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Abstract

Thebasement and crustal structureof theBonaparteand
Browse basins, which are located on the northwest
Australian margin, are substantially different to each
other. Depth conversion of the reflection seismic data,
utilising calibration of stacking-derived velocitiesagainst
thosederived from ocean-bottom seismograph refraction/
wide-angle reflection interpretation, suggests that the
Bonaparte Basin contains up to 22 km of sediments
compared toamaximum of 12-14 km in the BrowseBasin.
Despitetheavailability of high-quality seismicdata, basement
definition in theBonaparte Basin isdifficult, whereasit is
relatively simpler in the Browse Basin. Sedimentationin
the Bonaparteand Browsebasins, unlikeother basinson
the northwest margin, was initiated in a region with a
relatively thick crust. Thetwobasinsarelocated next tothe
Proterozoic Kimberley Block which has typical crustal
thicknessof ~40 km. Thiscontrastswith the~30 km crustal
thicknessbeneath theArchaean PilbaraBlock adjacent to
theCarnarvon Basin. Therelationship between the M oho
and thebasement in the BonaparteBasin isunusual in that
the deepest Mohoismapped directly beneath the deepest
basement. Themoretypical inverserelationship between
M ohotopography and depth to basement isobserved in the
BrowseBasin.

Crust adjacent to the outer boundary of the Browse
Basin appears to be transitional, rather than oceanic.
Generally, there appearsto bean inverse correlation in
thevolcanicevolution of thenorthwest Australian margin.
The presence of volcanics and intrusives in the upper
crust is not accompanied by significant volumes of
under plated lower crust (e.g., Scott Plateau). In contrast,
the absence of significant volumes of upper crustal,
magmatic material coincides spatially with under plated
lower crust in the Roebuck/offshore Canning Basin.
Under plating, which isoften associated with lar ge-scale
extension of the crust, was not a major crustal forming
event in either the Browse or Bonapartebasins.

Introduction

The basement and its attendant architecture beneath the
Bonaparte and Browse basins define the shape of the
container in which the petroleum systems in the region
evolved. In spite of the fact that these areas have been well-
studied in regard to their petroleum prospectivity, relatively
few studies have investigated the nature of basement and
the crustal-scal e processesin the area.

To address this, Geoscience Australia has undertaken
an ocean-bottom seismograph (OBS) survey along the
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northwest Australian margin to supplement the 35,000 km
grid of deep reflection seismic studies, which have been
acquired intheregion (Goncharov et al., 1998; Goncharov
et al., 2000a). Therefraction/wide-angle reflection seismic
data were recorded in the 1995-1996 OBS survey along
fiveregional transects, with atotal length of 2,764 km (Fig. 1).
The project provided independent velocity information,
so that depth conversion of the reflection profiles could
be better constrained. Other objectives of the survey were
to identify:

* thebase of the sedimentary section, particularly in the
deepest basins, where this cannot be resolved from the
reflection profiles,

e majorintra-crustal boundaries; and

e the crust-mantle boundary, so that changes in crustal
thickness could be mapped.

Onshore recording stations were deployed together with
the OBSs to link the offshore crustal structure with that
onshore. All OBStransects (Fig. 1) coincided with previously
recorded deep crustal reflection profiles (Fig. 2), thus
enabling the joint analysis of both datasets.

In this paper, the main results of processing and
interpretation of the OBS transects in the Bonaparte and
Browse basins are presented, and are compared to theresults
of processing and interpretation of deep reflection data
recorded along coincident profiles. Analysis of the entire
northwest Australian Margin region was then undertaken to
better understand the similarities and differences between
the Bonaparte-Browse basins and other basins along the
northwest Australian margin.

Geological setting

Australia’ s northwest margin is segmented into four discrete
basins, which have distinct rift and reactivation histories
(O’Brien et al., 1999): the Carnarvon, offshore Canning/
Roebuck, Browse and Bonaparte basins (Fig. 1). Of these
basins, the Bonaparte Basin appears to have had the most
complex history. Thisregion is comprised of a number of
sub-basin elements, which have widely varying ages and
orientations (Fig. 1). Elements comprising the Bonaparte
Basin, which are discussed in this paper, include the
northwest-trending Palaeozoic Petrel Sub-basin and over-
printing, Mesozoic elements such asthe Malita Graben and
Vulcan Sub-basin (O’ Brien, 1993; O'Brien et al., 1996, 1999).

The structural architecture of the entire northwest
margin region isthe product of anumber of major tectonic
events (AGSO North West Shelf Study Group, 1994)
including:

¢ Late Devonian northeast—southwest extension in the
Petrel Sub-basin;
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Figure1. Locations of GeoscienceAustralia's OBS profiles, major structural features, sub-basinsand bathymetry of the Australian northwest
margin.

Kimberley
Block

Pilbara Bleck

23/0A/1651

148 6189
Reflection lines and shotpoint numbers ——— Major faults

—— Continent/ocean boundary
— — - Plate/plate boundary
- - ?-- Approximate continent/volcanic margin - ocean boundary

"; Oceanic fracture zones and magnetic lineations
XX

Figure 2. Locations of Geoscience Australia’s seismic reflection profiles coincident with the OBS profiles presented in Figure 1, major
structural features, sub-basins and Bouguer gravity (at 2.67 g* cmr reduction density) of the A ustralian northwest margin. Shotpoint numbers
are also plotted on top of each linein Figures 3, 4, 5 and 6.



» Late Carboniferous northwest—southeast extension in
the proto-Malita Graben, Browse Basin and proto-Vulcan
Sub-basin;

e Late Triassic north—south compression (Fitzroy
Movement);

 Early—-Middle Jurassic development of major
depocentresin the Exmouth, Barrow and Dampier sub-
basins, and extension in the Browse Basin;

*  Middle-Late Jurassic breakup intheArgoAbyssal Plain,
onset of thermal sag in the Browse Basin and extension
inthe Bonaparte Basin;

»  Vaanginian breakup inthe Gascoyneand Cuvier abyssal
plains, and onset of thermal sag in the Bonaparte Basin;
and

» LateMiocenereactivation and flexural downwarp of the
Timor Trough and Cartier Trough.

Many of these events may have involved processes of
crustal extension (O’ Brien et al., 1999), and consequently,
defining the style of crustal thinning related to extension
is one of the purposes of this research.

Definition of basement in the region is critically
important for understanding of crustal extension and basin
formation. The Proterozoic Kimberley Basin and underlying
Kimberley Block are generally regarded as basement to
the Browse and Bonaparte basins (Symondset al., 1994).
Onshore, the Kimberley Basin comprises 5-8 km of mildly
deformed quartzose sandstone and other clastic rocks,
tholeiitic basalts and dolerite sills, and is underlain by
Archaean rocks of the Kimberley Block (Griffin and Grey,
1990; AGSO North West Shelf Study Group, 1994). The
Kimberley Basin formed asaresult of northeast-directed
extension at ~1800 Ma, with associated west-northwest
and northeast trends in fault sets (Etheridge and Wall,
1994). These fracture systems are ubiquitous in the
Kimberley Block and continue offshore. O’'Brien et al.
(1996) suggested that both the development and
architecture of the Palaeozoic to Mesozoic rift systems
throughout the northern North West Shelf was controlled
by these ‘hard links’” within the basement fabric.

Some difficulties in defining depth to Proterozoic
basement in the Bonaparte and Browse basins are due to
the presence of athick Palaeozoic section, interpreted to
have formed as a result of Late Devonian northeast—
southwest extension in the Petrel Sub-basin (Gunn, 1988;
O'Brien et al., 1996) and Late Carboniferous to Lower
Permian northwest—southeast extension in the proto-
Malita Graben and proto-Vulcan Sub-basin (O’ Brien, 1993;
O'Brienet al., 1996) and the Browse Basin (Struckmeyer
et al., 1998).

Thickness of the Palaeozoi ¢ section varies significantly
between the Bonaparte and Browse basins: it may reach
18 kmin the deepest part of the Petrel Sub-basin (Colwell
and Kennard, 1996) compared to ~7 kminthe Browse Basin
(Struckmeyer et al., 1998). Dueto the great depth of burial
of the Palaeozoic section, particularly initslower part, a
high degree of compaction is likely. As aresult, seismic
velocities in the lower part of the Palaeozoic succession
may have become indistinguishable from those in the
underlying Proterozoic basement. This may explain some
of the difficulties in locating the true basement, as
discussed in this paper.
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Dataand interpretation

2D velocity models for individua profiles recorded in the
OBS experiment, derived by forward modelling using the
SIGMA ray-tracing software, whichisbased onthe a gorithm
of Zelt and Smith (1992), were presented by Goncharov et al.
(1998, 2000a); Pylypenko and Goncharov (2000); Fominet al.
(2000) and Petkovic et al. (2000). In this study, the velocity
models for the Browse Basin, Vulcan Sub-basin and Petrel

Sub-basin, originally developed in depth scale, were
converted to two-way timeto enable direct comparison with
coincident reflection profiles (Figs 3, 4, 5, 6).

The deep seismic reflection datashown inthelower panels
of Figures 3to 6 wererecorded by GeoscienceAustraliabetween
1990 and 1994, as part of aregiona grid of 35,000 km of
seismic lines. The collection of these data was aimed at
investigating the structural framework of the northwest
continental margin of Australia(AGSO North West Shelf Study
Group, 1994). These data were initially interpreted by
GeoscienceAustralia (e.g. Stagg and Colwell, 1994, Colwell
and Stagg, 1994, Symonds et al., 1994), and then integrated
in collaboration with IKODA Pty Ltd. Thislatter work involved
the consistent interpretation of 16 key horizons through the
entire 35,000 km grid, supplemented in places by additional
horizons depending upon the local geology, and the tying of
over 100 petroleum exploration wells.

Of the 16 horizons mapped through the seismic reflection
grid, six are of major significancein displaying the structural/
tectonic architecture of the region and were therefore sel ected
for integration and comparison with the velocity models
devel oped along the coincident OBStransects. They are, from
ol dest to youngest:

1 “Basement”: acoustic basement; in places, thishorizon
correspondsto crystalline or well-indurated Pal aeozoic
or Proterozoic “pre-rift” rocks.

2 Near top Permian: major regional carbonate marker bed
produced by awidespread marine transgression.

3 Baseof the Jurassic/top of the Triassic: major regional
unconformity on structural highs, partly the result of
regional north—south compression (Fitzroy Movement).

4. Callovian: widespread regional unconformity
corresponding to continental breakup along the Argo
Abyssal Plain margin.

5 Turonian: significant Late Cretaceous sequence
boundary/global anoxic event.

6. Base of the Tertiary: major sequence boundary at the
base of largely-prograding carbonate packages.

The main focus of this paper is on the basement and the
crust beneath it. Clearly, acoustic (or ‘reflection’) basement,
as defined above, may not correspond with the basement in
atrue geological sense (basement marks the bottom of non-
metamorphosed sedimentary succession). Some remarkable
mismatches resulting from thisuncertainty will be discussed.

Reflectivity of the crust and velocity models

Thetwo major seismic technol ogies (reflection and refraction)
used to image the crust of the Australian northwest margin
‘measure’ different properties of the crust. Imaging crustal
reflectivity isamajor aim of conventional seismic reflection
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technology. These images are controlled by a combination
of two factors: the stratification of the crust, and the spectrum
of seismic signal penetrating the crust. Crustal stratification
is determined by the thickness of layers and by contrastsin
acoustic impedance (a product of density and velocity)

between thelayers. Layersof contrasting acousticimpedance
may be of different thickness and they form various
assemblages along a vertical profile through the crust.

Depending on in-phase or out-of-phase interference of
reflectionsfrom individual boundaries, thetotal response of
any depthinterval may be amplified or attenuated. Therefore,
thin layers (compared to a seismic wave length reaching
hundreds of metersin thelower crust) can play asignificant
roleintheformation of reflectivity pattern. Importantly, bulk
seismic velocity above, beneath and even within finely
stratified depth intervals, does not have to change
significantly to produce a high-amplitude reflection response
at near offsets.

Modern methods of velocity analysis in conventional
reflection technology make use of the curvature of the
reflection travel time curve. Thiscurvature decreasesrapidly
with reflection time. Asaresult, sensitivity and accuracy of
the velocity analysis degrade with depth. Consequently, in
conventional reflection technology, seismic velocities are
poorly constrained in the deep part of the crust.

In contrast, refraction/wide-angle reflection seismic
technology utilises observations at much larger offsetsthan
those availablein conventional reflection studies, providing
more accurate estimates of seismic velocity in the deep part
of the crust. Due to the effects of fine (on a wavelength

Argo Abyssal Plain

scale) velocity and density stratification of the crust,
reflection horizons and changes in reflectivity patterns
mapped by reflection techniquewill not necessarily coincide
with velocity boundaries imaged by refraction/wide-angle
reflection technol ogy.

Browse Basin transect

This transect incorporates two seismic lines: outer 128/01
(Fig. 3) and inner 119/06 (Fig. 4). These lines cross, from
northwest to southeast: transition to oceanic crust imaged
by the outer part of the profile 128/01 (Fig. 3), the Scott
Plateau, the Browse Basin and the Proterozoic Kimberley
Basin (Fig. 4).

On line 119/06 (Fig. 4), the ‘ Basement’ horizon shows
little variation in velocity below it. It represents the top of
the Kimberley Basin section and it generally conforms to
5.9-6.1 km/siso-velocity contours, which is consistent with
the basement definition on the joining part of the outer
Browseline 128/01.

The*Basement’ horizon, interpreted from the reflection
seismic dataalong the outer line 128/01, is characterised by
significant velocity variation from ~6.0 km/s at shot points
(SP) 100-1,000 to less than 3.0 km/s at SP 3,500 (Fig. 3).
On the basis of velocity information, it is suggested that the
true basement (bottom of non-metamorphosed sedimentary
succession) to the northwest of SP 1,000 is located up to
2.5 s deeper than the ‘Basement’ horizon and probably
followsthe 6.0 km/siso-velocity line. Itisnot clear how far
towards the continent-ocean boundary thisinterpretation of
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Figure 3. OBS-derived velocity model (upper panel) and seismic reflection section (lower panel) along the Browse line 128/01.
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Figure 4. OBS-derived velocity model (upper panel) and seismic

the basement can be extended. Such interpretation is more
consistent with aternative interpretation of thereflection data
along thisline (Struckmeyer et al., 1998).

The Browse Basin transect is the only one of the
Australian northwest margin OBS transects where the
expected inverse rel ationship between the depth to the Moho
and depth to basement is observed. Maximum depressionin
the centre of the Browse Basin (SP 2,200-2,500, Fig. 4)
corresponds to a clear Moho high beneath it. Reduction
in total crustal thickness above that high is achieved by
sub-equal thinning of both upper and lower crust (Fig. 4,
upper panel).

Bonaparte Basin: Vulcan Sub-basin transect

The most prominent structure imaged by the reflection
data along this transect is the Cartier Trough and the
basement low associated with it (SP 1,000-1,800, Fig. 5).
Iso-velocity lines resulting from the interpretation of the
OBS data are sub-horizontal beneath the trough and cut
across reflection boundaries. Conseguently, none of the
reflection horizonsis an iso-velocity surface.

The ‘Basement’ horizon in the southeast part of the
line corresponds to the prominent reflections at 6.0 s
(Fig. 5, lower panel), but the OBS data show no significant
velocity increase at this level (Fig. 5, lower panel).
Therefore, the ‘6 sreflector’ on the Vulcan transect is most

‘ V2’3/O/.A/.16.
reflection section (lower panel) along the Browse line 119/06.

likely to correspond to a finely stratified interval with
several high- and low-velocity intervals, but bulk velocity
below it does not increase significantly compared to the
bulk velocity above it. Petkovic et al. (2000) have
speculated that thisfeature may be a detachment surface,
or sheet-like mafic intrusions. The question about the
location of the true basement of sediments on the Vulcan
transect cannot be unambiguously resolved on the basis
of seismic dataavailable.

However, according to the OBS-derived vel ocity model
(Fig. 5, upper panel), seismic velocities at the depth level of
the ‘6 s reflector’ (~6.2 km/s) suggest that this horizon is
located close to the true base of sediments (top of the
Precambrian Kimberley Basin), consistent with the earlier
interpretation of Petkovic et al. (2000).

In the deep section beneath the Cartier Trough, the
behaviour of iso-velocity contoursisclearly not controlled
by the structure imaged by the conventional reflection
data. Asaresult, ‘reflection basement’ (red line, Fig. 5) and
‘refraction basement’ (changein colour fromyellow to brown,
Fig. 5, upper panel) deviate by as much as 2.5 s (~8.3 km).
‘Refraction basement’ is mapped not only by the velocity
change, but also by avery distinct seismic phaserecorded in
the OBS experiment (Petkovic et al., 2000).

One interpretation of this mismatch between the two
‘basements’ is to suggest that ‘refraction basement’ is the
true base of the sedimentary succession, and thereflectivity
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below it, whichisclearly seeninthereflectionimage (Fig. 5,
lower panel), is largely due to under-suppressed multiples
and peg-legs. If thisis correct, the reflection interpretation
will overestimate depth to basement compared to therefraction
interpretation. An alternativeinterpretationisthat ‘reflection
basement’ isthe true base of sediments, and velocitiesin the
lower part of the Palaeozoic section are indistinguishable
from those characterising Precambrian basement to the
southeast of the Cartier Trough, due to metamorphic changes
at great depth.

Whichever interpretation is preferred, it is important to
understand that accurate seismic velocity estimatesbelow 6 s
two-way time beneath the Cartier Trough suggest that this
part of the section may haverock propertiesidentical to those
of the Precambrian basement interpreted to the southeast of
the Cartier Trough. This conclusion may have a significant
impact on the results of flexural isostatic modelling obtained
before the accurate velocity model for the Vulcan Sub-basin
transect hasbecomeavailable (Baxter et al., 1997).

There is no evidence of the Moho in the reflection
data (Fig. 5, lower panel). The OBS data contain very
prominent Moho refractions and a significant velocity
increase across the Moho (from 6.9 km/sin thelower crust
t0 8.1 km/sin the upper mantle) isrequired to explain these
events (Petkovic et al., 2000). The Moho, imaged as a
change of colour from light- to dark-brown (Fig. 5, lower
panel), deepens by ~1 s (3.5 km) under the Cartier Trough,
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with aslight offset to the southeast. This observed behaviour
of the Moho would not be predicted by commonly accepted
models of crustal extension (McKenzie, 1978; Le Pichon
and Sibuet, 1981).

Bonaparte Basin: Petrel Sub-basin transect

The unambiguousidentification of basement in thereflection/
refraction dataset in the Petrel Sub-basinisproblematic,ina
fashion similar to that described in the Vulcan Sub-basin
transect above.

One of the most prominent events detected in the OBS
dataisthe 6.0 km/srefractor, which wasimaged not only by
the travel timeinversion, but also by the depth migration of
the OBS data (Pylypenko and Goncharov, 2000). The 6.0 km/
srefractor (correspondsto the change of colour from yellow
to light brown in the upper panel of Fig. 6) shows rather
poor correlation with the reflectivity of the crust imaged by
the conventional reflection data, particularly in the centre of
the line. It deviates significantly from the ‘Basement’
reflection horizon and cuts through the structure imaged by
the reflection data. For example, near shot point 3,900, the
6.0 km/s refractor is ~2.5 s (7.7 km) shallower than the
‘Basement’ horizon. In fact, at this location the 6.0 km/s
refractor coincides with the interpreted L ate Carboniferous
horizon (Fig. 6). Between shot points 2,500 and 4,500, the
topography of the 6.0 km/srefractor conformsto that of the



Moho (Fig. 6, upper panel). This observation suggests that
the geological nature of the 6.0 km/s refractor is related
somehow to the formation of the Moho topography. One
possibility isto assume that the northeast high on the Moho
(to the northeast of SP 3300) wasformed after the deposition
of the Late Carboniferous sediments, or even later. The
presumed heat pulse associated with the formation of this
prominent feature on the Moho might have produced some
metamorphic change in the sediments aboveit, resulting in
the gradual velocity increase with depth. If so, thisvelocity
increase was superimposed on the original fine stratification
of thispart of the section. Asaresult, somereflectionsfrom
thisdepth interval can still be observed (Fig. 6, lower panel),
the origin of which is due to the fine stratification of the
section. At large offsets, where the gradual changesin the
bulk velocity become more important for the formation of
the seismic response, high-amplitude refractions associated
with the 6.0 km/srefractor are observed. Thisinterpretation
suggests that the 6.0 km/s refractor is the *high-velocity
overprint’ rather than the base of the sedimentary
succession.

Another possibility is that the 6.0 km/s refractor is the
true base of the sedimentary pile. Inthat case, all reflectivity
below it, including the middle Carboniferous and ‘ Basement’
horizons (Fig. 6, lower panel), may represent under-
suppressed multiples and peg-legs and therefore has no
geological significance. High seismic velocities (higher than
5.0 km/s) and great depth of this part of the section favour
thisinterpretation, because in such conditionsit is difficult

Kimberley
Basin
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to suppress multiples. However, more accurate modelling of
seismic response, at near and large offsets, is required to
determinewhich interpretationisthe morelikely.

If the 6.0 km/srefractor interpreted from the OBS data
istaken to mark the bottom of sediments, than the maximum
thickness of sedimentsalong thislinereaches 7.5 s (16 km)
at SP 3,000, rather than 9.0 s (22 km) suggested by the
interpretation of the reflection data. Thisis asignificant
difference that has to be considered when modelling the
crustal extension in the Petrel Sub-basin. Earlier results of
flexural isostatic modelling in the Petrel Sub-basin (Baxter,
1998) were based on the geometries defined purely by the
reflection data, and have to be re-evaluated in the light of
alternative interpretations presented in this paper. It is
important to understand that basement-type physical
properties can probably correspond to the deeper part of
the sedimentary section, which was not taken into
consideration when the results of Baxter (1998) were
obtained.

Very little of the Moho isseen in the seismic reflection
data. The only candidates, which could be Moho
reflections, are some high-amplitude eventsat 9.0-11.0 s
in the southwest part of the line (southwest of SP 1,000).
Conversely, the OBS data document the Moho very well
as amajor velocity contrast (Fig. 6, upper panel). Sharp
topography on the Moho, with two local highs reaching
the amplitude of 10 km, is probably the most remarkable
feature of the seismic velocity model along thisline. Inthe
earlier interpretation of thistransect, which was based on
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Figure 6. OBS-derived velocity model (upper panel) and seismic reflection section (lower panel) along the Petrel line 100/03.
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geometriesdefined by reflection dataand gravity modelling
(Colwell and Kennard, 1996), flatter Moho was proposed.
However, significant volumes of underplating and mafic
intrusion into the lower crust are required to fill in the
equivalents of the ‘Moho highs' in the velocity model
presented here.

The relationship between the Moho and the basement
(regardlessof whether the‘reflection’ or ‘refraction’ definition
of the basement is preferred) along this line is somewhat
unexpected, in light of conventional ideas about crustal
extension (McKenzie, 1978; LePichon and Sibuet, 1981). The
deepest Moho is mapped directly beneath the deepest
basement, although conventional models of crustal extension
suggest an inverse topography relationship between these
two boundaries. It is also worth noting that the two local
Moho highs correspond to the steepest slopes of the basement
as it approaches its deepest location in the centre of the
basin (Fig. 6). A pre-existing zone of weaknessinthecrustis
required to reproduce these observationsin modelling crustal
extension (Frederiksen and Braun, 2001; Frederiksen and
Braun, 2001, personal communication).

Depth to basement
Approach

Two separateissues affect the definition of depth to basement.
Oneisthedifferencein velocity characterisation of basement
overburden coming from CDPreflection and OBSrefraction/
wide-angle datasets (Goncharov et al., 2000a). Because
conventional reflection technology constrains velocitiesin
the deep part of the crust poorly, OBS-derived velocitiesare
preferred for depth conversion of the basement and other
deep horizons.

The second issue, which follows from the previous
discussion for individual transects in the Bonaparte and
Browse basins, relates to differences in the identification of
basement in reflection and refraction datasets.

OBS-defined basement (* refraction basement’) and OBS-
derived velocitiesare available only for afew profilesin the
Bonaparte and Browse basins. However, despite the limited
OBS coverage, theresults of thisexperiment areinvaluable,
becausethey provide an estimate of uncertainty of the depth
to reflection- and refraction-defined basement.

Compilation and co-analysis of reflection stacking-
derived and OBS-derived velocities enable much more
accurate depth conversion of interpreted reflection horizons
than the oneillustrated above. In thisstudy, only thereflection
basement was depth-converted utilising calibration of
reflection stacking-derived vel ocities against OBS-derived
velocities. However, both the data compiled and approach
developed enable depth conversion of any interpreted
reflection horizonsin theregion.

Figure 7 showsthe correl ation between depth to basement,
estimated from depth conversion of reflection basement using
both stacking-derived and OBS-derived velocities.
Approximately 2,000 selected locations at six coincident
reflection/OBS profiles (including the four discussed abovein
the Bonaparte and Browse basins) were analysed to calculate
linear regressionsfor individua profiles(Fig. 7).

Thegeneral rule, obvioudy followed in most cases below
5 km depth (Fig. 7), is that depth conversion based on

stacking-derived velocities over-estimates depth to
basement. For example, adepth of 20 km estimated from OBS-
derived velocities would translate into 25 km if stacking-
derived velocitieswere used in the Petrel Sub-basin, resulting
ina25% overestimate.

Clearly, several less continuous trends can be detected
in Figure 7, or even non-linear approximations may be
considered for some areas (eg. Canning transect, Fig. 7b).
However, the origin and spatial limits of applicability of
corresponding regressions remain poorly understood at this
stage and they were not used for depth conversion. Linear
regressions are defined by the general equation:

(Depth @ stacking-derived velocities) = A x (Depth @
OBS-derived velocities) + B

Spatial and two-way timelimits of applicability of 6 main
individual regressions presented in Figure 7 are illustrated
in Table 1, aswell asthe values of coefficients A and B.

Depth conversion using these regression formulae leads
to amaximum error of depth conversion of £ 2 km (Fig. 7).
These six continuous linear regressions were utilised to
calculate depth to reflection basement for all seismic lines
intheregion (Fig. 8).

Results

The resulting map of total sediment thickness at the
Australian northwest margin shows that the Bonaparte
Basin has up to 22 km of sediments compared to a
maximum of 12-14 kmin the Browse Basin (Fig. 8). The
thickest sedimentsin the Browse Basin are present in the
inboard part of the Caswell Sub-basin. The central part
of the Barcoo Sub-basin contains in excess of 12 km of
sediments, similar to the Caswell Sub-basin. The thickest
sedimentsin the Bonaparte Basin occur within the Petrel
Sub-basin, Sahul Syncline, Vulcan Sub-basin, Cartier
Trough and Malita Graben. Maximum sediment
thicknesses in the Sahul Syncline and Petrel Sub-basin
aresimilar, upto 22 km.

At thelevel of the basement horizon, the inboard part
of the Caswell Sub-basin appears to be continuous with
the Vulcan Sub-basin. This southwest—northeast-oriented
structure is broadly outlined by the 10 km sediment
isopach (Fig. 8). Sediment thickness increases along the
strike of thisstructurefrom 12 to 18 km.

Itisimportant to estimate the possible differencesin depth
to basement dueto different identification of basement using
reflection versus refraction data. Again, it is necessary to
emphasisethat acoustic (or ‘reflection’) basement identified
in the reflection data interpretation is not necessarily the
basement in atrue geological sense. Discussion below gives
an indication of the magnitude of the uncertainty in total
sediment thickness estimate arising from this ambiguity in
identification.

The uncertainty due to differences in identification of
basement in reflection and refraction datasets, asillustrated
inFigures 3, 4, 5 and 6, variesfrom 0-2.5 stwo-way timeon
thePetrel, Vulcan and outer Browselines. Larger uncertainties
are evident on the Scott Plateau, in the deepest part of the
Cartier Trough, and to the northeast of the depocentrein the
Petrel Sub-basin (at ~SP 3,900).
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Zonel | Areal’] Limits Coefficients
A B
1 Carnarvon Basin West of 117°E 1.09 -538
2 Canning Basin 117-120°E 1.21 -1190
3 North Browse Basin 120-121°E 1.30 -979
4 South Browse Basin 121-124°E 1.24 -317
5 Vulcan Sub-basin deeper than Deeper than 11 km within the limits 0.99 1715
11 km 124-127°E
6 Petrel Sub-basin and Vulcan Sub- |Shallower than 11 km within the limits 1.25 -637
basin shallower than 11 km 124-127°E,; all area east of 127°E

Table 1. Subdivision of the Australian northwest margin into zones for basement depth conversion, utilising regressions between depth to

basement, estimated at stacking-derived and at OBS-derived velocities.

Unlike the effect of depth conversion using CDP stacking-
derived velocities, which for depths below ~5 km result in
erroneously deep basement depth estimates, ‘refraction’
basement can be shallower (Vulcan and Petrel transects,
Figs 5 and 6) or deeper (outer Browse line, Fig. 3) than
‘reflection’ basement. The maximum depth deviation between
‘reflection’ and ‘refraction’ basement may reach + 8.0 km in
the Bonaparte and Browse basins.

Crustal types and thickness of the crust

Crustal types in the Bonaparte-Browse region change from
continental to transitional. The outer part of the Browse Basin

transect extended beyond the continent-ocean boundary
identified on the basis of reflection seismic data interpretation
(Sayers et al.,2002), but it is unclear if it went into true oceanic
crust. Crustal thickness in the Bonaparte-Browse region
reduces seawards from ~38 km near the coast to 12 km (Fig. 9).

Australian northwest margin-wide analysis shows that
the thinnest continental crust (28—29 km) onshore occurs
near the coast at the Archaean Pilbara Block (Fig. 9). The
thickest crust (38-45 km) is beneath the Proterozoic
Kimberley Block. The zone of relatively thick continental
crust associated with the Kimberley Block extends into the
Browse and offshore Canning basins. The rate of crustal
thinning of the Australian northwest margin varies

—— Continent/ocean boundary
— — - Plate/plate boundary

23/0A/1702

- ?- - Approximate continent/volcanic margin - ocean boundary

Figure 8. Total sediment thickness (km) at the Australian northwest margin.



significantly, with the most rapid thinning to the southeast
of the continent-ocean boundary in the Rowley Sub-basin
(Fig. 9). Inthisregion, the crust thinsfrom 34 to 13 km over
adistance of ~100 km. Thethinnest oceanic crust (8 km) is
under the Argo Abyssal Plain.

Generally, oceanic crust adjacent to the outer boundary
of theAustralian northwest margin (Fig. 10) isconsiderably
thicker (9-13 km) and haslower velocitiesthanin the global
average model of oceanic crust (White et al., 1992). The
Carnarvon and Browse basins are characterised by
particularly low velocities in the oceanic crust adjacent to
their outer boundaries. Only on the Canning transect, along
the northwestern margin of the Rowley Sub-basin, does
oceanic crust approach the global average model of White
et al. (1992). Vel ocity-depth functions characterising oceanic
crust in the Carnarvon and Browse transects are intermediate
between the global average oceanic and water depth-adjusted
continental models (Fig. 10). Velocitiestypical for rocks of
pure gabbro-type bulk geochemistry, estimated by the
petrophysical modelling technique of Sobolev and Babeyko
(1994), are considerably higher than those observed on the
Carnarvon and Browse oceanic segments (Fig. 10).
Therefore, based on vel ocity characteristics, the crust imaged
by the outer parts of the Carnarvon, Browse and, to alesser
degree, Canning basin transects is not oceanic but rather
transitional.

The results of this research enable some refinement of
earlierideas (O’ Brien et al., 1999) about the crustal thickness
patternsin the region. On the basis of different bathymetric
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expressions of the Bonaparte and Carnarvon compartments
as opposed to the Browse and Canning compartments,
O'Brien et al. (1999) suggested that these compartments
belong to two distinctly different extensional systems: wide
and narrow. The Bonaparte and Carnarvon compartments
represent wide extensiona systems, and the Canning and
Browse compartmentsrepresent narrow extensional systems.

However, the present crustal thickness map (Fig. 9)
suggests otherwise. The Browse compartment appears to
follow the sametrend of crustal thinning asthe Carnarvon.
The most rapid crustal thinning is detected in the Canning
compartment (beneath the Rowley Sub-basin) and in the
inshore margins of the Petrel Sub-basin. Therefore, froma
crustal thickness perspective, wide extensional systems,
marked by gradual crustal thinning, include the Carnarvon
and Browse compartments. The Canning compartment
certainly represents a narrow extensional system (rapid
crustal thinning beneath the Rowley Sub-basin), as does
the Petrel Sub-basin. Thereisinsufficient crustal thickness
data in the western part of the Bonaparte Basin (Vulcan
Sub-basin) to reliably distinguish it from the Browse
compartment, and accordingly it also appears to represent
a wide extensional system (gradually thinned crustal
region). The bathymetric compartments recognised by
O'Brienet al. (1999) thus do not represent crustal thickness
compartments.

The most obvious explanation to thisisthat variationin
bathymetric load is not entirely compensated by opposite
variationin crustal thicknessover the samedistance. Strength
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Figure 9. Crustal thickness (km) of the Australian northwest margin and sub-basin outlines. Magenta dots show the locations where the
Moho depth (km) was defined to produce adigital grid, supplemented by onshore and sonobuoy data from Collins (1991) and Collins and

Drummond (2000).
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of the crust appears to be sufficient to distribute
compensating effect of rapid water depth changes over
broader region (e.g. inthe Browse compartment).

Also, in contrast to the underlying assumption of
O'Brien et al. (1999), the present analysis suggests that
pre-extensional crustal thickness was very different in
different parts of the Australian northwest margin, ranging
from less than 30 km underneath the Pilbara Block to more
than 40 km underneath the Kimberley Block. Therefore, the
Browse Basin adjacent to the Kimberley Block started to
evolveinathick crustal environment.

Finally, O’ Brien et al. (1999) argued in favour of ~7 km
thicknesslimit for extended crust at the point of continental
breakup and formation of thin and rigid oceanic crust. The
present analysis suggests that the extended crust at the time
of breakup was considerably thicker (12-18 km, Fig. 9) and
that the oceanic crust that formed adjacent to the Australian
northwest margin was al so thicker than global average models
suggest (Fig. 10).

This can probably be explained by alow temperature
regimethat existed at the final stages of crustal extension,
leading to the margin breakup and formation of oceanic
crust. Under low temperature conditions, thicker crust is
likely to break up, compared to break up occurring under a
high temperature regime, when extending crust remains

0
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Depth (km)
&

w v
25 |

30
1 2 3 4 5 6 7 8 9
Velocity (km/s) 23/0A/1661

—— Canarvon

Roebuck/Canning
— Browse
—— Global average oceanic crust
—— Global average continental crust
—— Gabbro-type velocity range

Figure 10. Seismic velocity models of oceanic crust at the outer
parts of the Browse, Roebuck-Canning and Carnarvon transects
compared to global average models of oceanic (Whiteet al., 1992)
and continental (Christensen and Mooney, 1995) crust. Global

average model s of oceanic crust arerepresented by arange of values
limited by + one standard deviation from the median value at each
depth level. A 4.8 km-thick water layer has been added at the top
of the global average model of continental crust to enable
comparison with oceanic models. Gabbro-type velocities as
predicted by petrophysical modelling technique of Sobolev and
Babeyko (1994).

sufficiently strong, even in the range of 7—12 km thickness.
Under high temperature conditions, crust becomes more
ductile and can become thinner in the process of extension
before the break up occurs.

Implicationsfor volcanicevolution

A recent regional study of volcanic and magmatic
manifestations of the entire Australian northwest margin has
confirmed the presence of an extensive magmatic province,
characterised by flood basalts, sill/dyke intrusions and high
velocity lower crustal bodies interpreted to represent a
combination of magmatic underplating and crustal intrusion.
The nature, distribution and volume of the magmatic features
have led to a classification of the margin as a transitional -
or intermediate-type volcanic margin (Symondset al., 1998).

More specifically, in the Bonaparte/Browse region, the
Scott Plateau is arguably the most compelling example of
magmatic processes contributing significantly to the
formation of the crust. Basalts have been dredged on the
northern Scott Plateau, and landward flow subaerial basalts
have been intersected by a number of wellsin the Browse
Basin. Lava flows have been interpreted in the northern
Rowley Sub-basin, adjacent to the Scott Plateau in the west
(Fig. 1). Threemain volcanic provinces and faciestypeshave
been identified in reflection seismic dataon the Argo margin
segment, and are mainly associated with the Scott Plateau
and northern Rowley Sub-basin:

* landward faciesrelated to subaerial flood basaltsin the
southern Barcoo Sub-basin and throughout the Browse
Basin;

e arifted volcanic zone consisting of extensive flows,
buildups and intrusives over much of the inner and
central Scott Plateau; and

e atransition zone on the outer edge of the Scott Plateau
consisting of volcanics and faulted continental blocks.

Many of thewellsinthe Browse Basin penetrated subaerial
volcanics reaching several hundreds metres in thickness
(Symonds et al., 1998). Beneath the Scott Plateau, the
landward lava flows cover an area of more than 20,000 km?
and reach ~800 m in thickness. Stacking-derived interval
velocitiesin theselandward lavaflowsare ~4 km/s. In some
instances (line 128/02, fig. 9in Symondset al., 1998), total
thickness of lavaflowsreaches ~3 km.

Anoverall conclusion of thisbrief summary isthat the
Argo margin has clearly been affected by voluminous
magmatism that has modified and covered much of the
Scott Plateau, and spread into the Browse Basin. The
various volcanic facies and features produced extend
throughout a400 km-wide zone, and appear to have been
emplaced around thetime of Argo breakup in the Oxfordian
(Symondset al., 1998).

Indications of volcanicsin the Browse Basin velocity
refraction model (Struckmeyer et al., 1998) are somewhat
uncertain because of the velocity value overlap between
volcanics and host sediments in the upper 10 km of the
crust. Intrusivesin this part of the section are also difficult
to detect on the basis of velocity information. Vel ocity of
~5.0 km/s in the upper part of intrusive body is close to
the velocity at the bottom of overlying volcanics; velocity



of ~5.9 km/s in the lower part of the intrusive body is
undistinguishable from that typical for underlying
basement. Only the presence of reliable indications of
volcanics and intrusives in the reflection data enabled
inclusion of the intrusives into the OBS-derived velocity
model. The total thickness of interpreted volcanics and
intrusives underneath the Scott Plateau, based on
combined reflection and OBS data, reaches 5 km.

Finally, the possible presence of underplated crust in the
region has to be addressed. Underplating of the extended
continental crust can be suggested as one of the main crustal-
forming processes in the region. Underplating can be defined
as addition of mafic material at the bottom of the crust
resulting from partial upper mantle melting during major
tectonic episodes. It is important to evaluate if the OBS-
derived velocity models show any evidence of underplated
lower crust in the Bonaparte and Browse basins.

To answer a question about the possible presence of
underplated material in the lower crust, an estimate of what
seismic velocities would correspond to rocks of the gabbro-
type bulk geochemistry under the modern pressure and
temperature conditions in the region needs to be made. To
interpret seismic velocities at any depth level in terms of the
composition of the crust, the petrophysical modelling
technique of Sobolev and Babeyko (1994) is utilised. This
method predicts seismic velocities at depth for a range of
assumed crustal compositions. Firstly, however, the effect
of present day temperatures in the crust on seismic velocity
needs to be accounted for.

The whole Australian northwest margin can be broadly
subdivided into two domains — average and high heat-flow
domains, according to the present day heat-flow distribution
(Cull, 1991 supplemented by Cox, 2001, personal
communication; Beardsmore and Altmann, 2002). The
northeast Carnarvon, offshore Canning, Roebuck and
southwest Browse basins, where the heat flow typically varies
from 30-50 mWm?, were included in the average heat-flow
domain. The southwest Carnarvon, northeast Browse and
Bonaparte basins, with heat flow in excess of 60 mWm?,
were included in the high heat-flow domain.

Geotherms proposed by Christensen and Mooney (1995)
for average and high heat-flow conditions were utilised to
define the seismic velocity ranges for gabbro-type rocks
(Fig. 11 and Table 2).

Scans of the OBS-derived velocity models searching for
the velocity values predicted by this technique and
summarised in Table 2 do not reveal significant volumes of
rocks with gabbro-type composition in the Bonaparte and
Browse basins (Fig. 12).

Therefore, it is concluded that underplating was not a
major crustal-forming event in this region. It was noted earlier
(Symonds et al., 1998) that little evidence of underplating is
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Figure 11. Ranges of seismic velocities corresponding to gabbro-
type rock composition under high and average temperature
conditions of Christensen and Mooney (1995). Only the curves for
end-member gabbros predicted by petrophysical modelling
technique of Sobolev and Babeyko (1994) are presented, illustrating
the lowest and highest possible velocity values at each depth.

particularly surprising for the Scott Plateau, given the
significant magmatic character of this part of the Argo margin,
deduced from reflection seismic and well data.

For comparison, the possible presence of gabbro-type
rock is noticeable in the velocity scans of the Carnarvon Basin
line 128/08 in depth ranges 10-20 km and 20-30 km, and in
the velocity scans of the Canning Basin line 120/01 (Fig. 12).
It is particularly interesting that the velocity model of the
Roebuck and offshore Canning basins gives a clear indication
of underplated material in the lower crust (Figs 12b, ¢ and
Goncharov et al., 2000b). Upper crustal manifestations
of volcano-magmatic activity in this region are poor
(Symonds et al., 1998).

Therefore, there appears to be an inverse correlation in
the volcanic evolution of the region: the presence of volcanics
and intrusives in the upper crust is not accompanied by
significant volume of underplated lower crust (e.g. Scott
Plateau). In contrast, the absence of significant volumes of
upper crustal magmatic material spatially coincides with
underplated lower crust (e.g. Roebuck and offshore Canning
basins).

Conclusions

Basement is a difficult target for deep reflection profiling.
In some cases (Browse Basin), velocity information derived
from the OBS studies has helped to better define it, whereas
some problems with basement identification remain
unresolved in the Petrel and Vulcan sub-basins. One of the
two options of basement definition on the Petrel Sub-basin
transect leads to a decrease in estimated maximum total
thickness of sediments from ~22 km, suggested by the
interpretation of the reflection data, to ~14 km, if the velocity-
based definition is preferred.

Depthirange! High/heat-flow domain/ (SW Carnarvon, NE Averagelheat-flow domain/ (NE Carnarvon, offshore/Canning;
(km) Browse and & Bonaparte basins) Roebuckland SW Browse basins)
10-20 6.98-7.66 7.04-7.72
20-30 6.92-7.57 7.02-7.68
3040 6.85-7.48 7.00-7.65

Table 21 Upper and lower velocity limits (km/s) for gabbro-type rocks in different depth ranges under different temperature regimes, as
predicted by petrophysical modelling technique of Sobolev and Babeyko (1994).
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Figure 12. Seismic velocity scansof the OBS-derived modelsof individua profilesin depth ranges(a) 1020 km, (b) 2030 km and (c) 3040 km.
Upper and lower velocity limits for each scan are summarised in Table 2. Coloured areas represent possible gabbro-type rocks.

Accurate OBS-derived velocity models provide an
invaluable source for calibration of CDP stacking-derived
velocities for the purposes of depth conversion of deep
seismic data. This calibration has been used to produce a
map of depth to ‘reflection’ basement identified on
~35,000 km of seismiclinesfor theentireAustralian northwest
margin. The maximum possible overestimate of depth to
basement, if uncorrected CDP stacking-derived velocitiesare
used for depth conversion, may reach 25% for depthsin excess
of 20km.

This study suggests that underplating, which is often
associated with large-scal e extension of the crust, was not a
major crustal forming event in Bonaparte and Browse basins.
Close spatial association of underplated crust with the
narrow/high gradient type of margin in the Canning Basin,
where rapidly necked crust was detected underneath the
Rowley Sub-basin, leadsto a suggestion that rapid thinning
of the crust is a condition required for underplating to be
triggered. In other basins, where the extension is more
distributed, underplating has not happened, probably dueto
adifferent, probably higher temperature regimethat existed
there at the time of the extension.

Mostly, there are very poor manifestations of the Moho
in the reflection data at the Australian northwest margin.
OBS-derived vel ocity modelshave provento beaninvaluable
source of information about the Moho. Crustal typesin the
Bonaparte-Browse region change from continental to
transitional. The OBS dataindicate that crust adjacent to the
outer boundary of the Browse Basin is not purely oceanic,
but rather transitional. Thisissimilar to the Carnarvon, and,
to alesser degree, the Roebuck margins. Crustal thickness

in the Bonaparte-Browse region reduces oceanwards from
~38to 12 km.

The results of this research enable some refinement of
earlier ideasabout the crustal thickness patternsintheregion
(O'Brienet al., 1999). From acrustal thickness perspective,
wide extensional systems, marked by gradual crustal thinning,
includethe Carnarvon and Browse compartments. The Canning
compartment represents a narrow extensional system (rapid
crustal thinning beneath the Rowley Sub-basin), as does the
Petrel Sub-basin. The VVulcan Sub-basin appearsto represent a
wideextensiona system (gradualy thinned crustal region). The
bathymetric compartmentsidentified by O'Brien et al. (1999)
thusdo not appear to represent crustal thickness compartments,
probably dueto asignificant effect of crustal strength onthe
style of isostatic compensation.

In the Bonaparte Basin, depth to Moho increases with
increasing depth to basement, although conventional models
of crustal extension suggest otherwise. The Browse Basin
displaysthe conventional inverserelationship between depth
to Moho and depth to basement. On the Petrel Sub-basin
transect, local Moho highs correspond to the steepest slopes
of the basement. These observations have to be accounted
for by models of crustal extension.
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