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| An integrated intefprétation of the seismic refraction, seismic
reflection, and gravity data obtained by the Australian Bureau of Mineral
Resoufces, Geology & Geophysics to the end of 1971 has been made to
determine the nature and structure of the crusf and upper mantle in‘the
southern part of the West Australian Shield.

The crust is of normal continental type in the east but changes
towards the Perth Basin in the west: near Kalgoorlie it consists of two
layers with velocities of 6912 and 6.66 km/s and is 34 km thick, whereas
near Perth, close to the continental margin, it is 44 km thick and includes
an extra basal layer of velocity 7.42 km/s, which thins out towards the east
and southeast. The upper two crustal layers neér Perth, on the other hand,
thicken to the .east and southeast. In thé Perth Basin, about 7.5 km of
sediments overlie a block cf the crust which has been thrown down to the
west along the Darling Fault. Southeast of Coolgardie, the high-velocity
basal layer is shown to be thin and the southeastern part of the crustal
block haé been upthrust to the northwest along the Fraser Fault. The
measured velocity of the upper mantle underneath the abncrmal crust is 8.25
km/s. |

Two possible density models for the seismically determined
structure of the crust and upper mantle have been obtained which are
consistent with isostatically balanced shieldlcrust and the gravity anomalies
in southwestern Austpalia. One of the models is also consistent with the
hypothesis that the high-velocify basal layer in the crust is garnet

granulite overlying eclogitic mantle.



2=

INTRODUCTION

During the last two decades, a substa#tial amount of seismic and
gravity data has been obtained by the Australian Bureau of Mineral Resources,
Geology & Geophyéics'(BMR) in southwestern Australia. Reconnaissance
gfavity surveys were made in 1951-52 in the Perth Basin (Thyer & quringham.

1956) and in 1969 over the Precambrian shield (Fraser, in prep). Seismic

~ travel times from explosions over lahd as well as offshore have been recorded

since 1959 at the Mundaring Geophysical Observatory and other temporary
stations in the field (Gregson & Woad, 1968; Everingham, 1969, 1970). As a
majér contribution to the Upper Mantle Project in 1969, deep crustal
refractions and reflections were recorded along the Geotraverse, a line
‘across the shield extending from Perth east to Coolgardie and thence southeast
towards Point Culver on the Great Australian Bight (Gregson & Paull, 1971; |
Branson, in prep). In this paper are presented the results of a combined
analysis of these data to determine the nature and structure of the crust and

upper mantle in the southern part of the West Australian Shield.

GEOLOGICAL SETTING

The geology of the éhield area has been described by Prider (1965),
Sprigg (1967), Wilson (1969), and others. The main geological and tectonic
features of the area are shdwn in Figure 1. '

The largest and oldest part of the shie;d is the Yilgarn Block,
which is made up mainly of Archaean gneiss and lenticular masses of
'greenstone' and metasediments and is intiuded by massive granites. On the
‘west, the.Yilgarn Block is bounded by the Perth Basin, the western boundary
of which is defined by a partly submeréea ridge of Precambrian rocks. This
ridge forms an outlying paft of the shield, and is exposed in the south
between Cape Leeuwin and dape Naturaliste. On the south and the southeast,

the Yilgarn Block is girded by a belt of Proterozoic granulite of the
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Albany-Esperance and Fraser Range Blocks, with'faulting (Bremer and Fraser
Faults) along their junctions. East of the Fraser Range, the marine sediments

of the Eucla Basin define the eastern boundary.

PREVIOUS STUDIES

Gravity studies of the Perth Basin by Thyer & Everingham (1956)

‘indicate that the basin is a narrow elongated graben bounded for the most

part by normal faults of greét magnitude. Sediment thicknesses in excess of
10 km have been estimated from the gravity minimum of less than =130 mgal in
the basin. The Darling Fault on the easf appears from the gravity evidencé
to be a normal fault dipping steeply (700-800) to the west with a maximum
throw of 9 km or more. The results of seismic surveys near Perth made in
1955-56 by BMR (Thyer, 1963) confirmed the presence of at least 6>km of
sediments bounded on the east by the Darling Fault. Marine geophysical

surveys offshore (Hawkins, Hennion, Nafe & Thyer, 1965) indicate that the

. Perth Basin broadens westward north of Cape Naturaliste, that it has about

5.7 km of sediments in the area west of Perth and an eastward tilted basement
forms_its western margin.

Studies of seismic data by Everingham (1965) from explosions offshore
and on land showed that ig the Perth Basin about 6 km of sediments of 2.94 km/s
velocity overlie a downthroﬁn block of crust and the shield crust east of the
Darling Fault consists of two layers with velocities 6.18 and 7.24 km/s and
overlies a mantle with velocit& 8.48 km/s. The thickneéses of the crustal
layers were computed to be 14 and 28 km respectively.

Seismic refractions from the 1956 atomic tests at Maralinga, S.A.
were studied by Bolt, Doyle & Sutton (1958) énd indicated a single-layer crust
32 km thick and yeldcities of 6.03 km/s for the crust and 8.21 km/s for the
mantle in the eastern part of Westerﬁ Australia. Doyle & Everingham (1964)

recomputed the crustal thickness in_this area to be 35 km using a more




reliable crustal velocity of 6.30 km/s obtained from the profile southeast
of Maralinga. BECR | |

On the basis of the geomorphology, éeismicity, and gravity
anomalies of the southwestefn part of Western Australia, Everingham (1965,
1966) has suggested that a change in the crust, and possibly in the upper
manile. probably occurs about 110 km east of Perth along a NNW-trenéing
seismic zone (Yandanooka-Cape Riche Lineament) which closely follows the
=20 mGal contour and across whiéh the Bouguer anomaly values change from
high on the west to low on the east.

Results of marine seismic refraction studies by Hawkins, Hennion,
ﬁafe & Doyle (1965) on the continental margin, south of Point D'Entrec.steaux
indicated shallowing of the base of the oceanic layer towards the continent
to a depth of about 10.5 km roughly 120 km south of the coastline. The
underlying velocity was calculated as 8.07 km/s. But this figure could
‘include travel times from an intermediate layer in the zone of crustal
transition, and hence the above results are considered inconclusive.

" Seismic refraction studies by Francis & Raitt (1967) in the
southeastern Indian Ocean have indicated that the crust under the Broken
Ridge, though only about 20 km thick, is almost continental and includes
a high-velocity (7.25 km/s)basal layer. On the basis of physiographic
similarity between the Broken Ridge and Naturaliste Plateau, these authors
suggest that the ridge was once a part of the West Australian Shield, and
that thé crust in between has.S;en thinned either tectonically or because
of the rising of the mantle aﬁltheAexpense of crust by some process at the
Moho.

X A comprehen51ve review of all déep crustal seismic studles done
in the Australian region has been made by Dooley (1970) who came to the
following general conclusions about the nature of the 9rust and upper mantle.

The depth to the mantle over the mainland is geherally about }5-40 km where

~
~
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seismic data are available. The Pn velocity ranges from 7.67 km/s under
Bass Strait to 8.42 km/s under the Perth Basin, and it correlates in a
general way with heat flow measurements, which ére lower in the West

Australian Shield than in eastern Australia. An intermediate layer has

‘been deduced in many places. From an analysis-of the results of large-

scale crustal refraction experiments in Australiag'CIeary (1971) arrived

at similar conclusions that both P1 and Pn velocities are higher in the
Precambrian shield region than in eastern Australia and appear to increase
systematically from east to west across the continent, that there is good
evidence in all parts of Australia for an intermediate layer with an average
depth of 20 km to the Conrad discontinuity, and that the crustal thickness

has an average value of about 40 km.

ANALYSIS OF DATA

The analysis of BMR seismic and gravity data was carried out in

" three steps:

1. The refraction data were used to obtain velocities and a
structure model of the crust.

2. The reflection results were used to provide check points on‘
the refraction interpretation.

3. The gravity aata were studied to ascertain if the seismically
derived structure was consistent with the gravity field, and
to obtain density estimates for the crust and upper mantle.

Refraction data

"The locations of shots and receivihg stations for the refraction
data used in thisfstud& are shown in Figuré.Z; -They were chosen to lie
roughly along two traverses, one be;ween-Perth.and the Jubilee Mine near

Kalgoorlie and the other between Perth and Albany. The travel times which

correspond to the actual distances from individual shots have been plotted
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in Figures 3 and 4 with shot origins grouped around offshore-Perth (OFF-P),

shield boundary near Perth (SB), Hines Hill (HHL), Boorabbin:{BOO), Jubilee

Mine (JUB), and offshore-Albany (OFF-A). The time-distance curves therefore
represent average conditiohs along the two traverses.

From first as well as later arrivals, the equations for the fravel—
time segments were determined using the method of least-squares and
incorporating the principle of reversed-time equivalence. The crustal
sections shown below the travel-time plots were then obtained from the
apparent velocities and time-intercepts for each layer employing formuias
for uniform plane dipping layers. No corrections‘in the computed velocities
and depths to account for the curvature of the earth, as suggested by Mereu
(1967) , have been made, for they aré estimated to be less than 1 percent for
the traverse lengths involved. In Figures 3 and 4, heavy lines indicate the
interfaces where the data ‘are reliable, thin lines where the data are poor and i
dashed lines where they are inferred. The details of the analysis are given L
by Mathur, Branson & Moss (in prep.).

\ The results of analysis along the traverse between Perth and the
Jubilee Mine indicate (Fig. 3) that near Kalgoorlie the crust is 34 km thick
and consists of two layers with velocities 6.13 and 6.74% km/s. 1In the
western part of the shield, the crust consists of three layers with velocities
6,13, 6.70, and 7.49 and is about 45 km thick near Perth, close to the
continental margin. The velocity of tﬁe upper mantle is calculated to be
8.39 km/s under thé shield. In the Perth Basin, ébout 7.5 km of sediments,
consisting of two layers with velocities 2.52 and 4.67 km/s, overlie a
downthrown block of the crust which is tilted to the east.

The crust along the traverse between Perth and Albany, shown in
Figure L4, also coﬁsists of three layers with velocities 6.11, 6.60, and 7.34

km/s and is shown to be about 44 km thick near Perth and about 34 km thick

near Albany. The subcrustal velocity is measured to be 8.11 km/s in this

direction.
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_Table 1y_ﬁ; Compar}sqn:of_vequities and depths near Perth
 ager Velocity (km/s) Depth (km)
E-W  NW-SE  Diff. E-W NW-SE  Diff.
Crust 1 6.13 6.11 01 o} 0 0
Crust 2 6.72 6.60 .12 6.9%  7.95 1,01
Crust 3 7.49 7.34 15 13.26 16 .24 2,98
Mantle 8,39 8.11 .28 45,00  43.60 1.40

The results from the two traverses are compared in Table 1. The
depths calculated near Perth agree within 3 km and the velocities in the

NW-SE direction are somewhat (up to 4 percent) lower than those in the E-W

direction. These variations are'within the accuracy of the refraction

method, which has been estimated by Wollard (1959) to be about 110 percent.

| The calculated thickness of the crust at the coast near Albany,
however, may not be realistic as thé assumption of plane dipping surfaces
implied in the formulas would not hold if the rise in the mantle is steeper
in this area than farthef inléndo

Reflection data

It was in the five areas outlined in Figure 2 that deep crustal

reflections were systematically recorded for the first time in Australia,

 after experimentation in eastern Aﬁétralié (Branson, Moss & Taylor, 1972;

. Taylor, Moss & Branson, 1972) to develop suitable recording techniques.

The reflection surveys, the details 6f which are discussed by Branson (in

prep.), included continuous profiling, common depth point and offset

‘recording along short traverses. The recorded sections have been digitally

processed for signal enhancement, and the main reflection sections are
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presented in Figure 5. They are superimposéd on a crustal model based on
the refraction inferpretation gnd structural information from.surfaée
geology. In the sections between Perth and Coolgardie, zones of fair-
quality reflections can be identified éorresﬁohding to the refracting
horizons, which have been plotted as two-way reflection travel times using
refraction velocities. Between Coolgardie and Point Culver, no refraction
data are available for comparison, but bands of fair- to poor-quality
reflections can be picked at times which may correspond to the crustal
interfaces in this area.
Gravity data

The results of gravity surveys have been reproduced here in Tigures
6 and 7 as regional free-air and Bouguer anomaly maps of southwestern
Australia.

The generally low amplitude (120 mGal) of the free-air anomalies

over most of the shield, except along the tectonic zones of the Darling'and

Fraser Faults and the area between Perth and Albany in the southwest corner,
indicates that the shield crust on the whole is in isostatic equilibrium.
The tectonic zones are too narrow to be compensated, whereas in the southwest
the positive (+30 to 40 mGal) anomalies, which show longer wavelengths, are
believed to reflect the excess mass in the basal layer of the crust rather
than a departure from isostasy. |

The Bouguer anomaly map shows exéellent correlation with the major
geologic and tectonic featureg in>sbpthwestern Australia. The extensive low
along the western coast correlates w&th»the Perth Basin, the low in the south

with Albany granite, the zone of high positive anomalies in the southeast

"~ with the denser mass in the Fraser Range Block, the shorter-ﬁavelength highs

in the northeast with the 'greenstones' of the Kalgoorlie area, etc. These
relations are discussed in detail by Daniels (1971) and Fraser (in prep.).
In order to ascertain whether the seismically derived structure

~

~N
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of the crust is consistent with the gravity field, gravity effects were
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computed for the structure and comparéd_with the mean (the longer-wavelength_
component) of the observed Bouguer anomélies° .These effects are normally
cqmputed on the assumptions of two-dimensionality of the structufe, a sea

level standard column, and densities assigned to the layers according to

a known relation with their velocities, The assumption of two-dimensionality,
wvhich is usually made for eése of calculations, is valid if there are no

major variations in structure perpendicular to the profile studied. But the
choice of densities for the layers and a standard column is not simple in

view of the several different density-velocity relations that have been observedm
by different.investigators (Fig. 8) and several different standardicolumns,
ranging in thickness from 30 to 35 km and in density from 2.84 to 2,93 g/cmB,
that have been found suitable in different areas of the Earth's crust,. Therefore,
estimates of appropriate valﬁes for southwestern Australia were made differently,

as follows: 1 _ : .

As the gravity-effect . computations involve density contrasts between
the layers, and not the densities themselves, density-contrast models (Table 2)
for three assumed standard column thicknesses were obtained such that the
computed effects for each model showed a good agreement with the mean observed
Bouguer anomalies; From these contrast values, densities for the lower
crustal layers as well as, the upper mantle were calculated, as in Table 2,
on the basis of a density of 2.78 g/cm3 for the upper'crustal layer with
velocity 6.12 km/s. This value 'is conside;ed to be a reasonable estimate
for the denéity of crystalline shield rocks. Re jecting Model iII, which
gives too high a density for the upper mantle, Model II implies an eélogitic
and Model T a peridotitic subcrustal materials

‘The values computed for Model II along three traverses across the
shield are shown in_Figures 9, 10 and 11. The structural section in Figure 9
is based on both refraction and reflection data, in Figure 10 on refraction
data alone, and in Figure 11 on reflection data alone. In each case, the

computed curves match well with the observed mean Bouguer anomaly profile
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as the shorter-wavelength variations in the observed anomaly can be
correlated with the surface geology, i.éo, the highs with denser

'greenstones' and the lows with lighter granites.

Table 2, Densitj models of the crust aﬁd upper mantle

Model I Model II Model III
Standard Thickness Hst,km 30,0 31.0 ' 32,0
Column Density f’st,g/cm3 2.83 2.84 \ 2.86
: 5
: Density, g/cm
Crustal Layer Vei;;;ty . ——
p AP P ap L AP
1 6.12 2.78 2.78 2.78
; 0.13 0.16 0,20
2 '6066 2091 2091“ 2098 B
0.13 0.16 0.20
3 7.42 3.04 3,10 3.18 )
: 0.26 0.35 0.50
Mantle - 8.25 3.30 i 3,45 3.68

If the crust, which the free-air anomalies show to be in isostatic
equilibrium, is floating in the mantle according to Archimedes' Principle,
the density of the upper ﬁantle can also be calculated from the densities and
thicknesses of the crustal layer; and the standard column. Upper mantle
" densities so computed for four areés,of the shield and for crustal density
Models I and II are given in Table‘3; The calculated values show a systematic

>

increase in the density of'subcrustéi matefial from 3.17 g/cm” under the
- normal crust in the east to 3;35‘uhdér the abnormal crust in the west for

" Model I and from 3;28 to.3051 for ModeleI. The average of these values for
each model agrees with the. density of the uppef mantle derived independently
in Table 2. But the significance of the westward incréase in the density is

Yy

not clear. N
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Table 3. Upper mantle density calculations based on Archimedes' Principle

Area Shield - Hines Boorabbin Jubilee
Boundary Hill Mine
Elevation Ah, km 0.30 0.40 0.40 0.40

Thickness, km

Crustal layer 1 ?2.45 13,60 19.76 19.61

Crustal layer 2 7031 8.33 9.34 14,69
Crustal layer 3 29.64 18.02 6.39 -

Total crust Hg 44 4O 39.95 35.49 34,30
Density, g/cm3 '

Crust _ f 2.98 2.92 2.86 2.84

Model I mant1e® p° 3.35 3,34 3.26 3.17

Crust _ ¥ 3,02 2.96 2.88 2.85

Modedl I Mant1e® pC 3.51 3,50 3,41 3.28

Pc—Ah-!-HST( Pc— PST)

Hy - Hgp

v ¥ ot %
_ .
- - BN BN I BN BN S e e

# Density computed using f;w= fl + after Woollard (1969).

The seismically derived structure of the shield crust is thus in
isostatic equilibrium and consistent with the observed Bouguer anomalies for
either of the two density models I and II.. The densities of the layers in
either of the models are within‘the range of values observed in Figure 8 for
the corresponding seismic velocities.

Summary

“The results of integrated analysis of seismic and gravity data in
southwestern Australia are shown in a fence diagram in Figure 12. The crust
is of normal continental type in the east but becomes abnormal towards the
Perth Basin in the west. .It consisfs of two 1ayers with velocities 6.12 and

6.66 km/s and is 34 km thick near the Jubilee Mine (Kalgoorlie), whereas,
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~ npear Perth, close to the continental margin, it is Ly km thick and includes

an extra basal layer of velocity 7.42 km/s, which thins out towards the east
and southeast. The upper two layers near Perth, oﬁ the other hand, thicken
to the east and southeast; Iﬁ thé Perth Baéin,.about 7.5 km of sediments : . -
overlie a block of crust which has been thrown down to the west along the
Darling Fault. Southeast of Coolgardie, the high-velocity basal 1a&ér is
shown to be thin and the southeastern part of the crustal block has been
upthrust to the northwest along the Fraser Fault. The average velocity of
the subcrustal material under the abnormal shield is 8.25 km/s. This |
structure is consistent with a crust in isostatic equilibrium and with the
observed gravity anomaly field in southwestern Australia for two possi.le
density models of the crust and upper mantle.

The refraction data used in the above analyées had been recorded

on a regional scale, and the interpretation therefore represents the average

structure in the crust. These data are considered inadequate for detecting

small-scale features like the seismic zone (Everingham, 1965, 1966) which
may not involve a major displacement ofvthe crustal layers. The rise in the
Bouguer anomalies across the -20 mGal contour, suggested by Everinghamlto be
related to the seismic zone, seemérto be a part of the regional gradient
between the low anomalies in the centre and high in the southwest of the
area shown (Fig. 7)3  this gradient reflects the southwestward thickening

of the denser layer at the base of the crust.

DISCUSSION AND CONCLUSIONS

The presence of a high-velocity (7.4-7.8 km/s) basalllayer in the

 ‘crust has been detected in several regions of the Farth's crust. Ito &

Kennedy (1970) summarized the relevant seismic data from such areas and
observed that most of these areas have been associated with tectonic

‘activity, Drake & Nafe (1968), correlating the seismic refraction data with

..
~
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to seismically defined cruétal structure in North America, Woollard (1968)

geologic structure, suggested that the material in the velocity range
7.2-7.7 km/s may be of a transient nature and may appear and then disappear

during the orogenic history of a region. While relating gravity anomalies

concluded that areas of abnormal crustal thickness and density are .
characterized by a well-defined high-velocity (6.8-7.4 km/s) basal crustal
layer, an abnormal mantle velocity, positive gravity anomalies, and
associated with a basin, whereas the areas where the crust is subnormal in
éensity and thickness are characterized by subnormal mantle velocity,
deficiency in gravity, and evidenée of uplift. Woollérd thereforerbelieves'
(1970) that at the Mohorovicic Discontinuity there is an active reversible process
that involves:a~transfer of mass between the crust and.mantle in order to
maintain isostatic equilibrium.

In an effort to explain the differences in crustal thickness
observed over the Earth, Kennedy (1959) proposed that the vertical movement
of the Moho discontinﬁity could result from a reversible transformation
between ﬁasalt and eclogite controlled by differences in thermal gradient in
the crust. Recent experiments by_Ito & Kennedy (1970) further show that the
basalt-eclogite transition consists of two sharpidensity changes; from basalt
and pyroxene granulite ( £= 3.0Jg/§m3) to garnet granulite ( £ = 3.2-3.25)
and from garnet granulite to eclogite (P = 3.4=3.5). Therefore, they
propose that the high-velocity basal crustal layer beneath areas which have
undergone recent vertical movement is garnet granulite and that its upper
boundary is likely to represent a chemical change from acidic and intermediate
rocks to basic garnet granulite and its lower boundary a phase change from garnet
granulitelto eclogéteo However, Green &-Ringwood (1972) disagree with Ito &
Kennedy's interprétation of the experimental results in terms of a two-step
density increasé during the basalt-eclogite transition and reaffirm their own
earlier (Ringwood & Green, 1966) conclusions that the increase in density and

seismic velocity is uniformly spread over the entire garnet granulite
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transition interval and that the basalt-eclogite transition does not explain
the existence of a Moho discontinuity in stable continental crustal environments.

In reply, the former authors (Kennedy & Ito, 1972) refute the objections

raised by Green & Ringwood and hold to their interpretation of the data and

to their view that the layer with velocity 7.5 km/s, where present, may well
be garnet granulite and the velocity jump from 7.5 to 8.2 may represent the
transition from garnet granulite to eclogite.

In southwesfern Australia, the western part of the shield érust is
abnormal in thickness and density owing to the presence of high-velocity
(7.42 km/s) basal layer which thins out eastwards under the normal continental -
shield. The abnormal crust is associated with positive gravity anomalies and
with a major tectonic feature, the Perth Basin. The basal crustal layer is
well defined by seismic refractions and reflections, which imply sharp density
contrasts at its boundaries. If this layer is garnet granulite derived from

the eclogitic mantle underneath, the density Model II, presented in the

Table 2, would better represent the structure in this area.

ACKNOWLEDGEMENTS

The author is grateful to F.J. Moss and J.C. Branson of BMR and to
Dr G.P. Woollard of the ﬁhiversity of Hawaii for discussions during the
interpretation.

Thié paper is published with the permission of the Director,

Bureau of Mineral Resources, Geology & Geophysics, Canberra, Australia.

AR T A B e it — .



03 e I

.12

ilIa

(W [(We (W] [C0] () (W]

[T

iz )

&

Vil

[

REFERENCES

BIRCH, F., 1961. The velocity of compréssional waves in rocks to 10 kilobars,

Parts 1 & 2. J. Geophys. Réé., 66:1083-1102 and 2199-2224.
BOLT, B.A., DOYLE, H.A. and SUTTOﬁ, D.J., 1958, Seismic observations from
the 1956 atomic explosions in Australia. Geophys. J., 1:135-145,
BRANSQN, J.C.; Deep crustal reflection seismic survey - Geotraverse, W.A.,
1969. Bur. Miner. Resour. Aust. Rec. (in prep.).

BRANSON, J.C;, MOSS, F.J. and TAYLOR, F.J., 1972. Deep crustal reflection
seismic test survey, Mildura, Victoria and Broken Hill, N.S.W., 1968.
Bur. Miner. Resour. Aust. Rec. 1972/127 (unpubl.).

CLEARY, J., 1971, Australian crustal structure. International Upper Mantle
Committee, Symposium on Crustal Structure, Moscow, 1971.

DANIELS, J.L., 1971, A geological interpretation of the Bureau of Mineral
Resources gravity map of the southwestern part of Western Australia.

" Ann. Repo Geol. Surv. W.A., 1970. 34-36 (unpubl.).

DOOLEY, J.C.y 1970. Seismological studies of the upper mantle in the
Australian region. Prog. Second Symp. Uﬁp, Hyderabad, Dec. 1970,

DOYLE, H.A. and EVERINGHAM, I.B., 1964. Seismic velocities and crustal
structure in southern Australia. J. Geol. Soc. Aust., 11:141-150,

DRAKE, C.L. and NAFE, J.E., 1968. The transition from ocean to continent
from seismic refraction data. In: L. knopéff, Ch. Drake and P. Hart
(Editors), The Crust and_Upp;rlMantle of the Pacific Area. Geophys.

Monograph, 12:174-186,

* EVERINGHAM, I.B., 1965. The crustal structure of the southwest of Western

Australia. Bur. Miner. Resour. Aust. Rec., 1965/97 (unpubl.).

' EVERINGHAM, I,B.,r1966. Seismicity of Western Australia. Bur. Miner. Resour.

Aust. Reco 1966/127 (unpubl.)..
EVERINGHAM, I.B., 1969. Seismic travel-times from explosions, Western

Australia 1960-65. Bur. Miner. Resour. Aust. Rec. 1969/108 (unpubl.).




.

o O

I'“"" I

R

Exa)

cnfl

(]

R

O @

=

W) (W (T

(ew) [

5]

0

]

EVERINGHAM, I.B., 1970. Seismic tr#vel-times from explosions, Western
Australia 1966-68.5. Bur. Miner. Resour. Aust. Rec. 1970/110 (unpubl.).

FRANCIS, T.J.G. and RAITT, R.W., 1967. Seismic refraction measurements in
the southern India Ocean. J. Geophys. Res., 72:3015-3041,

FRASER, A., Southwestern Australia contract helicopter gravity‘survéy, 1969.
Bur. Miner. Resour. Aust. Rec. (in prep.).

GREEN, D.H. and RINGWOOD, A.E., 1972. A comparison of recent experimental
data on the gabbro-garnet granulite-eclogite transitién. J. Geol.,
80:277-288.

GREGSON, P.J. and PAULL, E.P., 1971. Refraction recording of Geotraverse

" explosions 1969, o perational report. Bur. Miner. Resour. Aust. Rec.
1971/75 (unpubl.). |

GREGSON, P.J. and WOAD, G., 1968. Fremantle region upper mantle project 1967,

operational report. Bur. Miner. Resour. Aust. Rec. 1968/6 (unpubl.).

HAWKINS, L.V., HENNION, J.F., NAFE, J.E. and DOYLE, H.A., 1965. Marine

© .7 .B6igmic refraction studies on the continental margin to the south of

Australia. Deep-Sea Res., 12:479-495,

HAWKINS, L.V., HENNION, J.F., NAFE, J.E. and THYER, R.F., 1965. Geophysical
investigations in the area of the Perth Basin, Western Australia.
Geophysics, 30:1026—5052.

ITO, K. and KENNEDY, G.C., 1970. The fine structure of the basalt-eclogite
transition. Mineral. Soc. Amer. Spec. Paper, 3:77-83.

KANAMORI, H. and MIZUTANI, H., 1965. Ultrasonic measurement of elastic
constants of rocks under high pressures. Bull. Earthquake Res. Inst.
Tokyo, 43:173-194,

KENNEDY, G.C., 195S. The origin of continents, mountain ranges, and ocean

" basins. Amer. Scientist, 47:491-50k.
KENNEDY, G.C. and ITO, K., 1972. Comments on: A comparison of recent

experimental data on the gabbro-garnet granulite-eclogite transition.

J. Geol., 80:289-292.

N O 0 A MA it ot NI U,



7] @] (W] (%] [

(W] [@]

LR

[

O7F) [WF) [ 2 @ (We)  [e] [

- [T

;17-'

MATHUR.ls.P., BRANSON, J.C.'and MOSS, F.J., Geophysical.investigations along
Geotraverse, Western Australia. Bur. Miner. Resour. Aust. Rep. (in prep;)o

MEREU, R.F., 1967. Curvatgre corréctions to upper mantle seismic refraction
.surveys. Earth Planet. Sci. Letters, 3:469-475.

PRIDER, R.J., 1965. Geology and mineralization of the Western Australian
shield. Eighth Commonwealth Min. Met. Cong., 1:56-65.

RINGWOOD, A.E. and GREEN, D.H., 1966. An experimental investigation of the
gabbrohedlogite transformation and some geophysical implications.
Tectonephysics, 3:383-427.

SPRIGG, R.C., 1967. A short geological history of Australia. APEA J., 24 pp.

TALWANI, M., SUTTON, G.H. and WORZEL, J.L., 1959. Crustal section across
the Puerto Rico trench. J. Geophys. Res., 64:1545-1555.,

TAYLOR, F.J., MOSS, F.J. and BRANSON, J.C., 1972. Deep crustal reflection
seismic test survey, Tidbinbilla, A.C.T. and Bfaid&ood, N.S.W., 1969.
Bur. Miner. Resour. Aust. Rec; 1972/126 (uhpubl.).

THYER, R.F., 1963. Geophysical exploration-Australia. Geophysics, 28:273-305.

THYER, RfF. and EVERINGHAH,-I;B., 1956, Gravity survey of the PerthABasin,
Western Australia. Burs Miner. Resour. Aust. Bull., 33, 11 pp.

WILSON, A.F., 1969. Granulite terrains and their tectonic setting and
relationship to associated metamorphic rocks in Australia. Geol. Soc.
Aust. Spec. Publ. 2:243-258.

WOOLLARD, G.P., 1959. Crustal structure from.gravity and seismic measurements.
J. Geophys. Res., 64:1521-154k4,

WOOLLARD, G.P., 1968. The inferrelationship of the crust, the uépe; mantle,
and isostatic gravity anbmalies in the United States. In: L. Knopoff,

Ch. Drake and P. Hart (Editors), The Crust énd the Upper Mantle of the
Pacific Area. Geophys. Monograph 12:312-341,
WOOLLARD, G.P.,'1969. Regional variations in gravity. In: P.J. Hart (Editor),

The Earth's Crust and Upper Mantle. Geophys° Monograph 13:320-341.




e

\

¥

‘ 1

=18~

WOOLLARD, G.P., 1970. Evaluation of the isostatic mechanism and role of
mineralogic transformations from seismic and gravity data. In:
A.E. Ringwood and D.H. Green (Editors), Phase Transformations and the

Earth's Interior. Phys. Earth Planet. Interiors, 3:484-498.




- 36° S = el

Fig.| : - |
GENERALIZED GEOLOGICAL MAP OF

Vi-lg-€8/vMm

|

- 20 124°
2 EPSEA I A . -
"‘:éf\\ AR _.._\.\\\;%;{_. . . ‘{ﬁ
53 \E'.' A 3
RN €$% G Vet b w * \§ Q(:
< i W e L (i TN T P\) \/
oy B A e
: S44&COOLGARDI 2
S R - By
| 30S  PERTH :
3 i
Q . A
g x ¢ \f‘ \(}\\
L B LOC KL e
[ T \_.\\ \\q
\ * ~;\'\;_h\\ N _ \\".\
v CULVER
NATURALISTE
™ ESPERANCE 2
CAPE
LEEUWIN

100

SOUTHWESTERN AUSTRALIA

- 100

200 Km

Cainozoic sediments

[ Mesozoic sediments

Palaeozoic sediments

Proterozoic metamorphics

Archaean gneiss

Archaean greenstones

Archaean metasediments

XX Granite .
* x | (uncertain tectonic association)

Fault

Geotraverse

ther traverse

Note: This map is based on
Geological Society of Australia,
[971-Tectonic Map of Australia

and New Guinea 1:5000 00OQ. Sydney

To accompany Record No./1973/63




—30° o
% e L
= §
XGUB - e B
z ' . : : _-—.-o”,
o . o N .~ BOORABBIN, ..o =,
- . . . o -~ WIDGIEMOOLTHA
=2 WUNDOWIE i * ]800 o,
| | xx| e,
x
32 FRASER_.RANGE
S o,
O
™
S
<
-34°
KILOMETRES )
100 0 _ 100
== —— —— —— —————— =
A _ MILES
IQO . . O IQO
%’—_ E | ; 1 m— = — Ogj_
L35 L 350
LEGEND SN Fig 2 SHOT AND RECEIVER LOCATIONS
X Shot - point % OFF- . .
, . HEE= | FOR REFRACTION DATA
o Recording station : ‘ .
_________ Road

Ratod 47303

—t——t Rarlway

weizrninnan L/NES of Cross-section . To accompany Record No. 1973 / 63 7 ’ WA /B3-22




TIME (SECONDS )

TRAVEL

DEPTH (KILOMETRES)

70

60—

50—

S
I

i

‘ | 1 1 T I {

0 100 300 400 500 600
OFF-p SR DISTANCE — (KILOMETRES) 300 JUB
: |

\-T[
— (613)
613

10— I (6-13)

e
/I — (6-70) —
20— ——— ——
— (6-74)

30— (7-49) _———

—— (839 )

40—

_____ —————— T (8-39)
50—

To accompany Record No.

1973 / 63

‘WA/B3-25

OFF-P (E)
S1 A/ (252
S2 A/ (4:4]
Ci A/ (565
C2 A/ (663
C3 A/ (708
M A/ (837

SB (E)
Ct A/ (613
cz2 A/ (66l
C3 A/ (729
XM A/ 837

BOO (W)
CL A/ (613
c2 A/ (68l
C3 A/ (77
M A/ (844

BOO (E)
Ct A/ (613
C2 A/ (672
M A/ (829

JUB (W)
Cl A/ (613
c2 A/ (676
XM A/ 850

r o0l)
+ 0-06)
+0:04)
+0-02)
0-03 )
0-06 )

1+

+

I+

0-Cl )
0-02)
0-0l )

1+

1+

I+

0-01 )
0-09)
0-00)
¥ 0-04)

i+

i+

1+

0-0l )
0-00)
+ 0-39)

I+

+ 00l)
02 )

%  ASSUMED VELOCITY

+ + + + +

(1-115 * 0-06)
(2:23+ 0-03)
(2:53 £ 0-05)
(3:67% 0-10)
(8:16 £ 0:17)

(0-92% 0-07)
(214 £ 0-05)
6- 51

(2-61 £ 0-46)
(4-95 + 0-00)
(6-87%0-18 )

(2:44% 0-00)
(6:32+ 086 )

(2:67*060)
6-92

3 TIME-DISTANCE CURVES
AND INTERPRETATION BETWEEN
PERTH AND THE JUBILEE MINE



TIME (SECONDS)

TRAVEL

DEPTH (KILOMETRES)

OFF-P (SE)
C2 A/(6352002)+(1-91%0-07)
C3 A/ (7-22+0-01) + (519%0-04)
M A/ (819 £0-09) + (83l £0-28)

SB (SE)
Ct A/(6:20%+0-01)

o " C2 A/ (652%002)+ (0-98+02)

C3 A/ (718 £0-02)+(2:540:10)
M A/ (8:0720-06)+(6-34+£0-29)

OFF-A (NW)
' Cl1 A/ (6:02%0-02)
C2 A/ (6:69*005)+ (276 £032)
C3 A/ (7-52+0-0l)+ (526 £ 0-07)
M A/(816 £0:02)+(7:02%0:'13)

0 l I | | T I i i T i | I i I I I
0 100 200 300 400
OFF-P SB DISTANCE (KILOMETRES) OFF-A
O-—.
. (6-11)
10— ‘ _ - - e -
—_— Fig 4 TIME-DISTANCE CURVES
20— ( 6-60) ;
. —_—— AND INTERPRETATION BETWEEN
PERTH AND ALBANY
30— | —_——
(7-34) T
40—
—_ | [ 811)
50—
WA/B3-27

To accompany Record No. 1973 / 63




FRASER RANGE

WIDGIEMOOLTHA

BOORABBIN

HINES HILL

WUNDOWIE

£

|
|

.
(SAN0I3S) IFWIL TIAVHL AVM—OML

© ) 2] o A
_

1 1 | _ 1

—16
— 18

BOUNDARY

o %
<
<
» Z
F o
= =
= o
LYY
W
< i
w
m+ - O
EE N
z © O
2 2 o
T
—
O <
w
LE
TR
w D
x
O
n >
o F
L on
w
«
T w
v 4
T .,‘45
o o
@
: 1
=
& o
%.,
e
=
& z
3
w
<L
(&
17 B
|
2 A
pd
[ & 2
| N
| =
S
I
| ol
o
2 A
z =
=
Z
2 4
-
x
1
|
o
: 4
c
: 4
5 =z
o
(1Y)
:
[

=

VUL T B —

6
8

___ _,_ I _ _1—_ T

(SONOI23S) FNIL TINVYL AVM~OM.L

WA/B3-28

7o accompany Record No. /1973 / 63




~30°

114°

+34°

~114°

-

7o accompany Record No. /1973 / 63

-t1ge

KILOMETRES
100 0 100
| —— —— - -~ } |
MILES
100 0
L = —_t —

Contour interval : 10 milligals




114°

-32°

340

114°

35°

To accompany Record No. 1973 / 63

AUCBANY

Contfour inferval : 10 milhigals

Fig 7 BOUGUER ANOMALY MAP

=124°

350

WA/B3-18




GEOTRAVERSE, WA

8:5

8-0

D 3 ~
(6 O w

COMPRESSIONAL VELOCITY (km/S)
()
e}

55

/| i ] ] | ] ] | ]
2-5 2:6 27 28 29 30 3 3-2 3-3 34 35
DENSITY (g/cm3)

LEGEND

Linear
] Woollard (1968)

\_/ Exponential .
- ———— Kanamori and Mizutani ( /965 Y
s i —  Nafe and Orake ( Tolwani et al, /1959 )
------- - Birch (196/)

A Model I

Southwestern Australio
® Model/ IT

Fig 8 DENSITY - VELOCITY RELATIONS

WA/B3-26A

To accompany Record No. /1973 / 63




GELEOTRAV ERSE HA.

£9 / £26/ ON p1028Y Aupdwoasp 04

v62-€8/VM

—\+50j
3 -
E ]
N 0
I ]
S i
E—so—
3]
(G -
N .
8— n Q
= o g S S8
8 0'4—_ 2 38 x g t ;_l;l T s tx Lt x "[-"r = S .
N Jree2 & /T ~—TT : A0 %g_
LT‘., & . Q M o ‘ ‘ t') & s
EA LEVEL
- lEsTmmh ]n'n||||||||||lu|nl| 2
: .
N I lllI||||||l|ll|IIHIll|||||lllllIIlIIlIlIIlIIIIIlIIllIIlI Hllllll||||||Hl‘gm~nmumnu- R X
E J LG ”” - 39
& . 3.10 (7-49) WMWY 3/.0 4m
Q a6 | 3:45
3-45 (8-39)
Ccens I Fig 9 GRAVITY PROFILES AND SEISMIC
2:78 Density (gm/en’) OTETTTI T i CRUSTAL STRUCTURE BETWEEN

(6-13) Seismic velocity in formation (km/s)

PERTH AND THE JUBILEE MINE

El
r

ki



CLOTRAVERSE V4.

£9 / £26/ 0N pl1028Y Aupdwooo0 04

ViE-€8/VM

ELEVATION

NW

SE

+50—
£ o
: o
- -~
§ i
s - 50—
I: -
'%I .
&
-100—
3
'+
©
— S : Q
~ 04 [\tj f g g % i X X N Q@
g ] 2-38 % §"~‘ i ",' ey Eg B " ‘ ; FT‘, %‘5
e 1252 4L — ' < 55 SEA LEVEL
2 63— T— | | ||| H’HHHH)IUZL Hll‘ i .
R T I““”““'MMIHTIJHIHHIHIIIIII e Tt il
: =] = 5
é i \ll 310 (7-34) T el Wil 5,0 4m
3-45
40— :
] _ 3-45(8-/1)
LR FiglO GRAVITY PROFILES AND SEISMIC
2-78 Density {(gm/cm3) 5 KILOMETRES 00
(6-72) Seismic velocity in fermation (km/s) IR SRR , CRUSTAL STRUCTURE BETWEEN

PERTH AND ALBANY




T

TORYE, T N e Oy

nid.

GRAVITY PROFILES AND SEISMIC
CRUSTAL STRUCTURE BETWEEN

COOLGARDIE AND POINT CULVER

~l
:
353
0
4 2 5
oSS wn
ASNYI [T~z ¢
aYvVaNy LS |—— o =Nz ™
L
w HININD INIOD A —
S o
r - —
S W
Q A
S ==
N x —s=
o ==
\HNHWQ.JW %
—au—=a| »
d\ﬂlllelQI. ml.
w
Lt
ﬁ £
o~ -
rd
/7 z ]
' l\\ 2
N LInv4 m\wm,vm\kg e x .
OI
— 4|
—O—
=02
[}
]
w LY
N . =
[T o1 I B B L B B [rorrpro _ T 7 1
o o) o o o < o o o
7 7 € 5 S o <+
(106W ) LTVWONY ALINVHO (wy) NOILYAZTF (wy) HI143Q
To accompany Record No. /1973 / 63

WA/B3-30A

T



: ﬁ' FOTRAVERSE NA,

Y 3
3 4y |
2 3 NS | | :
§ § N\ SE/E ?
P -
§ -~ o E\*‘ ' 1
E t 95 =
& | L1
g | e |
g'g _ ' | VELOCITY  DENSITY |
S | KM/SEC  GM/CM?
g
Si
: — s st | SEDIMENTS - 252 238
12:4 q \\ [% : . ’
[T N\ = S2 | SEDIMENTS - 467 2:63
\9 J e \&\ 8 . ] ) ’
~ : '
5 NG S CRUST LAYER 1 612 2-78
: S \Q 4
I Q : 1
o G ‘ =0 _ . ;
- A B SR ‘H M2 CRUST LAYER 2 667 294
N < _
\l s %, .
§ 3 1M | | ' |
N - CRUST LAYER 3 7-42 3-10
N3 | -
2|3 BT MANTLE 825 3-45
N AN 1
- | |
i |
0 | K'LO%ETRES 0 DEPTHS SHOWN ARE IN KILOMETRES 3
RN e | —— '1—( | — - - |
<
pu MILES
. B 0 100 -0 - 100
= q r 1 F = | 1 Ov-
< I N
T ag0 Hg i _ L 350 .
z - - Figl2 CRUSTAL STRUCTURE
vy : . 1,
S | IN A FENCE DIAGRAM . 1
\ a.
©
AN
- B X -
Rz :
To accompany Record No. 1973 / 63 e . WA/B3"3_2..




	Front Cover
	Title Page
	Table of Contents (i)

	Table of Contents (ii)

	Summary
	Introduction
	Geological Setting
	Previous Studies
	Analysis of Data
	Refraction

	Reflection
	Gravity
	Summary

	Discussion
and Conclusions
	Acknowledgements
	References
	Figures
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12

	Tables

	Table 1
	Table 2
	Table 3




