplitudes multiplied by a factor, A, given by the relation, 

A = 0.15(x - x')/SMAXIN 

where (x-f) is the -epicentral distance and SMAXIM is the maximum 

amplitude of the whole section. In two sections from the shot point at 

x = 320 km the scaling factor was taken as 0.5A. 

28-1 

A reduced time was used on the time axis of the record sections; the 
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velocity of reduction was 8.0 km/s. 	In a few oases extra sections were 

supplied with a velocity of reduction of 6.0 km/s. 	The seismic waves 

considered in the section were refracted (diving) waves and all types of 

primary reflections including converted phases (conversion at the reflection 

point). 

The seismic source was taken to be a point source of P-waves with a 

symmetric radiation pattern. 	The record sections were generated close 

to the surface at four distances along the model, 20 km, 170 kin, 320 km, 

and 470 kin. 	The source corresponded to the far field approximation 

given by the expression, 

f(t) = exp[-(27VFm.t/) 2'] . cos(2,trm.t +o) 

withn4Hz, Y4anda=Q. 

The source time-function has a Gaussian envelope and the time zero 

corresponds to the maximum of the envelope. 	This feature remains valid 

even when the signal is deformed due to phase shifts. 	There is therefore 

a time difference of approximately 0.3 s between the first onset 

and the maximum amplitude corresponding to the true arrival time. Ideal 

recording equipment only was considered, i.e. possible signal distortion on 

recording was not considered. 	The vertical component of the displacement 

vector was shown in the record sections. 

The information was giventhat the model was a two-dimensional 

inhomogeneous layered structure with smooth changes of velocity inside 

the layirs. 

RAY TRACING 

Inspection of the synthetic seismic record sections revealed a number of 

prominent seismic phases. 	These were as follows: 

Pg - 	P-waves propagating through the upper crustal basement with a 

velocity of over 6.3 km/s. 	 - 

Pc - 	super-critical reflections from a boundary at mid-crustal levels 

with a lower velocity of about 7 Ion/s. 

PP7 - 	sub-critical reflections from the mid-crustal boundary. 

PiP - 	super-critical reflections from the crust/mantle boundary with 

upper mantle velocities in excess of 8 km/s. 

PPS - 	sub-critical reflections from the crust/mantle boundary. 

In addition it was evident that the velocity and thickness of the 

I 
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uppermost crustal layer varied along the model. This layer could be 

interpreted as a weathered and sedimentary sequence. 

Initial velocity/depth models were constructed for each record 

section based on estimates of the apparent velocities for the various seismic 

phases. 	The models were used in a ray-tracing computer program TTIME adapted 

by C.D.N.Ccllins from the program LAIJFZEIT by G. Muller. 	This program 

assumes horizontal layering within the model, i.e. 1-D models. 

The velocity/depth profile was then varied iteratively until a reasonable fit 

of the travel-time data to the seismic arrivals was obtained. 

The simple layered models were then used to construct a two-dimen-

sional velocity/depth model 520km long. 	This model was tested using a 

program XIGHS developed by Collins (1980), which traces rays through 

laterally varying structures using Snells law. 	The model was varied 

by trial-and-error until an acceptable fit of the calculated travel-times 

to the ZURICH-I model data was obtained. 	This was usually taken to be when 

arrivals which were within 0.1 s of the given data. 

The synthetic seismic record sections from the four shot points are 

shown in Figures 1-6. 	The sections are labelled ZU20F, ZUI70R, ZIJ170F, 

Z1J3420R, ZU320F and ZU470R, the number indicating the shot point location 

and the last letter indicating whether the shooting was forward(F) or 

reversed(R). 	The upper part of each Figure contains the distance 

normalised section and the travel-time curve from the horizontally layered 

preliminary model. 	The lower part of each Figure contains the equal 

amplitude normalised section together with the travel-time curve for the 

laterally inhomogeneous model. 	The preferred 2-fl model is shown in 

Figure 7. together with the 1-fl velocity/depth models at each shot point. 

The depths to the iso-velocity lines under each shot-point are listed in 

Table 1. 

Some features of the record sections deserve further comment because 

they are not all incororated in the model shown in Fig. 7. In Fig. 1 

the prominent variation in amplitude of events with an apparent velocity 

of about 6 km/s between 200 and 220 km is probably caused by the focussing 

of energy at the edge of the basin-type structure at 110-120 1cm. 

In Fig. 5  the variation in amplitude of the PP8-PmP reflections between 

380 and 410 km indicates some structural defocussing of rays at 350-365 km. 
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This effect probably indicates that the shallowest upper mantle probably is 

in the region 350-365 kin rather than at 320 km as indicated in Pig. 7. 
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TABLE 1 

Interpreted depths (Ian) to the iso-velocity horizons at the four 

shot points in the ZURICH-I model. 

Z20 	Z170 	Z320 	Z470 

4.0 km/s 	 surface 	surface 

4.25 	surface 	0.4 	1.0 	surface 

4.5 	0.8 	1.0 	2.2 	1.0 

5.0 	1.5 	2.0 	4.2 	2.3 

5.5 	2.0 	3.0 	6.5 	3.0 

6.0 	3.0 	4.0 	9.0 	5.0 

6.5 	23.2 	20.8 	14.0 	17.5 

/ 
	 7.0 	25.0 	22.5 	18.2 	22.8 

7.5 	36.2 	32.8 	28.7 	29.8 

8.0 	40.0 	37.6 	30.0 	35.0 

8.5 	50.0 	50.0 	50.0 	50.0 
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Fig. I 	a. Distance normalised forward record section from shot-point Z20 

with superimposed the travel-time curve from the preferred 1-D 

velocity/depth model. 

b. Trace normalised forward record section from shot-point Z20 

with superimposed travel-times through the preferred 2-0 velocity/ 

depth model. 
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Fig. 2 a. Distance normalised reversed record section from shot-point 

2170 with superimposed the travel-time curve from the preferred 

I-fl velocity/depth model. 

b. Trace normalised reversed record section from shot-point 

Z170 with superimposed travel-times through the preferred 2-fl 

velocity/depth model. 
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Fig-3 	a. Distance normaliaed forward record section from shot-paint 

Z170 with superimposed the travel-time curve from the preferred 

I-P velocity/depth model. 

b. Trace normalised forward record section from shot-point 

2170 with superimposed travel-times through the-preferred 2-D 

velocity/depth model. 
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Fig.4 	a. Distance normalised reversed record section from shot-point 

Z320 with superimposed the travel-time curve from the preferred 

l-D velocity/depth model. 

b. Trace normalised reversed record section from shot-point 

Z320 with superimposed travel-times througif the preferred 2-13 

velocity/depth model. 	 .11 
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Fig.5 	a. Distance normalised forward record section from shot-point 

Z320 with superimposed the travel-time curve from the preferred 

1-0 velocity/depth model. 

b. Trace normalised forward record section from shot-point 

Z320 with superimposed travel-times through the preferre4 2-0 

velocity/depth model. 

a. 

0 

'a) 
I: 

—J 
14) 
> 
ci 
a 

0 
'a) 
a 

8I- 

St. 

..n.u.........n......u. 
DISTANCE IN KM 

MODEL ZURICH ZU32QF 



28-10 

	

Fig.6 	a. Distance normalised reversed record section from shot-point 

Z470 with superimposed the travel-time curve from the preferred 

1-0 velocity/depth model. 

b. Trace normalised reversed record section from shot-point 

Z470 with superimposed travel-times through tho • proferred 2-0 

velocity/depth model. 
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SUMMARY 

Isomagnetic maps of the Australian region for the epoch 1970.0 
are presented for seven magnetic components and their respective 
annual rates of change. 

The maps are based mainly on the results from magnetic surveys 
completed in the years 1966-70 but observations from all surveys completed 
since 1955 have been used at various stages in the map compilation. 
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INTRODUCTION 

The Bureau of Mineral Resources, Geology and Geophysics (BMR) 
maintains a continuing program of regional magnetic surveying in the 
Australian region to meet the general needs of the mining and petroleum 
industries, land surveyors, and navigators (land, sea, and air). Australian 
regional magnetic surveys were started in 1911 by the Carnegie Institution 
of Washington (Bauer & Fleming, 1915: Bauer et al., 1921) and surveys 
by various institutes have continued up until the present time. An analysis 
of the early Australian results was included in Carnegie Institution 
Publication No. 578 (Vestine et al., 1948). 

The first isogonic map of Australia was produced for the epoch 
1944.5 (Rayner, 1944). Subsequent isogonic maps have been produced for 
epochs 1950.5 Holmes, 1951), 1955.5 (Wood & Everingham, 1953), 1960.5 
(Parkinson, 1959), 1965.0 (van der Linden, 1965a), and 1970.0 preliminary 
(Finlayson, 1970a). The only complete set of isomagnetic maps for the 
Australian region published was for epoch 1957.5 (Parkinson & Curedale, 
1960, 1961, and 1962). 

Before the present series of maps all map compilations were 
based on second order magnetic survey data in which the corrections for 
diurnal variations in the field were derived from world-wide analysis 
(Vestine et al., 1948) or from the results of geomagnetic observatories 
as far off as 1 500 km. The desirability of making magnetic variograph 
recordings at each station to record not only diurnal variation but also 
other short period transient variations has always been recognized. This 
has been put into practice only with the setting up a network of first 
order magnetic stations, in the last three years. 

Since 1955 a considerable amount of field work has been completed. 
Seventy-two first order regional magnetic stations have been established 
and surveyed to give precise data on the geomagnetic field and its rate of 
change in the Australian region (Finlayson, 1970b, 1971a, b, c; van der 
Linden 1965b, 1965c, 1968, 1969). In addition, a program of third order 
magnetic surveying has been undertaken which has been designed to map 
regional magnetic anomalies. At the time of production of the maps 
presented here, southern Queensland, New South Wales, and Victoria had 
been mapped in this way (van der Linden, 1970, 1971). 

The maps presented in this report are derived mainly from the 
magnetic data obtained since 1955, but data from earlier surveys have 
been useful in defining trends. 

-3- 
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Throughout this report centimetre-g9n-second (COS) units 
are used; the unit of magnetic intensity is 10 Oersted (= 1 gamma) 
and angular measurements are in degrees and minutes of arc. The mag-
netic components discussed and mapped are: horizontal intensity (H), 
north intensity (X), east intensity (Y), vertical intensity (Z), total 
intensity (F), inclination (I), declination (D), and their respective 
annual rates of change. 
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FIELD SURVEYS AND INSTRUMENTS 

Any magnetic survey program must take into account both the 
spatial distribution of the geomagnetic field and its short and long 
term changes with time. Many aspects of mapping the spatial distribution 
of the field have been discussed by the World Magnetic Survey Board 
(WMS, 1967; Vestine, 1961). A power spectrum analysis of a single 
magnetic profile around the world indicates strong harmonic terms down 
to wavelengths of approximately 5 000 km, a weak spectrum between 3 000 
km and 300 km, and an increase in power again in wavelengths from 150 km 
down to 15 km (Alldredge et al., 1963; Alldredge, 1965). The longer wave-
lengths are attributed to sources in the earth's core and the shorter 
wavelengths to sources in the earths crust. The weak spectrum in the 
wavelength region 3 000 km to 300 km indicates a lack of geomagnetic 
field sources in the region of the earth from approximately 25 km to 
2 900 lm depth. Thus the magnetic field measured at the earths surface 
is due mainly to the geophysical processes taking place in the earth's 
core (the main magnetic field) plus the effect of the earth's crust to 
a depth of approximately 25 km. 

The changes with time that occur in the geomagnetic field can 
be separated broadly into long and short term changes. The, majority 
of short term changes are caused by variations in the small contribution 
to the measured field due to ionospheric currents and have characteristic 
periods of 24 hours and less. Thus in field surveys they can be corrected 
for by making magnetic recordings for two or three days. The effects of 
magnetic storms, which may last for a week or more, can be estimated 
by referring to magnetic observatory records. The long term non-cyclic 
change (secular variation) is due to geophysical processes in the earths 
core. The change is measured at magnetic observatories and at magnetic 
stations where magnetic observations are repeated every few years. 

BMR has adopted two types of regional magnetic surveys for 
mapping purposes, with effective station intervals of approximately 
500 km and 80 km, and thus should be able to resolve wavelengths greater 
than or equal to twice the station interval (Blackman & Tukey, 1958). The 
surveys should therefore be capable of mapping the regional components 
of the main magnetic field and the larger regional anomalies. Anomalies 
of smaller extent (local anomalies) can only be resolved by adopting more 
detailed survey methods. 

First order magnetic surveys 

Since 1965, BMR has established a network of 72 first order magnetic 
stations in the Australian region, which is designed so that repeat obser-
vations can be made for the foreseeable future (Plate 1). Many of the 
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stations are in the vicinity of earlier magnetic stations, thus providing 
valuable information on secular variation in the region. 

The secular variation in the magnetic components is of the 
order of 10 gammas/year in intensity and 1 minute/year in arc (Plate 2), 
and thus the survey method must be capable of resolving such changes. 
EMIl surveys achieve this by setting up a three-component fluxgate 
variograph (Seers, 1966) at each first order survey station visited and 
recording geomagnetic variations over a period of about 3 days, during 
which the associated control observations are made. Plate 3 illustrates 
the equipment used. The survey results give values of the H, D, and Z 
magnetic components which average out diurnal and other transient changes 
in the geomagnetic field over a 24 hour period. The systematic errors 
in the measurements of H and Z are within the limits 15 gammas and D 

.within the limits - 1.0 mm. 

Control observations in the first order surveys were made with 
the following types of instruments: 

Horizontal Intensity (H) - La Cour Quartz Horizontal Magnetometer 
(QHM) or Horizontal Torsion Magnetometer (HTM). Both instruments 
operate on the same principles (La Cour, 1936). All instruments 
were compared before and after each survey against the Australian 
standard instruments kept by Toolangi magnetic observatory (van der 
Waal, 1966). 

Total Intensity (F) - Elsec Proton Precession Magnetometer (PPM). 

Crystal frequency is checked regularly. (Littlemore, 1960). 

Declination (D) - Askania declinometer. (Askania, 1953). All instruments 
are compared against the Australian standard kept by Toolangi 
magnetic observatory. Azimuths were determined from sun 
observations and positions from data of the National Mapping Division 
of the Department of National Development and from the Department• 
of Civil Aviation. 

Control for the Z variograph record was derived from the H and F control 
observations mentioned above. 

Third order magnetic surveys 

Single readings of H, D, and F are made at 15 km intervals along 
road traverses so that on average there is a station within 40 km of all 
points in the region. The instruments used on the surveys are the same 
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as those used for control observations in first order survey work. In 
addition, a calibrated Wilde compass theodolite is often used for 
measuring declination (C). Azimuth control is obtained by making a 
single sun observation at each station and positions are read from 
1:250,000 scale maps. 

DATA PROCESSING AND CONTOURiNG 

Data Preparation 

The contoured values of the magnetic components on the maps 
accompanying this report are tied to the values of the field at the 81 
stations listed in Table 1. Seventy of the stations are BMR first order 
magnetic stations, three are BMR magnetic observatories (Toolangi, 
Mundaring, and Port Moresby), two are magnetic observatories 
operated by the New Zealand government (Amberley and Apia), one is an 
observatory operated by the Indonesian government (Tangerang), and the 
remaining five (Djajapura, Honiara, Noumea, Ocean Island and Tibar) 
are stations from which comprehensive magnetic data are available. Two 
BMR first order stations .(Rabaul and Aropa) have been omitted from the 
list because of the anomalous values of the field measured at these 
stations; however, they do provide valuable secular variation data. The 
locations of all these stations are shown in Plate 1. 

Secular variation data are available at 65 of the stations in Table 
1. Most of the BMR first order magnetic stations have a good record of 
re-occupation since 1955. Until 1968, the magnetic observations at these 
stations were of second order standard i.e. several observations of three 
magnetic components spread over one or two days but without variograph 
recording. Since 1968, all the stations have had a first order occupation 
as described above. 

The H, D, and Z values observed since 1955 were plotted with 
respect to year of observation for all stations and a smooth curve 
drawn through the values of each component. These curves were 
extrapolated to give the 1970.0 values of H, D, and Z at all stations, and 
the gradients of the curves at 1970.0 were taken to be the secular varia-
tion for 1910.0. 

From the H, D, and Z values for 1970.0 and their respective 
secular variations, the values for all other magnetic components were 
derived using the relations listed below. 
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Magnetic component: 	 X = B cos D 

Y a  H sin D 

F = (H2 + z 2 ) 

I =. arctan (2/H) 

Bate of change with time: dX/dt = dH/dt. cos P - H. sin D. dD/dt 

dY/dt = dH/dt. sin D + H cos D. dD/dt 

dF/dt = (H.dH/dt + Z.dZ/dt)/F 

dI/dt = (dZ/dt - (2.dH/dt)/H)/H.(1 + 2 2/112) 

Data from approximately 2 500 third order stations in eastern 
Australia have been used to produce detailed contouring in that region. 
Other data from approximately 250 second order survey stations through-
out Australia which have been occupied since 1955 have been used to 
supplement the first order results. The year 1955 has been taken as the 
earliest from which data have been used in the production of the isomag-
netic maps because good secular variation observations are available 
for updating to epoch 1970.0. 

Data contouring 

No internationally adopted procedures are laid down for the contouring 
and presentation of isomagnetic maps, although various suggestions regarding 
map scales and format have been made by the World Magnetic Survey Board 
(WMS, 1067; Vestine, 1961). DM11 has adopted a Mercator projection base 
map on a scale 1:10,000,000 at the equator and has presented two sets of 
magnetic contours: (1) smoothed contours with detail dictated by the interval 
between first order magnetic stations, and (2) regional contours in eastern 
Australia with detail dictated by the effective interval between third order 
magnetic stations. 	 - 

Secular variation maps 

The H, D, and 2 maps of secular variation are derived from data 
at 65 stations throughout the region (Table 1). Mtps were hand-contoured 
for tlth epochs 1960.0 and 1970.0 and the data incorporated in a computer 
program used to update second and third order observed magnetic values 
to epoch 1970.0. The 1970.0 secular variation contours shown on the isom-
agnetic maps must be regarded as approximate because of the difficulty of 
accurate determination at stations which are not permanently occupied. 
The root mean square deviations of the observad values from the contoured 
values for H, D, and 2 magnetic components are t 5 gammas/year, 
- 0.3 minutes/year and ± 4 gammas/year respectively. The.secular 
variation values for the other piagnetic components were derived from the 
H, D, and 2 values. 
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Third order data contouring 

The third order survey data were updated to epoch 1970.0 using 
secular variation data from first order surveys, and plotted by computer 
at scale 1:2,503,000 for all magnetic components. These plots were then 
hand-contoured, with the contours tied to the first order station data 
in the region. The resulting contours were then reduced to scale 
1:10,000,000. 

First order data contouring 

The first order station data given in Table 1 were first contoured 
by hand for each magnetic component. Available supplementary information 
has been used to influence the contours. Thus in eastern Australia the 
contours were made consistent with the smoothed contours derived from 
equal area averaging of the third order data contours. In other regions, 
the contours were influenced by the 250 second order stations from which 
data were available. In the Tasman Sea and Arafura Sea regions, the U 
contours have been influenced by data from Qantas Airways Ltd (Qantas, 
1968). 

These contours were then tested against computer - contoured maps 
based on the first order station data. The computer contouring method - 
has been developed by the EMR marine gravity group (Briggs, in prep.); 
it is based on fitting a two-dimensional spline through unevenly distribited 
data points. The hand-contoured maps were adjusted where necessary to 
be consistent with the computer contours. The computer- contouring 
program was not developed sufficiently to produce the final magnetic 
maps because of the uneven distribution of data in the oceanic areas 
around Australia. 

The first order data were compared with the International Geo-
magnetic Reference Field (IGBF) for epoch 19.70.0 (Cain et al., 1967). 
The results are tabulated in Table 2. The IGRF was also computer-
contoured for all components and compared with the 8MB contours. The 
ranges of differences are listed in Table 3. 

Map presentation 

The epoch 1970.0 isomagnetic maps for seven geomagnetic compon-
ents and their annual rates of change are presented in the folio accompany-
ing this Report. 

By international agreement on the Cartesian co-ordinate system 
used to define the magnetic components, the following sign conventions 
are observed. 
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F - positive everywhere 

H - positive everywhere 

X - positive everywhere except in polar regions 

Y - positive easterly, negative westerly 

Z - positive in northern hemisphere, negative in southern 
hemisphere 

D - positive easterly, negative westerly 

I - positive in northern hemisphere, negative in southern 
hemisphere 

The colour convention adopted for the map series is as follows: 

Positive magnetic field values - red contours 

Negative magnetic field values - blue contours 

Positive annual change values - red stippled contours 

Negative annual change values - blue stippled contours 

Examples of the application of the chart data to estimate values 
at another epoch are given below. 

Town 	 Date 	Magnetic 	Field 	Secular 	Field 
Component 	1970.0 	Change 	at date 

Birdsville 	1/1/72 	II 	+29450 	-60 	+29390 gammas 

Z 	-46050 	-16 	-46066 gammas 

F 	+54620 	-22 	+54598 gammas 

+ 29180 	-64 	+29116 gammas 

Y 	+3320 	+6 	+3326 gammas 

+6 0  28' 	+2' 	+6 0  30' 

-57 0  30' 	-4' 	-57 0  34' 
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DISCUSSION OF RESULTS 

The isomagnetic maps of the various magnetic components give 
regional values of the geomagnetic field and are not designed to high- ;• 
light magnetic anomalies with linear dimensions less than the effective 
station spacing. The extent of regional anomalies can be gauged from the 
third order contouring in the east Australian region; similar departures - 
from the smoothed contours can be expected in other regions. Local 
anomalies may produce further differences from the smoothed contour 
field values but these can only be mapped effectively by detailed magnetic 
surveys. Aeromagnetic surveys give very useful information on where 
such local anomalies occur. 

Although the magnetic component data from all individual survey 
stations are mutually consistent, the contours have been derived independ-
ently with no attempt to make them mutually consistent in terms of electro-
magnetic theory. This is in accordance with the principle that they should 
represent observed data. 

The author would like to thank all those who have assisted with 
the BMR regional magnetic survey and mapping program. In particular 
he would like to thank the Department of Civil Aviation, the New Zealand 
D.S.l.R., the Solomon Islands Protectorate Geological Survey, the 
Department of Supply for assistance at Woomera, Giles, and Cove, 
Comalco Pty Ltd (Weipa), the Bureau of Meteorology, Qantas Airways 
Ltd, and the BMR officers most closely connected with the work, 
P.M McGregor, J. van der Linden, and I. Briggs. 
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MILE I: EPOCH 1170.0 FIlSI 000(0 MAGNET IC STATION AND MAGNETIC OBSEIS/ATOIT DATA 

STATION 	 SITE 	 LAT. 	LONG, 	H 	v 	0 	r 	2 	 F 	I I 	 3 	1 

0L4'*0 	 C 	34 36.9 337 48.3 22040 .72 
SLIT 8"lflOO 	 34 9.6 1,5 51.8 72040 -08 
I. CF SPpi' 05 0 	-23 46.5 	133 91.i 30466 	10 

13 39.3 146 1 5.2 30910 
SM9ESLFO 	 43 9.9 327 43.0 71190 	45 
Apis 	 13 4I. 	89 130 34077 _20 
*0145 LOT, 	 25 70.9 3 	3.7 3270 	28 
PIROS8ILI.E 	B 	75 3 4 ,1 3 9 21. 	194.I .44 
0011. IA 	 8 	-22 54.6 339 53,5 3j35 	-39 
Pouw.E 	 0 	30 3.3 	141 57.1 ?714I -33 
COM49II'2F 	 42 49.7 342 304 19000 -38 
CARNSI490N 	C 	24 32-9 032 39.9 28000 	11 
C19,618.10 	 -35 97.3 	40 39.0 24150 	32 
C*09IFGIE 	 23 48.2 027 56.7 7840, 0.14 
C10oo0 	 0 	31 7.8 133 47.8 75Io 	z' 
COCOS IS 	 17 11.9 	96 5 0.1 1303, 
CONO8Li0I 	C 	33 6.00 347 8.3 25 4 60 	36 
C00010 1 0l 	0 	I5 28.5 145 05.0 348110 	36 
cH005loos IS, 	 -10 25.1 305 0.b 35530 	.3 
C907'O' 	 A 	10 12.9 142 35.2 33577 -24 
CUE 	 8 	77 25 , 3 Ii' 5 2.5 26190 	36 
TALl 801905 	8 	36 36.4 333 27.4 3.350 	23 
0091) 	 C 	-M 5.2 343 12.3 36470 	38 
DARWIN 	 0 	17 24.8 130 50.0 35730 032 
0(90v 	 0 	-17 27.0 323 39.6 33350 .36 
IMII 	 -29 36.9 132 03.2 27360 	.33 
EiiDi,9oA 	 -25 43.0 	130 311 	27110 -2? 
9599840 CF 	 _3541.0 IjO 49.7 23100 	23 
IIJCL8 	 31 42-9 126 53.5 25090 033 
066420700, 	C 	24 46.6 IJA 47,1 	25670 	13 
GILlS 	 - 25 23 	325 37.8 	2i 1 0 	20 

-30 47.0 015 57.0 23820 -22 
0006 	 037 22.6 136 47,4 35760 
onoryl' 	 23 46.0 053 2,2 27701 -55 
0009,0105 	0 	.40 33.5 330 10.5 32020 	27 

190,90 	 31 8.7 000 20.3 36020 .37 
HALLS 14 	 5 	15 11.3 	027 40.0 13230 .15 
MOLLSNI'I0 	 .4 34.3 140 30.9 37049 
4O',ISR' 	 -9 25.4 060 2.8 35830 
I.I.A. 	 8 	fl 8  39.6 140 9.9 33240 
LAF 	 9 	 06 43.7 147 0.1 36750 	19 
L691#1091 	 * 	'26 25.5 127 24.7 2666O 
MACISV 	 8 	021 00.3 14 9  00.9 33370 -23 
4090900 01106 	8 	25 30 • 9 152 4 3-1 30703 	43 
MEK11*Mk' 	 -26 56.8 336 32.7 272411 
MILOIIRO 	 B 	34 04.3 142 5.1 24340 	30 
900011 	 .2 4.47 147 15.4 32211 	13 
MORES 	 0 	-79 30.0 140 93.0 276213 _50 
Ml 359009 	 -24 13.8 115 14.2 29940 	1' 
9*1011 	 .4 33.3 364 55.7 35213 
841520 	 -28 97.3 	375 49,9 27083 
NEWCASTLE 	 .32 47.6 150 5 0.0 25870 .47 
oprrL' IS 	 .49 2.5 367 56.2 29270 

IDEA. 5 	 0 50.9 16 32.0 35630 
.21 38.2 005 6.3 30100 .30 

Oo 6 o0sTIo 	9 	.47 33.6 135 27.2 28780 
8*0001060 	 -34 47,5 030 39.,. 23500 -30 
P041 HFDLAND 	C 	•20 36.6 138 36.2 31410 '30 
000TL*'-D 	8 	.30 25.1 341 37.4 21570 .40 
PORT LINCOLN 	C 	.44 394 335 52.4 33730 -II 
PORT 9081511(1 	 -9 24.5  047  9.2 26233 -26 
QUILPII 	 '2 36.5 144 15.2 2910 .36 
0093 	 6 	-26 33.7 048 6,7 29500 	41 
SWI9SITFLLS 	 21 4.9 023 25.3 31270 
7490991390 	 06 30.0 104 38.0 37370 	-5 
T1808 	 -8 34.0 125 28.0 36800 
319029L,RRA 	 -29 26.9 342 3.2 27400 .49 
TOOSRIEN 	 27 8.4 134 15.2 28600 .44 
1000.1900 	 37 2'0 145 28.0 22490-37 
9641140 	 .443.9 	043 38.3 37170 	-8 
64941 	 .4 79,5 243 43.6 36880 	50 
WAOROC-910894L 	 -36 05.1 	342 14.3 23030 	32 
4000* 	 .47 •1.1 	040 54.4 35970 
5(060 	 0 	 3 '5.2 343 0.1 372311 -00 
WILD' III 	0 	-30 10.9 043 72.3 26320 -32 
WILLIS Is 	 - -18 07.8 	649 56.5 34362 -25 
WONTON 	 0 	.42 23.9 343 3.5 31390 -35 
80400066 	 -39 33.7 338 22.3 32530 -25 
wOn"09. 	 -73 6.3 	130 46.9 iSOjo .47 

C 	15 30.9 	018 8.8 3438(1 
24040405 	 0 	.30 	2.2 	023 4.1 25085 .26 

-2.95 0.0 95950 

-4,34 -0.4 55600 
4.7? 	0.. 44240 
9,37 	42550 

21-33 4.5 54700 
17.14 1.4  20210 
'.35 - o.46540 
6,77 0.8 4 6010 
81,53 	0.0 42250 
9,30 	1.2 49920 

13.50 3.0 60500 
-1.15 3'I 46930 
03.70 1.9 53850 
0.07 	1.1 47460 
4.85 	9.5 33,9 

-297 *0.9 33200 
9." 5.6 52310 
6.49 	3.0 32090 
0.817 	9. 1  30920 
6.17 	0.6, 36290 
0.75 09.4 49250 
.32 1.0 34200 

5.32 0.6 23492 
3.55 -0.4 39740 
7.50 -1.3 37220 
4.58 0.5 4930 
9.72 -0,4 •0090 

.4.15 .4.5 55430 
3.41 0.5 52 1 10 
0.95 -0.0 5*760 
3.4o 9.6 46290 

-2.97 -0.2 53470 
4.83 04090 

17.68 9.8 47930 
3.42 0.5 40320 
6.71 0.2 23930 
2.73 	0.2 37890 
4,33 	94600 
0.95 	20660 
2.18 	38590 

6.03 1.5 19400 
3'04 56310 
8.40 1.2 39,70 

10.00 3.6  1360 
1.71 49530 
8.53 9,0 5.160 
5.09 0.5 92840 

10.30 1.9 49620 
0.93 -0.8 49580 
9.53 	 ''00 
2.15 	49220 
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24300 
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-12 56882 .17 25655 	03 -873' 7 	93,37 9.4 
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52433 	26676 	 '84 	 62.32 

	

7 50703 	8 31923 	32 4223 	0 	50.47 3.4 

	

9 510 7 1 	17 29740 	43 5248 	2 	55.37 2,5 

	

56050 	. 	27133 	 623 	 60.04 

	

2 59305 .44 24073 .42 1600 	9 	65,72 1.1 

	

30 39167 	-7 39564 	13 3284 	4 	39,39 2.9 

	

32 550,9 -14 27194 -52 4834 	6 	80,40 3.0 

	

0 542'5 	.7 18938 .44 	398 	7 	57,78 0.4 

	

35940 	3.75. 	5834 	 15,30 

	

55304 	27061 	3006 	 65,68 

	

.4 57547  -21 25357 .09 5658 	5 	63.75 116 

	

52539 	25335 	7313 	 58.40 

	

36310 	35109 	595i 	 1.71 

	

3 52980 	.4 30009 	13 	221 	2 	58,39 0.5 

	

56007 	24336 	2404 	 59.63 

	

7 80029 	14 23304 .33 3109 	0 	66,06 3,5 

	

32090 	.4 31103 -10 	647 	9 	52.65 0.9 

	

.4 83469 .45 23305 	25 3345 	4 	60,46 1.' 

	

2 60471 	.4 23617 030  2305 	8 	66.80 1.5 

	

13 43403 	.3  15097 	71 3823 	9 	33.46 3.3 

	

11 54630 	10 20902 .57 3844 	3 	51.71 7.3 

	

30 54092 .47 27133 	42 4649 	31 	56.05 2.5 

	

52314 	3j747 	 7oS 	 53.34 

	

1 44301 	4 37964 	.4 	681 	33 	32.7' 0.3 

	

44210 	 11.45 

	

6 56674 .44 2703° .45  3771 	4 	61,01 2.7 

	

-? 95753 	19 24491 	14 2473 	3 	59.04 0,2 

	

5 60670 	16 22014 -74 4120 	6 	6.34 IS 

	

33 .199611 37126 	.4 1778 	4 	20.30 7.9 

	

33 4303 	4 38730 . lt 3254 	7 	 2.6 

	

.4 40300 	1' 12729 	33 3704 	2 	61.33 1.6 

	

46532 	35009 	3404 	 30.38 

	

30 40314 	2 371115 	0 	3953 	0 	22.73 2.2 

	

& 57634 	'7 25628 .11 3097 	4 	63,05 1. 

	

30 47370 	1 34000 	-27 4597 	10 	43,36 2,2 
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TABLE 2: 	COMPARISON OF OBSERVED MAGNETIC DATA AND IGOF VALUES FOR EPOCH 1970.0 

STATION LAT. LUNG, 085 CALC DOFF 065 CALC DOFF VHS CALC (10FF 
H H N 0 0 U 2 2 t 

ALBANY C34 56,9 127 48.3 22060 21931 129 -2,98 -2,91 -0,07 55950 56454 -504 
ALEX OR  I  DOL 34 9,8 115 1.1,8 22040 22210 -170 -4,18 -4.12 -0.06 556,0 55729 -129 
ALICE SPRINGS 0-25 40.5 133 51,4 30460 30594 "134 4.77 4,91 -0114 44240 44251 "51 
ALPHA -25 39,3 146 35.2 40910 31682 -172 8,17 8,06 0,11 425>0 42346 202 
AHOERLEY "44 9,0 172 43,0 21790 21890 -100 21.33 21.24 0,09 54700 54746 -46 
APIA "14 48,0 168 13.0 34670 34601 69 12,14 11,72 0,42 20270 19146 1124 
AYERS HOCK -25 20,9 131 3,7 29220 29550 -310 4,35 4,25 0,10 46540 46368 152 

10059 ILLE 825 54,6 139 21,1 29440 29610 "170 6,27 6,53 -0,26 46010 46081 -70 
SOUL IA 822 54.0 139 04,5 3115 31288 -138 6,53 6,29 0,24 42250 42469 -219 
8000KE 030 3,1 145 5711 27140 27449 -309 9.08 9.19 -0,11 49530 49569 -39 
canoR000E -42 49,7 147 30,2 19000 19141 -141 13.50 13,79 "9,29 60200 60080 20 
CARNARVON C.24 52,9 113 39,9 28000 28174 -174 -1115 -0,87 -0,28 46910 47017 -107 
CANBERRA "15 17,3 149 18,0 24150 24375 '225 11,70 11,72  -0,02 53850 53942 -92 
CARNEGOL "75 48.2 122 56.7 28400 28635 -235 1i87 5,94 -0.07 47460 47563 -103 
C&PUNA 032 7,0 133 42,8 25180 25351 -17 4,88 5,31 '0.43 53100 53296 -196 
COCOS 	05 -12 11,9 96 $0,1 33030 33215 .185 -2,97 -2,64 -0,33 33200 33234 34 
CON0080LIN C33 6,0 147 0.1 25400 25620 -220 9,75 10,44 -0,59 52350 52355 -5 
COOK TOWN 80 28,5  1 4 0 15,0 54610 34626 -16 6048 6,49 "0.01  32090 32055 35 
CHRISTMAS 	IS. 10 25,1 105 40.6  35030 35236 -280 0,61 0,43 0,24 30120 30172 "53 
010TOON A"16 12.9 142  15,2 33520 33569 -49 6,17 6,23 .0.06 36260 36170 90 
CUE A27 25,3 117 53,5 26760 27072 -292 .0.25 -0,00 -0,17 49250 49545 -295 
DALY WATERS 816 16,4 135 22,4 34350 34295 55 4,32 4,38 .0.06 34770 3469' 96 
OAHU C 	'9 5.3 143 1,3 36470 36434 36 5.32 5,31 0,01 23492 23399 93 
DARWIN 0-12 26,8 130 50.0 35710 35743 "55 5,55 3,80 -D.25 29740 29674 66 
DERBY B-17 22,1 123 39.6 33390 33429 -39 2,56 2,83 -0,25 37220 37236 -16 
EMU -28 38,9 132 13,2 21160 27552 -392 4,58 4,66 -0.08 49630 49924 "394 
ETADUMNA -28 44,1 138 38.0 27710 27888 -17 6.72 6,69 0.03 49090 49274 -184 
ESPERANCE "33 41.0 121 49,2 23190 23233 -43 -0.15 -0,14 -0,01 55430 55419 11 
SUCLA 6-31 42,9 128 53,5 25000 25263 -180 3.42 3.42 0.00 52770 53305 53 
OBRALDTON C28 48 1 6 114 42.0 25670 25780 -110 -1.95 -1,86 -0,09 50760 50980• -220 
OILES -25 2,1 178 17,8 29170 29540 -370 3.40 3,51 -0.11 46290 46284 6 
QOANOARA "35 47,9 115 57,0 23020 23931 -111 -2,97  -2,50 p0.41 53490 53739 -249 
DOVE -12 22.6 136 49,4 35960 35743 217 4,83 4,63 0,21 28960 28877 83 
ORAFTON 29 46.0 153 1 5 2 27700 27981 -281 10,88 11,15  -0,27 47930 47936 "6 
GRANITES 0-20 43,5 130 j9,5 52020 32177 "157 3.42 4,00 "0,58 40310 49666 -356 
GURNEY nO 18.7 150 20.3 36120 35946 174 6.71 6,84 -0.13 23930 24079 -149 
MALLS CX C'10 14.1 127 40,0 33230 33223 7 2,73 3,48 70,75 37990 37949 41 
HOLLANPIA -4 34.3 10 30,0 37190 37447 -257 4.13 4,07 0,06 14800 14320 480 
HONIARA '9 25,4 160 2.6 35610 35840 30 8.95 8,76 0.19 20660 2090' -244 
INGHAM 018 39,0 146 8,9 33240 33406 -166 7118 7.13 0.05 38560 36164 396 
LAE S "6 43,7 147 0,1 36750 36654 96 0,03 5,71 0,32 19400 19521 -121 
LAVERTON A28 35.5 122 24,7 26680 26698 "218 1.04 1,35 -0,31 50660  50399 461 
MACKAY 821 10,1 149 10,9 37320 32342 -22 8,40 8,23 0.17 39170 38854 310 
HARY80000C'M 8-25 39,8 152 1; 30200 30302 -102 10,00 9,98 0,02 43640 43379 261 
MEEKATHARRA "26 36,8 118 32.7 27240 27670 -430 1,51 9,37 0,94 49030 48677 353 
NO LOURA 83' 14.3 142 5,1 24340 24528 -186 8,53 8,82 "0,29 54080 54230 '150 
NQNOTE -2 4,0 117 25.4 37010 86947 63 5,09 5,18 "0.09 12880 12650 50 
000EE C29 30,0 149  53;0 27620 27970 .358 10,06 10,21 -0,13 48620 48289 33L 
NT VERNON -24 13,8 ste 1,2 28940 29132 - 192 0.63 0,81 -0,18 45860 46097 -217 
NAURU -0 33.3 156 55,2 35240 35607 "361 9.53 9,14 0,39 7100 7090 10 
NEALE -20 17,3 125 4,0 47880 27301 -221 2015 2,56 -0,41 46220 50062 -1842 
NEWCASTLE "32 47,8 151 50.0 2567 26115 .245 11,50 11.73  -0.23 51400 51174 226 
NORFOLK 	35 -29 2,5 187 56,2 39070 29142 -12 14.57 j4.17 0.40 43760 43585 175 
OCEAN 	IS -0 50,9 169 32.0 35610 35502 106 9.62 9.60 0.92 6100 6784 -684 
DSSL0W "25 36,2 125 6,3 30100 30329 "229 0,42 0,48 "0,06 43610 43333 277 
000N&D* TTA 6-27 33,0  135 27! 2 28360 28435 -75 5,35 5,60 "0,25 48400 48410 flO 

PAHAFIELD .34 47.9 136 38,6 23590 23896 .306 7,57 7,58 0,01 55200 55199 1 
PORT HEQLAND c'20 18,8 116 38;7 31410 31474 -64 1,16 1,60 0,42 41500 4147' 23. 
PORTLAND 8-30 23,1 141 37.4 21570 21643 13 8.92 9,56 -0,64 57560 57792 "237 

PORT LINCOLN C.3' 36,> 135 52,4 23730 23608 -78 5.06 6,37 "1,29 55620 55362 258 
PORT MOHESOY .9 24,5 147 9.2 36210 36226 .16 6,22 6,0' 9,14 23930 23309 671 
901LPIE "20 36,5 144 15,2 29170 79405 235 7.77 7.99 '.0,22 46190 46153 37 
HONA 8.26 33,7 148 46,7 29500 29602 n02 9.05 9,28 -0,15 45340 45326 14 
SW0NOELLS -21 4,9 123 25,3 31270 31471 -201 2,21 2,56 -0,35 42020 41995 25 
TANCERANG 6 19,0 106 38,0 37170 37223 .55 1,05 1,12 "0,07 23900 24036 -136 
TIUAR -8 34,9 125 20,0 56800 36964 n84 3,07 24500 24728 '.728 
T180080RRA 129 26.9 142 3.2 27400 27616 "23,6 7.91 7,07 0.04 49610 49567 43 
TO0N000EN "77 8,4 134 45,2 28600 28654 54 5,00 5,30 '9.35 47870 48026 "156 

TOOLAN110 .57 32,0 145 28,0 22400 22577 -177 10.62 11,00 -0,38 56390 56521 -131 

VANIMO '.3 41,9 141 15.3 57230 37380 .150 4,26 4,21 0,07 14520 14424 96 
WABAG "5 29,5 143 43.6 36880 36977 -97 5,03 4.96 0.07 18080 18177 "97 

WARRACKNASEAL -36 15 1 1 142 21.3 23030 23191 -161 9.28 9,40 "0.17 55740 55943 -203 
WEOPA -12 41.1  141  54,4 35970 35569 401 5,43 5,90 -0.07 29520 26673 847 

wEwAx D .3 35,2 143 40.1 37230 371 54  76 4,70 4,70 "0.00 15630 15450 180 

WI LCANNLA 031 30,9 143 22.7 26120 26393 "273 8,58 8,70 "0,12 51380- 51460 -60 
WILLIS 	IS .16 17,0 149 ,6.S 34310 34313 "3 7,70 7,61 0,09 32400 32388 12 
WONTON 8.22 23,9 143 3.5 31390 31636 -246 7.02 6,98 0.04 413 4 0 41387 -47 
W0NARAH "19 53,7 136 20,3 32530 32710 '168 5412 5,19 -0,07 39230 39140 90 

WODMERA -31 6,1 136 46,9 2591 26252 -342 6,12 6,30 -0.24 51710 51958 -188 

WYNDHAPI C-15 30,6 128 6,8 34360 34494 "114 3,05 3,54 -0,49 34480 34247 213 

ZANTHUS 831 3,2 123 34.1 25080 25253 fl73 1.15 1,32 "0.17 57610 52948 -338 

0,11.:- 19.2 -1mma 
D -dept.. 
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TABLE 3: DIFFERENCE BETWEEN 1970.0 IGRF AND BMR ISOMAGNETIC 
MAPS 

The values listed are the range of corrections to be applied 
to lORE maps to fit BMR maps. 

Magnetic Component 	Correction Range 	 Comments 

H 	 -lOOto-300gammas 

D 	 0 to -0.7 0  

Z 	 +400 to -400 gammas 

X 	 -100 to -300 gammas 

Y 	 0 to -200 gammas 

F 	 0 to -300 gammas 
1. 	 Oto+0.5 0 

 

agreement in TPNG region 

approx. +1.0 °  Tasman Sea 
region 

agreement in TPNG, Vic, Tas 
regions 

agreement in Southern 
Australia 
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Plate 1 - Australian region magnetic observatories 
and principal field stations. 
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G96401 

Plate 2 - Secular variation at relbourne/ 
Poolangi Observatory, 1858-1969. 
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PI.AIE i 

FIELD INSTRUMENTS USED ON FIRST ORDER GEOMAGNETIC SURVEYS 
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