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Lithospheric structure of the Pilbara Craton, Capricorn 
Orogen and northern Yilgarn Craton, Western Australia, 
from teleseismic receiver functions
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The upper lithospheric structure from the Pilbara Craton, across the Capricorn Orogen, to the northern
Yilgarn Craton is determined from high-fidelity broadband seismic data. Three-component temporary
stations were deployed in a line running southwards from Marble Bar, Western Australia, at approxi-
mately 118

 

�

 

E longitude. They were in position between July and October 2000. Receiver functions are
calculated from the recorded teleseismic earthquakes stacked to improve the signal to noise ratio
and, finally, the stacked waveforms used to model the seismic velocity profile under each recording
station. Data from the permanent Global Seismic Network station, MBWA, at Marble Bar, which was
installed in August 2001, are also used. The method provides a means of probing the deep structure of
the Earth’s crust and the nature of the seismic Moho at an intermediate scale between that of
detailed active-source refraction techniques and the regional structure obtained from earthquake
seismic tomography. The receiver functions and modelled seismic velocity structures along the north–
south profile show the crust–mantle boundary under the Pilbara Craton to be shallow, at 30 km
(

 

±

 

2 km), with a sharp Moho and high-velocity crust beneath the exposed Pilbara granite–greenstone
terrane. The sharp Moho extends under the metasediments of the Hamersley Basin. Beneath the
Capricorn Orogen the Moho is barely discernible, showing a small seismic velocity contrast and a
broad zone of high-velocity gradient. The northern Yilgarn Craton, which extends beneath the basins
exposed on the surface, is deeper, at 40 km (

 

±

 

2 km), and again shows a sharply defined Moho.
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INTRODUCTION

 

The long-lived continental mass of  Western Australia was
formed from two Archaean cratons (Myers 

 

et al

 

. 1996), the
Pilbara and the Yilgarn, joined and surrounded by exten-
sive mobile belts. Between the two cratons the Capricorn
Orogen, now overlain by extensive basins (Myers 1990a),
forms a significant area of  continental crust. This study
aims to determine the seismic velocity in the crust and
uppermost mantle, together with the depth and character
of  the seismic Moho in a transect from the Pilbara Craton
to the northern Yilgarn Craton, thus providing an over-
view of  the upper lithospheric structure of  northwestern
Western Australia.

 

Precambrian tectonics and the Pilbara Craton

 

The Pilbara Craton (Figure 1) consists of  a granite–green-
stone terrane (Trendall 1990; Barley 1998) overlain by an
extensive sequence of  Archaean and later metasediments
(Wellman 2000). The Pilbara granite–greenstone terrane is
a collection of  dome-shaped composite granitoid bodies
with gneissose fabrics developed around their margins (de
Wit 1998), which was stable and emergent by 3.46 Ga (Buick

 

et al

 

. 1995). Although the surface expressions of  the dome
and basin structures are well exposed, their mechanisms
of  formation are the subject of  considerable debate,
forming a continuum between plate-tectonic processes
similar to the present-day and predominantly diapiric

processes

 

 

 

(between

 

 

 

horizontal

 

 

 

and

 

 

 

vertical

 

 

 

tectonics)
(de Wit 1998; Nelson 1998; Green 

 

et al

 

. 2000; Van Kranen-
donk & Collins 2001; Weinberg 2001).

The Pilbara is certainly dissected by Archaean faults
and recently Hickman (2001) identified distinct terrane
boundaries separating the West Pilbara granite–green-
stone terrane from the East Pilbara granite–greenstone
terrane and a faulted contact with a third distinct terrane,
the Kurrana (identified by Tyler 

 

et al

 

. 1992, although not
referenced by Hickman 2001). Many terms, such as terrain
and terrane, are not used consistently throughout the
literature. Here, a terrane is used in an exact sense to
describe a fault-bounded block of  crust characterised by a
geological history distinct from that of  adjacent blocks
(definition after Friend 

 

et al

 

. 1988). The exception is our use
of  Pilbara granite–greenstone terrane, where we follow
recent usage by Blewett (2002) and others, although, as
stated above, it appears to contain at least three terranes in
the strict sense of  the word.

 

Amalgamation of the Pilbara and Yilgarn Cratons: 
the Capricorn Orogen

 

The deep structures of  the Pilbara and Yilgarn Cratons are
significantly different. In general, the Pilbara crust is thin
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with a Moho close to 30 km depth. (Drummond 1988; de Wit
1998). Whereas, the Yilgarn Craton has a thicker crust
(Dentith 

 

et al

 

. 2000; Reading 

 

et al

 

. 2003); the seismic Moho
is between 38 and 42 km deep with a varying character,
being sharper away from terrane boundaries and more
diffuse at terrane edges. The Pilbara Craton appears more
similar to the Kaapvaal Craton in southern Africa and the
two may have shared an early tectonic history (Zegers 

 

et al

 

.
1998; Nelson 

 

et al

 

. 1999).
Between the Pilbara and Yilgarn Cratons is a broad

tectonic belt characterised by regional metamorphism and
abundant plutonism that is named for its approximate
latitude, the Capricorn Orogen. The surface outcrops of  the
Capricorn Orogen (Myers 1990a) consist of  metamorphic
and intrusive complexes and extensive basins. Myers 

 

et al

 

.
(1996) presented a synthesis of  the tectonic evolution of
Western Australia in which the Pilbara and the Yilgarn
Cratons were joined by the Capricorn Orogen with the
main activity ending at 1840 Ma. After this time, intra-
cratonic

 

 

 

deformation

 

 

 

continued,

 

 

 

notably

 

 

 

dextral

 

 

 

strike-
slip faulting along the southern margin of  the Pilbara
Craton and sinistral strike-slip faulting along the northern
margin of  the Yilgarn Craton.

Much of  the central region between the two cratons is
covered by the Bangemall Basin that formed at 1.6–1.0 Ga,
after the main Capricorn Orogenic pulse, as a response to
the continued subsidence of  the crust. Tyler and Thorne
(1990) and Myers (1990b) interpreted the observed form-
ations in terms of  possible modes of  collision between the
two cratons and, hence, the classes of  deep structure
associated with the Capricorn Orogen. Current work sug-
gests that the Capricorn Orogen remained active for a
longer period (Occhipinti 

 

et al

 

. 1998) and may have formed

over two distinct evolutionary episodes—the Glenburgh
Orogeny followed by the Capricorn Orogeny (Pirajno &
Occhipinti 2000).

In Western Australia, the seismic structure in the crust
was determined in an extensive experiment in the Pilbara
Craton and surrounding region by Drummond (1983, 1988);
this work provided detailed constraints on crustal velo-
cities and interface depths. However, there is no compar-
able study for the northern Yilgarn Craton. Kennett (in
press) provides a review of  the deep structure beneath
Australia determined from a range of  different earthquake
data. Western Australia is characterised by fast ray paths
indicating deep lithospheric roots and is the subject of
continued study. A broad-scale determination of  the crustal
depth and character of  the Moho across Australia was
made by Clitheroe 

 

et al

 

. (2000) using a seismic receiver-
function method established by Shibutani 

 

et al

 

. (1996).
In this study, we use a transect from the Pilbara Craton

to the northern Yilgarn Craton, crossing the Capricorn
Orogen, using passive seismic recording of  distant earth-
quakes at broadband stations. Receiver functions are used
to establish the variations in crustal seismic velocity, depth
and Moho character from the Pilbara Craton, across the
Capricorn Orogen, to the northern Yilgarn Craton.

 

Seismic structure from receiver functions

 

Receiver-function methods provide 1-D velocity–depth
profiles of  the crust and uppermost mantle under the
receiving station derived from 3-component, broadband
records of  teleseismic earthquakes. As energy from such a
quake traverses the seismic velocity discontinuities of  the
Earth’s structure on the receiver side, conversion of  some

 

Figure 1

 

Summary of the basement geology of the Pilbara Craton, Capricorn Orogen and Yilgarn Craton together with the location of
the seismic stations used in this study. PGGT, Pilbara granite–greenstone terrane; HB, Hamersley Basin; BB, Bangemall Basin; YB.
Yerrida Basin; SI, Sylvania Inlier.
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energy from P-wave propagation to S-wave propagation
takes place. This S-wave energy is recorded predominantly
on the horizontal components and may be separated from
energy resulting from the source and source-side structure
by deconvolving the radial component with the vertical
component. An illustrated introduction to the method is
provided by Reading 

 

et al

 

. (2003), (see also Ammon 

 

et al

 

.
1991), with a full description given by Kennett (2002).
Energy converted from P- to S-waves at the seismic Moho
is often clearly seen on receiver function waveforms. The
S-wave travels more slowly through the crust beneath the
receiving station and, hence, arrives a few seconds later
than the P-wave energy. The amplitude and the width of  the
Moho peak is related to the nature of  the contrast in shear-
wave speed across the seismic Moho.

Receiver-function analysis addresses intermediate-
scale structure across a region. The results do not have the

detail that may be obtained from artificial-source seismic
methods (reflection and refraction), but do have higher
resolution than can be obtained from tomographic inver-
sions of  teleseismic earthquake data.

 

DATA AND METHODS

 

Three-component, broadband seismic stations (Guralp
CMG-40T sensors and Nanometrics Orion recorders) were
deployed for 3 months, between mid-July and mid-October
2000, in an approximately north–south line (WS) running
from the Pilbara Craton to the northern Yilgarn Craton
(Figure 1). The transect is part of  the larger WA

 

CRATON

 

experiment, which consisted of  a set of  widely spaced
stations throughout Western Australia for investigating
mantle structure together with three lines of  more closely
spaced stations that targeted regions of  particular tectonic
interest. The seismic structure of  Western Australia is
currently less well resolved in comparison to the rest of  the
continent as a consequence of  the distribution of  earth-
quakes around the Australian continent, with most
occurring around the northern and eastern margin along
the subduction zones of  the Pacific rim. The results from
WA

 

CRATON

 

 will add detail to the Western Australian parts
of  tomographic images of  the Australian lithosphere and
upper mantle obtained from S

 

KIPPY

 

 and other experiments
(Kennett in press).

During the fairly short deployment in this study, three
earthquakes were recorded at the WS-line stations—at suit-
able distance (between 30 and 90

 

�

 

) and with an adequate
signal-to-noise ratio for receiver function analysis—except
for WS03, which was unfortunately removed only hours
before the third earthquake occurred. Six earthquakes
have been recorded at the new, permanent seismic station
MBWA (located near Marble Bar on the northern Pilbara
Craton) that also meet these criteria. MBWA is part of  the
Global Seismic Network and was installed in August 2001
by IRIS/USGS. No data were recovered from WS08 or WS02
owing to disk failures. Data from WS01 were corrupted
with spikes because of  an electronic fault and may be
available for later studies.

Receiver functions were calculated for the available
recorded events at MBWA and the WS-line stations using
the method of  Shibutani 

 

et al

 

. (1996). The receiver functions
are stacked for the available earthquakes to maximise the
signal-to-noise ratio at each station and are displayed in
Figure 2. These observed receiver functions are inverted
for the seismic-velocity structure under each recording
station using the neighbourhood algorithm (Sambridge
1999), with the same parameterisation of  crustal structure
as employed by Shibutani 

 

et al

 

. (1996) and Clitheroe 

 

et al

 

.
(2000). Each model is described by six layers with 24
parameters, the S velocity at the top and bottom of  each
layer,

 

 

 

the

 

 

 

thickness

 

 

 

of

 

 

 

the

 

 

 

layer

 

 

 

and

 

 

 

the

 

 

 

Vp/Vs

 

 

 

ratio

 

 

 

for
the

 

 

 

layer.

 

 

 

The

 

 

 

gradients

 

 

 

across

 

 

 

each

 

 

 

layer

 

 

 

are repre-
sented by a ‘staircase’ of  uniform layers to aid the
computation of  the synthetic waveforms using a layer
matrix method as in Shibutani 

 

et al

 

. (1996). The neigh-
bourhood

 

 

 

algorithm

 

 

 

procedure

 

 

 

searches

 

 

 

for

 

 

 

the

 

 

 

struc-
ture that produces a synthetic receiver function most
closely fitting the observed waveform. It is an efficient

 

Figure 2

 

Stacked receiver functions from: GSN station MBWA,
Marble Bar; temporary stations WS09 and WS07 located on the
Pilbara Craton; stations WS06, WS05, WS04 and WS03 across the
Capricorn Orogen; and WV02 located on the Yilgarn Craton. The
converted mode energy resulting from conversion at the Moho is
indicated by small arrows.
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method

 

 

 

because

 

 

 

the

 

 

 

models

 

 

 

tested

 

 

 

are

 

 

 

based

 

 

 

on

 

 

 

the
results

 

 

 

of

 

 

 

previous

 

 

 

models.

 

 

 

In

 

 

 

this

 

 

 

way,

 

 

 

the

 

 

 

more
promising

 

 

 

regions

 

 

 

of

 

 

 

the

 

 

 

solution

 

 

 

space

 

 

 

are

 

 

 

examined
in most detail.

 

RESULTS

 

The stacked receiver function waveform for MBWA
(Figure 2) shows a clear, moderately sharp peak at 3.5 s
after the initial, high-amplitude P-wave pulse. Although
the waveform from WS09 is a little noisier, being derived
from a smaller number of  stacked events, a peak at 3.75 s is
also clearly discernible. The presence of  this clear peak
requires the Moho beneath MBWA and WS09 to be a
moderately sharp interface, which is likely to extend
under the Pilbara granite–greenstone terrane between the
two stations. The receiver function waveform for WS07
also shows a well-defined Moho, with the corresponding

arrival slightly later at 4.25 s. The stations located over the
Bangemall Basin each show a much less clearly defined
seismic Moho. Barely discernible in the stacked receiver
function record for WS06, the Moho arrival is again later
at 4.4 s and broader under WS05. The record from WS04 is
highly reverberant (discussed in a later section) and no
Moho arrival is seen. Moving south to WS03, the Moho
arrival is again later at 4.7 s.

Figure 3 displays both the stacked receiver functions
and the results of  the inversion procedure. The best-fitting
model is shown together with the best models, with pro-
gressively darker grey tones as the level of  fit between the
synthetic and observed receiver functions improves. The
neighbourhood algorithm procedure is able to achieve a
good resolution of  both velocity and depth to the crust–
mantle boundary (Sambridge 1999). As there are only a
limited number of  events constraining the stacked receiver
functions we would not place too much emphasis on the
details of  the velocity distribution. However, the shifts in

 

Figure 3

 

Best-fit models of the upper lithosphere of the Pilbara Craton beneath MBWA and WS09, beneath the northern Capricorn
Orogen, WS07, and beneath the Yilgarn Craton, WV02. The left-hand panel for each station shows the observed (solid line) and synthetic
(dashed line) receiver-function waveforms. The right-hand panel shows the range of models searched in order to find the best-fitting
structure. The darker regions indicate the models with better fit to the observations, the best fitting model is indicated by the black line
that overlies the model density plot. The Moho discontinuity is the step in this dark line (e.g. for MBWA at 30 km depth). The light line
superimposed on the model density plot is a reference velocity. The dark and light lines to the left of the model density plots indicate
changes in P : S velocity ratio down the profile, again, the dark line is the best fitting model and the light line is a reference profile.
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the mean crustal velocities between stations are more
robust.

The results from the inverse modelling of  the receiver
function waveforms using the neighbourhood algorithm
method show the crust beneath MBWA to be 30 km thick
(

 

±

 

2 km) and very slightly thicker under WS09 at 31 km
(Figure 3). Moving southward, on the edge of  the Pilbara
Craton in the vicinity of  the Sylvania Inlier, beneath WS07
(Figure 3) the crust is 34 km thick and the Moho is sharply
defined as in the records from both stations further north.
The best-fit velocity structure for MBWA shows a high
crustal velocity between 8 and 22 km depth: this feature is
not observed at WS09. Beneath WS07, the crustal velocity is
slightly lower than the reference velocity profile. The
receiver-function waveforms recorded at WS06 did not have
a sufficiently high signal-to-noise ratio to constrain the
neighbourhood algorithm inversion and it is not possible
to pick a Moho arrival by eye. As the data are no noisier
than from WS07, we can conclude that either the Moho is
not a sharp seismic discontinuity or it is so disrupted that
no coherent converted phase is generated as the P-wave
passes through the interface. The stacked receiver function
from WS05 is unable to constrain the neighbourhood
algorithm inversion, although a broad Moho arrival is
discernible. We can infer that the crust is deeper than at
WS07, at 

 

~

 

35 km, and is a broad high-velocity gradient zone
rather than the sharp discontinuity observed under the
Pilbara Craton. The crust again deepens to approximately
37 km beneath WS03, located in the Glengarry Basin at the
northern extremity of  the Yilgarn Craton. Here, the Moho
is sharper than under WS05. Beneath the central Yilgarn
Craton, beneath WV02 (Figure 3) (Reading 

 

et al

 

. 2003), the
crust is 41 km thick and the Moho sharply defined (away
from major faults/terrane boundaries) in neighbourhood
algorithm inversions for seismic velocity structure.

 

DISCUSSION

 

A summary section combining the results from the
receiver-function determinations of  structure made in this
study is shown in Figure 4. The thickness of  the crust
beneath the Pilbara granite–greenstone terrane, 30 km
(

 

±

 

2 km), is in agreement with the seismic refraction

results of  Drummond (1983) and the reflection and refrac-
tion results reported by Collins (1991). Together, the experi-
ments suggest that the crust is between 29 and 31 km thick
throughout the granite–greenstone terrane, very thin for a
cratonic region. Recent interpretations of  Pilbara granite–
greenstone terrane as a product of  successive compressive
and extensional tectonic forces (Blewett 2002) suggest that
plate–style interactions played a part in the early evolution
of  the craton. The morphological development may be
related to the thin and (presumably) warm and malleable
early crust. The thin, sharp Moho discontinuity does not
appear to have been significantly disrupted by diapirism in
either this, or any of  the above, studies.

The discontinuity in seismic velocity at 9 km, beneath
MBWA, is shallower than that determined (Drummond
1983) from seismic refraction data. An explanation for this
might be that the refraction profile in question includes a
large proportion of  the Hamersley Basin, where the Moho
becomes deeper. This is consistent with the 32 km crustal
depth determined in this study beneath WS09, located on
Fortescue Group rocks north of  the Hamersley Basin. The
velocity structure below WS09 shows the two-layer struc-
ture observed by Drummond (1983). The crust beneath
WS07, at 34 km depth, is again consistent with the refrac-
tion determinations of  Drummond (1983). WS07 lies on the
edge of  the Pilbara Craton on rocks of  the southernmost
Hamersley Basin. The extension of  the Pilbara granite–
greenstone terrane, revealed in gravity and magnetic data
(Mackey 

 

et al

 

. 2000; Wellman 2000: ) as extending beneath
the Hamersley Basin is confirmed by the sharp Moho
observed in the records from WS07.

Moving southwards, an abrupt change occurs in Moho
character in the records from WS06. There cannot be any
sharp contrast in shear-wave speed across the Moho, as
evidenced by the absence of  any Moho arrival signal above
the noise in the stacked receiver-function record (Figure 2).
Similarly, in the stacked record from WS05 the Moho
arrival is low amplitude and broad, indicating a grada-
tional seismic velocity discontinuity. The character of  the
receiver-function signal with a minimum at 2.5 s suggests
a low-velocity mid-to-lower crust. The refraction inter-
pretation method relies on the approximation of  Earth
structure by subhorizontal layers over the extent of  the
survey (compared with layers beneath the station only for

 

Figure 4

 

Summary of the Moho depth and character along a north–south section from the Pilbara Craton, across the Capricorn
Orogen, to the Yilgarn Craton. The surface geology follows the same key as Figure 1. The velocity profiles in dark-grey are those
calculated using the neighbourhood algorithm inversion as shown in Figure 3. The light-grey profiles are a reference velocity for
average continental crust derived from Clitheroe 

 

et al

 

. (2000). The dotted dark-grey profiles show the depth and character of the Moho
discontinuity inferred from the receiver-function waveform.
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receiver-function analysis). In this study, and in the work of
Drummond (1983), the deep structure of  the Capricorn
Orogen beneath the Bangemall Basin is clearly not adequ-
ately represented by layers. The highly reverberant record
from WS04, located at the southern margin of  the Bange-
mall Basin, is probably the result of  the proximity of
numerous large-scale thrusts in the region where the
Capricorn Orogen joins the older Yilgarn Craton.

WS03 lies on the Yerrida Basin of  the northern Yilgarn
Craton. Beneath this small basin the crust is approxi-
mately 38 km deep, typical of  the Yilgarn Craton, and
comparable with the velocity structure of  the central
Yilgarn Craton, represented by the profile from WV02
(Figure 3). The amplitude and width of  the Moho arrivals
indicate a return to the sharp Moho associated with
Archaean cratons. The contrast in crustal thickness
between the Pilbara and Yilgarn Cratons is remarkable
given the absence of  any significant expression in the
gravity field. The difference in crustal thickness may
perhaps be related to the differing rheological conditions
governing

 

 

 

crustal

 

 

 

evolution

 

 

 

during

 

 

 

the

 

 

 

mid-Archaean
(3.2–2.8 Ga) when the Pilbara Craton formed and the Late
Archaean to Early Palaeoproterozoic when the Yilgarn
Craton formed. The Pilbara Craton appears to be made up
of  a single, or relatively few, terrane(s) that were sub-
sequently subject to multiple episodes of  deformation
(Blewett 2002), whereas the Yilgarn Craton consists of
accreted terranes with boundary faults running north-
west–southeast or north–south (Myers & Hocking 1998).

The differences between the Pilbara Craton and the
Yilgarn Craton could also result from contrasts in their
evolution over time. The agents of  sedimentation, denu-
dation, subsidence and uplift quite possibly acted differ-
ently on each craton. The large-scale sediment cover of  the
Pilbara Craton and the much smaller Proterozoic sediment
load on the Yilgarn are obvious contrasts. It is also impor-
tant to consider the evolution of  the lithosphere and the
influence of  the underlying mantle (de Wit 1998; Sandiford
& McLaren 2002). Delamination appears to have a relatively
limited effect on ancient lithosphere because it is more
buoyant than the younger continental material (O’Reilly

 

et al

 

. 2001). The deeper lithospheric structure under
Western Australia shows a cold, high seismic velocity,
continental root extending from east of  the Pilbara Craton
to the central Yilgarn Craton to a depth of  greater than
200 km (Kennett 2003); this feature will be better resolved
once the full WA

 

CRATON

 

 dataset is incorporated into the
analysis.

 

CONCLUSIONS

 

The depth and character of  the seismic Moho has been
determined along a north–south profile in Western
Australia. We find that the Pilbara Craton is shallow, at
30 km deep, and beneath the Pilbara Craton the Moho is a
sharp discontinuity extending under the surface meta-
sediments. Further south, beneath the Capricorn Orogen,
it is highly disrupted, broader and deeper. The 40 km-deep
Yilgarn Craton crust, again with a sharply defined Moho,
is found to extend beneath the basins on its northern
margin.
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