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Abstract

The Bedout High in the Roebuck Basin (formerly offshore Canning Basin) on the northwest shelf of Australia is an unusual

structure, which has been controversially interpreted as an end-Permian impact structure similar in size to the K–T boundary

Chicxulub Crater. We present a geophysical perspective of the associated debate, based on deep seismic reflection, refraction and

well data. The basement and crust in the Roebuck Basin display a number of features that distinguish them from other basins along

the northwest Australian margin, including major crustal thinning and the presence of a thick layer of interpreted magmatic

underplating. The Bedout High consists of two separate highs separated by a Paleozoic fault, and is associated with a Moho uplift

of 7–8 km, and is about 40–50 km wide. The normal fault separating the two highs trends NNW–SSE, roughly paralleling a

Paleozoic fault system associated with rifting in the Canning Basin and terminating below the interpreted top-Permian reflection.

There are no circular, symmetric fault zones bounding the proposed annular trough, and the distinct difference in seismic character

normally associated with impact breccias versus layered sediments above are not expressed in deepmultichannel seismic data. The

end-Permian horizon exhibits little topography, with well-layered units both below and above. The area around the Bedout High

stands out as an area of low velocity basement: 5400–5600 m/s compared to 5800–6000 m/s for other nearby basement areas

located in a similar depth range, but known complex impact sites are not characterized by a unique seismic basement velocity

signature. Both seismic velocity analysis, revealing a thick underplated layer in the lower crust, and thermal modelling based on

data from well La Grange-1 and basalts drilled on top of the Bedout High, are consistent with rifting above anomalously hot

mantle. The available geophysical and geological data are compatible with an interpretation of the Bedout structure as a basement

high formed by two consecutive Paleozoic and Mesozoic episodes of rifting roughly orthogonal to each other, associated with

basin formation east and west of the Bedout High, but fail nearly all unequivocal criteria for impact crater recognition.
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1. Introduction

The Bedout High, a basement high in the Roebuck

Basin on the Northwest Australian Margin (Fig. 1),

has been interpreted as an end-Permian impact struc-

ture [1,2]. This has resulted in a vigorous debate,

expressed in three comments [3–5] and replies [6–8]

in Science focused on whether or not the Bedout High

was caused by an extraterrestrial impact, mainly based

on petrological arguments. In the impact scenario, the

Bedout structure is interpreted by Becker et al. [2] to

be similar in size to the Chicxulub crater, about 200

km in diameter, and the Bedout High is thought to

represent the central uplift of the impact crater [6]. In

this paper we present an analysis of available seismic

reflection, refraction and well data associated with the

Bedout structure, and discuss the likelihood of it being

an impact structure.

The Bedout High is located in the Roebuck (for-

merly part of the offshore Canning) Basin, one of the
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largest sedimentary basins in Western Australia,

bounded to the west by the Argo Abyssal Plain

(Fig. 1). The Bedout High is flanked by two sub-

basins of the Roebuck Basin, the Bedout Sub-Basin

to the southeast, and the Rowley Sub-Basin to the

northwest (Fig. 2). A Paleozoic west-northwest trend-

ing extensional structural grain defines major tectonic

units in the Canning Basin [9]. These structures are

well visible in marine gravity anomalies, especially on

and around the Broome Platform and within and west

of the Rowley Sub-Basin (Fig. 2). A set of northeast

trending structures was imposed on the older structur-

al grain during Mesozoic rifting and continental

breakup, as expressed by the orientation of the Row-

ley Sub-Basin itself (Fig. 2). A major tectonic event

has been interpreted as extensive uplift, faulting and

volcanism in Late Permian/Early Triassic time in the

Roebuck Basin, known as the bBedout MovementQ
[10]. Gorter [1] interpreted the bBedout MovementQ
producing the Bedout High through a bolide impact.
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However, Colwell and Stagg [10] pointed out, that the

Bedout Movement is mainly defined in the onshore

part of the Canning Basin (Fig. 1), where it represents

a widespread tectonic event and thus is not confined

to the vicinity of the Bedout High.

Continental breakup occurred at the seaward edge

of the Roebuck Basin at about 155 Ma; the oldest

identifiable magnetic anomaly along the margin is

anomaly M25A, aged 154.5 Ma [11], in accordance

with ODP drilling results [12], based on the Gradstein

et al. [13] timescale (Fig. 1). The geometry of the

rifted margin is unusual in that it does not follow the

main NE–SW structural grain. Instead the Argo Abys-

sal Plain margin is indented between the Exmouth

Plateau to the south and the Scott Plateau to the

north, with the apex of the indentation corresponding

to the narrowest portion of the margin, pointing to-

wards the Roebuck Basin (Fig. 1).

The margin is characterized by an up to 18 km

deep Paleozoic/Mesozoic trough, as expressed on the

deep seismic reflection lines 120-1 (Figs. 2–3, for
profile location) and 120-4 (Fig. 4) [14]. The Paleo-

zoic (Ordovician(?)–Permian) section is ~0.8 s (two

way travel time—TWT) thick, but considerably

thinned to about ~0.2 s TWT over the Bedout High.

The Triassic–Jurassic sequence is highly variable in

thickness. On the seaward portion of line 120-1, the

Triassic–Jurassic section forms a seaward-thickening

wedge reaching a maximum thickness of ~3.75 s

TWT adjacent to the lower continental slope. At the

seaward flank of the section, Middle Triassic folds

and Late Triassic faults affect the ~1.9 s TWT thick

Triassic section. The post-Jurassic sedimentary sec-

tion includes b1 km of Cretaceous section overlain by

Tertiary section that reaches a maximum thickness of

~1.5 km beneath the upper continental slope. The

boundary between continental and oceanic crust

(COB) is well defined, situated on the seaward side

of a deep-seated tilted block of continental crust at the

edge of the Argo Abyssal Plain (Fig. 2). The lower

continental slope is effectively the basin edge, and is

steep (15–208) and controlled by faults [14]. Erosion
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of the Jurassic section landward of the fault indicates

significant uplift of the basin flank at breakup. In the

following we will review evidence for and against the

impact hypothesis based on two deep seismic reflec-

tion lines crossing the Bedout High, basement topog-

raphy maps based on a grid of seismic lines [15], a

seismic refraction profile coincident with line 120-1

and industry well data in the area.
2. Seismic reflection data and interpretation

The Bedout High is crossed by two deep seismic

reflection profiles (120-1 and 120-4, see Fig. 2 for

location) collected by the Australian Geological Sur-
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The data clearly show the Bedout High in the

centre of the section, flanked by two Mesozoic/Ceno-

zoic sedimentary basins (the Rowley and Bedout Sub-

Basins) (Figs. 3 and 4, Figs. S1 and S2). Above the

basement, two clearly visible, continuous reflections

without much discernible relief stand out in the Bed-

out Sub-Basin in the Paleozoic/Mezosoic part of the

sedimentary section: The lower one (yellow horizon)
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corresponds to the interpreted top-Permian unconfor-

mity based on a regional seismic grid tied to wells,

particularly Lagrange-1 (Fig. 2), which drilled into

391 m of igneous rocks, originally interpreted as

highly weathered basalt flows dated to have a mini-

mum age of 253F5 Ma based K/Ar dating by British

Petroleum [15], now dated as 250F4.5 million years

[2]. A reflection of similar amplitude (light blue ho-

rizon) to the interpreted end-Permian horizon corre-

sponds to an interpreted intra-Triassic unconformity

(Fig. 3). West of the Bedout High, in the Rowley Sub-

Basin, the top-Permian unconformity is clearly visible

as a well-defined high-amplitude reflection close to

the Bedout High, but is discontinuous in parts of the

Rowley Sub-Basin, whereas the intra-Triassic uncon-

formity is a relatively well-defined reflection in both

sub-basins. The reflection data reveal that much of the

topography of the Bedout High relative to the sur-
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Fig. 6. Closeup of Bedout High basement topography, modified from Smith

and the main, eastern high separated by a 10 km wide NNW–SSE trendi
rounding basement is a consequence of the generation

of post-Permian accommodation space, filled with

sediments, due to rifting preceding breakup along

the Argo Abyssal Plain margin. The basins adjoining

the Bedout structure are asymmetric, with a gently

arched Bedout Sub-Basin on the southeast, exhibiting

few major faults, and a highly faulted Rowley Sub-

Basin on the northwest.

On seismic profile 120-1 across the Bedout struc-

ture, both pre- and post-Permo–Triassic sequences

are fairly well layered, with similar internal seismic

character, and the boundary between these sequences

either has little discernable topography away from

the Bedout High in the Bedout Sub-Basin, or is not

represented by a continuous high-amplitude reflec-

tion at all, as is the case in parts of the Rowley Sub-

Basin, where the interpreted top-Permian reflection

is only weakly developed (Fig. 3, Fig. S1). Faulting
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in the Rowley Sub-Basin is widespread from the Bed-

out High to the western basin edge. However, these

faults appear to be associated with post-Permian rift-

ing, and there is no equivalent set of faults on the

opposite side (southeast) of the Bedout High (Figs. 3,

Fig. S2).

A regional depth to basement map (Fig. 5, modi-

fied from Smith [15], based on seismic surveys JNOC

JN87 (1987), JNOC JN88 (1998) and AGSO

BMR120 (1994)) shows the Bedout High as a roughly

circular termination of a northeast striking ridge, rath-

er than a rounded high surrounded by a circular

annular basin (Fig. 5). A fault-bounded basement

ridge connects the Bedout High with the Broome

Platform (Fig. 5) to the northeast. The Bedout Sub-

Basin to the southeast is a small, local basin that

separates the Bedout High from the Lambert Shelf.

In contrast the Rowley Sub-Basin to the northwest is

not confined to the vicinity of the Bedout High, but

represents a broad, linear northeast–southwest striking

rift basin, extending all the way from the Lambert
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outer shelf, where post-Permian rifting was focussed.

Structurally and geometrically, the Rowley and Bed-

out Sub-Basins do not appear to be portions of a

circular, annular basin surrounding the Bedout High.

Seismic profile 120-4 (Fig. 4) and a closeup of the

Bedout High basement structure map based on a fairly

dense network of seismic reflection data (Fig. 6)

reveal that the Bedout High consists of two highs, a

smaller western high about 20 km in diameter and the

main, eastern high about 40 km in diameter. The main,

eastern Bedout High is structurally elevated with re-

spect to the smaller western high by about 500 m (400

ms TWT). The two compartments are separated by a

10 km wide NNW–SSE trending half-graben which

terminates below the interpreted top-Permian reflec-

tion (Figs. 4 and 7). The normal fault separating the

two highs is oriented NW–SE, paralleling the known

system of faults in this area created by Paleozoic
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rifting. All post-Permian, Triassic–Jurassic rift-related

faults are oriented roughly NE–SW, orthogonal to the

fault separating the two highs. Therefore, the available

information suggests a pre-end-Permian age of the

two structural horsts representing the Bedout High.

The closeup view of the Bedout High (Fig. 6) also

emphasizes that the structure is only fault-bounded to

the north and west, but not east and south.
3. Refraction seismic velocity modelling and

interpretation

Seismic refraction data were collected along the

seismic reflection profile 120-1 (Fig. 2) using seven-

teen ocean bottom seismometers (OBSs). The deep

water instruments provide good seismic data from

deep crustal structures and the Moho. A 2D velocity

model for the Roebuck/Canning OBS transect was

derived by forward modelling using the SIGMA

ray-tracing software, which is based on the algorithm

of Sclater and Christie [21]. The starting 2D model

was based on the analysis of recorded refracted and

reflected arrivals, and estimates of apparent velocities

of refracted arrivals. The sedimentary structure and

basement relief to constrain velocity modelling were

derived from the coincident depth-converted reflec-

tion data (Fig. 3). Variations in apparent velocities due

to structural dip could be discriminated from true

velocity variations within layers because of the re-

versed and overlapping data acquisition scheme of the

OBS experiment. In the process of forward modelling,

depths to boundaries and velocities within layers were

modified to achieve an acceptable match (normally

within 50–100 ms, with no systematic deviations)

between recorded and computed travel times of arri-

vals selected for modelling. Examples of modeled

travel times are presented in Fig. S3. The seismic

phases that were used for determining the P-velocity

model include refractions from the sediment layers,

reflections from the basement, refractions from the

upper and the lower crust, refractions from the

upper mantle and reflections from the Moho (Fig.

7). The final velocity model (Fig. 7) shows a ~5.9–

6.2 km/s velocity and a 7.7 km thick upper crust near

the boundary between continental and oceanic crust,

underlain by ~6.7– 7.1 km/s velocity and ~6.7 km

thick lower crust.
The velocity model shows an asymmetric crustal

structure, comparing upper and lower crustal thick-

ness northwest and southeast of the Bedout High. A

transition from relatively thick (~18 km thick) to

severely thinned (~11–12 km thick) lower crust

occurs underneath the eastern flank of the Bedout

High.
4. Gravity modelling

The gravity data used to constrain the velocity

model were taken from the R/V Rig Seismic 101

profile, which was coincident with profile 120-1

(Fig. S4). The contribution of the sediments was

calculated using the drilling results at ODP Site 765

[16] to determine the velocity–density relationship for

the top 1 km of the sediments. The velocity–density

relationship was then extrapolated downward to cover

the entire sediment column. The contribution from the

crust was calculated from the velocity grid obtained

from the 2-D ray-tracing model and then converted

into density using the relationship:

q ¼ � 0:6997þ 2:230TVp� 0:598Vp2

þ 0:07036TVp3 � 0:0028311TVp4

[17]. The minimum crustal density was set to 2.4 g/

cm3 and the maximum to 3.3 g/cm3 and a uniform

mantle density (3.30 g/cm3) was assumed. The result-

ing computed gravity anomaly fits the observed data

with a maximum misfit of 7 mGal and an RMS

residual of 4.7 mGal (Fig. S4), confirming that the

crustal velocity model is in fair agreement with the

free-air ship gravity data.
5. Seismic basement velocities

The basement and crust in the Roebuck Basin have

a number of features that make it distinct from other

basins at the northwest Australian margin. Major

crustal thinning from 34 to 12 km thick crust over a

distance of 100 km, and a sharp boundary between

continental and oceanic crust to the northwest of the

Bedout High are prominent features. Similar extreme

lateral variations of crustal thinning across the conti-

nental margin are not encountered anywhere else
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along the northwest Australian margin. Significant

focussing of these subsequent rifting features imme-

diately to the northwest of the Bedout High leads to a

suggestion that a pre-existing weakness zone may

have been present in the crust prior to the onset of

rifting in this area, equivalent to the North West Shelf

Megashear, which has been proposed as critical factor

for tectonic development in this area [14]. In a mar-

gin-wide context in comparison with other available

seismic refraction profiles (Fig. 7), the Bedout High

area stands out as an area of low velocity basement:

5400–5600 m/s compared to 5800–6000 m/s for other

basement areas located in a similar depth range. An

inset in Fig. 7 shows a basement velocity profile,

together with base topography along seismic profile

120-1, illustrating slightly lower velocities associated

with the Bedout High in comparison with the adjoin-

ing basins.
6. Distribution of crustal thinning from seismic

refraction and well data

The tectonic subsidence history of a continental

margin through space and time can provide vital

clues as to the causes of subsidence, including assess-

ment of differential subsidence due to a bolide impact

[18]. Stretching factors for the lower and upper crust

were estimated from the change in the thickness of the

crust along the seismic refraction/reflection profile

120-1, assuming an initial crustal thickness of 40

km and an initial mid-crust boundary depth of 14.5

km [19] (Fig. S5). Lithospheric stretching factors for

post-Permian rifting events were also estimated from

4 wells on and around the Bedout High (Fig. 2) using

strain rate inversion [20] (Fig. S5). We applied an

inversion method developed by White [20] which

automatically identifies rift periods and calculates

the lithospheric stretching factor required for each

rift event, assuming pure shear mode of rifting, to

produce the tectonic subsidence history calculated

from the stratigraphy of a given well based on the

bbackstrippingQ technique [21]. Strain rate inversion

reveals a post-Triassic rift phase from about 230 Ma to

breakup in the Late Jurassic (Fig. S5), seen in wells

Bedout-1, La Grange-1 and East Mermaid-1. The

Bedout-1 tectonic subsidence history appears to

show a second rift phase starting at about breakup
time (155 Ma). This may be related to the observation

that rifting in the margin segment further south con-

tinued until about 130 Ma, and may have propagated

into the southern Argo Abyssal Plain margin. Phoe-

nix-1, between the southern Bedout and Rowley Sub-

Basins, exhibits a syn-rift phase that stopped at around

200 Ma. A denser network of wells would be required

to understand these spatial differences in the timing of

rifting. All strain rate inversion results are consistent

in that the total stretching factor (beta) is fairly similar

comparing the two wells on the Bedout High (La

Grange-1 and Bedout-1) with the two wells further

north and south (Phoenix-1, East Mermaid-1), ranging

from 1.18 to 1.31. The two wells on the Bedout High

average a beta of about 1.2, whereas the two wells

away from the high show slightly higher stretching

factors (~1.3), consistent with less crustal thinning of

the Bedout High itself compared with surrounding

basins. The crustal beta factors derived from the ve-

locity model (Fig. 8) also result in beta values be-

tween 1.1 and 1.2 for the Bedout High, consistent

with the strain rate inversion based on well data. The

velocity model further results in minimum-estimate

crustal beta values of around 1.3–1.5 in the Rowley

Sub-Basin, and 1.5–1.6 in the Bedout Sub-Basin,

without considering possible underplating of material

to the lower crust, as discussed below. Fig. 9 shows

the regional crustal thickness of the Northwest Shelf

of Australia, based on a combination of marine and

onshore seismic refraction profiles, emphasizing the

position of the Rowley Sub-Basin at the narrowest

portion of the margin.
7. Composition of the lower crust

To better understand the origin of lateral varia-

tions in crustal thickness we investigate the seismic

velocities that may correspond to rocks of gabbro-

type bulk geochemistry under modern pressure and

temperature conditions in the region, to identify

underplated material. Underplating can be recognised

from the presence of seismic velocities higher than

7.0 km/s in the lower crust that result from the

injection of mafic material at the bottom of the

crust from partial upper mantle melting. To interpret

seismic velocities in terms of crustal composition,

the petrophysical modelling technique of Sobolev
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Table 1

Upper and lower velocity limits (km/s) for gabbro-type rocks in

different depth ranges under different temperature regimes as pre-

dicted by the petrophysical modelling technique of Sobolev and

Babeyko [22]

Depth

range, km

High heat flow

domain (SW Carnarvon,

NE Browse and

Bonaparte Basins)

Average heat flow

domain (NE Carnarvon,

offshore Canning,

Roebuck and SW

Browse Basins)

10–20 6.98–7.66 7.04–7.72

20–30 6.92–7.57 7.02–7.68

30–40 6.85–7.48 7.00–7.65
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and Babeyko [22] is utilised. This method predicts

seismic velocities at depth for a range of assumed

crustal compositions. However, the effect of present

day temperatures in the crust on seismic velocity

needs to be accounted for.

The entire Australian northwest margin can be

broadly subdivided into two domains—average heat

flow domains and high heat flow domains according

to the present day heat flow distribution [23,24]. The

northeast Carnarvon, offshore Canning, Roebuck and

southwest Browse Basins, where heat flow typically

varies from 30 to 50 mWm�2, are included in the

average heat flow domain. The southwest Carnarvon,

northeast Browse and Bonaparte Basins, with heat

flow in excess of 60 mWm�2, are included in the

high heat flow domain. Geotherms proposed by Chris-

tensen and Mooney [25] for average and high heat
flow conditions were utilised to define the seismic

velocity ranges for gabbro-type rocks (Table 1).

Scans of the OBS-derived velocity models, searching

for the velocity values predicted by this technique, do
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not reveal significant volumes of rocks with gabbro-

type composition in the Bonaparte and Browse Basins

(Fig. S6, see Fig. 7 for profile locations). Therefore, it

appears that underplating was not a major regional

crustal forming event in the northwest shelf region. It

was noted earlier [26] that little evidence of under-

plating is 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.

In comparison, the possible presence of under-

plated gabbro-type rock is noticeable in the velocity

scans of the Carnarvon Basin profile 128 /08 in

depth ranges 10–20 km and 20–30 km, and in

the velocity scans of Canning Basin profile 120 /

01, crossing the Bedout High (Fig. S6, Fig. 7 for

profile locations). The velocity model of the Roebuck

and offshore Canning Basin (profile 120 /1) gives a

clear indication of underplated material in the lower

crust. Upper crustal manifestations of volcano-mag-

matic activity in this region are poor [26]. Therefore,

there appears to be an inverse correlation in the vol-

canic evolution of the region: the presence of volca-

nics and intrusives in the upper crust is not

accompanied by a significant volume of underplated

lower crust (e.g. Scott Plateau). In contrast, the ab-

sence of significant volumes of upper crustal magmat-

ic material spatially coincides with underplated lower

crust (e.g. Roebuck and offshore Canning Basins).

Fig. 8 shows the OBS-derived velocity model for

profile 120-01 across the Bedout High highlighting

the underplated layer based on the analysis described

above, with the interpreted seismic reflection section

for comparison. Our model suggests that the entire

section imaged by profile 120-1 is underplated by a

layer of variable thickness. The thickest section of

underplated material is found outboard of the Bedout

High.

The crustal thickness in the Rowley and Bedout

Sub-Basins, excluding interpreted underplated crust

and the post-Permian succession, is about 6 and 7

km, respectively, resulting in crustal stretching values

of over 6. These unrealistically high values probably

indicate that some underplated material already

existed at the onset of Mesozoic rifting, although it

may have been thinner than presently observed. Pa-

leozoic rifting is one of the possible processes re-

sponsible for formation of this older underplating.
Unfortunately, there are no reference velocity models

onshore next to the area of study which would char-

acterise pre-Mesozoic crust. However, given that

some underplated material is likely to be present

due to Mesozoic rifting, the actual stretching factor

of the Rowley and Bedout Sub-Basins is probably at

least a factor of 2 larger than that of the crust

underlying the Bedout High. If we were to flatten

the section on the interpreted Permo–Triassic bound-

ary horizon, assuming that the Permian sediments

were originally flat-lying, then the topography of

the Bedout High would be greatly diminished, com-

pared to its present elevation above the basement of

the neighbouring basins. This emphasizes that the

Bedout High owes much of its current relief to the

post-Permian stretching and subsidence of the adjoin-

ing basins.
8. Thermal history of the Bedout High from well

data

The thermal history of the Bedout High was ana-

lysed by Smith [15], who undertook one-dimensional

thermal modelling of several wells, including La

Grange-1, using BasinModk. We show an example

from this analysis, based on well stratigraphy, used as

input for tectonic subsidence and thermal history

analysis modelled from vitrinite reflectance (Ro)

data (Fig. S7). Modelling of heat flow through time

was constrained by the present heat flow in the area,

which ranges from 31 to 38 mWm�2 [15], suggesting

a low to normal heat flow consistent with its current

stable tectonic condition. In order to model heat flow

realistically through time, time dependent heat flow

was assumed to follow a rift model, with rifting start-

ing at 250–240 Ma, and decaying thermally after

about 220 Ma (Fig. S7c). Strain rate inversion (Fig.

S5) shows that rifting continued for longer than as-

sumed in this model, but it provides a minimum

estimate of the heat flow through time on the Bedout

High. The modelled organic maturity for La Grange-1

is lower than that observed from vitrinite reflectance

data (Fig. S7b). Approximately 4000 m of sedimen-

tation and subsequent erosion at around 200 Ma

would be required to model the vitrinite reflectance

profile observed in the well, given the input surface

heat flow. Such a model is clearly not reasonable and
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not supported by any observations from the area [15].

To improve the model fit to the vitrinite reflectance

data, the basal unit at La Grange-1 requires heating by

approximately 40 8C above its present temperature

some time before 150 Ma [15]. This observation is

consistent with presence of underplated material dis-

cussed above.
9. Discussion

In the following, we will evaluate the likelihood

of the Bedout structure being an impact structure,

based on evaluating a bchecklistQ expanded from that

compiled by Stewart [18], which is based on criteria

to assess undrilled, buried impact structures (Table

2). The seismically best-mapped marine impact

crater structures are the Eocene Chesapeake Bay

crater [27,28], the K–T boundary Chicxulub crater

in Mexico [29–32], the Volgian–Berriasian Mjølnir

impact structure in the Barents Sea [33,34] and the

Tertiary Silverpit structure in the North Sea [35,36].

The latter structure, 20 km in diameter with a central

peak less than 1 km in diameter, has alternatively

been interpreted as a salt withdrawal structure [37],

but in a recent paper Stewart and Allen [36] present

a comprehensive seismic data set which allows dis-

crimination between a salt withdrawal and impact

structure with a fair degree of confidence. The Mjøl-

nir impact structure (40 km in diameter) includes an

8 km wide central peak, a 4 km wide annular basin

and a 12 km wide outer zone surrounded by a peak

ring and concentric faults [33]. The Chesapeake Bay

crater is 85 km in diameter with a central peak 10–12

km wide [38]. In the case of Chicxulub, we are

restricted to comparing the seismic character of the

structure’s annular basins to the basins east and west

of the Bedout High, as Chicxulub’s central basement

uplift has been largely destroyed. All four impact

structures display a central basement rebound, a

roughly circular annular trough, inner thrust faults,

and outer normal ring faults, which intersect older

regional structures.

Seismic reflection images across these four struc-

tures reveal the following features: (1) the primary,

impact-induced deformation is bounded on top by

considerable structural relief, which is preserved

particularly in the annular basins even where the
central high has been destroyed as in the case of

Chicxulub [39], (2) the seismic character of the pre-

and post-impact strata is markedly different, with

pre-impact strata characterized by diffuse, indistinct

reflections, whereas the post-impact strata are well-

layered and (3) the outer edge of the annular basin is

associated with inward-facing, peripheral extensional

fault terraces.

The amplitude of the seismic reflection represent-

ing the top-Permian, in particular in the basins adja-

cent to the Bedout High, is weak compared to that

observed in the annular basins of well-known impact

structures such as Chicxulub, Mjølnir and Chesapeake

Bay, where the large density and velocity contrast

between impact breccias and overlying sediments

causes a high-amplitude reflection [28,29,32,33].

Becker et al. [7] have argued that, if Bedout is

an impact structure, post-impact erosion could have

been responsible for removing part of an impact

breccia from the Bedout High. Indeed this may

explain the lack of a significant velocity contrast

on top of the Bedout High in an impact scenario,

if the entire impact breccia layer was removed by

erosion. However, in this case, we would expect

the eroded sediments to have been deposited in the

shallow marine basins adjacent to the Bedout High

and the impact melt breccia should have been

preserved in these basins and mapped as a strong

acoustic contrast, which is not observed, especially

not in the deepest parts of the Rowley and Bedout

Sub-Basins (Figs. S1 and S2). Smith’s [15] recon-

structed Triassic palaeogeography of the area (Fig.

10) suggests fluvial/marine sedimentation in the

basins around the Bedout High throughout the Tri-

assic, supporting the lack of any major erosion

around the Bedout High at that time. Tectonic sub-

sidence analysis indicates that the entire area subsid-

ed due to lithospheric stretching following the

Permian (Fig. S5).

It could be argued that the stratigraphic location of

the end-Permian boundary has been misinterpreted in

the data. However, profiles 120-1 and 120-4 are part

of a regional seismic network tied to a large number of

industry wells [14], most notably Lagrange-1 on the

Bedout High, which penetrates rocks about 250 mil-

lion yrs in age [2], i.e. roughly of Permian–Triassic

boundary age, even if the uncertainties in this age are

somewhat larger than those quoted by Becker et al.



Table 2

Most discriminatory criteria to identify a drilled, buried impact structure, based on criteria modified from Stewart [18] and those summarized by

Glikson [5]

Criteria Structure generated

through extensional tectonics

Impact Structure Bedout structure

Shocked minerals displaying planar

deformation features (PDFs)—for

example, in quartz, feldspar, and

zircon

No Yes No

The presence of high-pressure mineral

polymorphs such as coesite,

stishovite, and diamond

No Yes Yes: shock-induced transformation

of feldspar into diaplectic

maskelynite glass (Becker et al.

(2004) [2,6–8]

No: breccia is dominated by

fragments of microlitic basalt and

ophitic-textured dolerite with well

preserved igneous textures,

showing no evidence of shock

metamorphism; (Glikson, 2004b

[5,42])

Megascopic shock structures (for

example, shatter cones and melt

breccia)

No Yes No

Chondritic chemical signatures—in

particular, platinum group elements

and other siderophile elements

(Ni, Co)

No Yes No

Circular or elliptical crater structure,

superposed on older tectonic

elements

No Yes No circular crater structure

detected; dual high represents

termination of a northeast striking

ridge, and is faulted by structure

sub-parallel to older tectonic

elements

Related to regional trends? Yes No Yes

Circular inward-facing, peripheral

extensional ring-fault terraces; may

be accompanied by inner thrust

ring faults

No Yes No

Distinct stratigraphic layering: diffuse,

indistinct, incoherent reflections below

well-layered sediments separated by

considerable structural relief

Only at acoustic

basement

Yes (pre-impact vs.

post-impact strata)

Above acoustic basement,

incoherent reflections occur only

near the Bedout High, but

coherency of reflections

increases significantly with radial

distance from the centre

The Bedout structure fails all criteria with the exception of the presence of maskelynite, which is not accepted as being correctly identified [42].

In this table we have omitted ambiguous criteria such as a circular Bouguer gravity anomaly (may be less developed in old, buried crater

structures) or seismic basement velocity anomalies, as complex craters may have a low-velocity zone below the crater floor, or a high-velocity

zone due to uplift of deeper crustal material [40], and because substantial basement velocity variations are also observed in the absence of an

impact crater (see Fig. 7).

Fig. 10. Triassic palaeogeography of the area around the Bedout High in the Roebuck Basin, modified from Smith [15]. Palaeogeographies

were derived based on well data, Sedpak sediment infill simulations, seismic two-way-travel time structure, isopach and chromosome maps to

obtain basin depositional trends and facies [15].
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[2], as suggested by Renne et al. [4]. The outer edge

of the Bedout Sub-Basin does not exhibit obvious

symmetric ring fault zones such as those associated

with the Chicxulub, Mjølnir and Chesapeake Bay

craters [28,29,33]. Numerical modelling of impact

crater formation and evolution [19] supports observa-

tions from impact craters and suggests that crater

subsidence and fracturing should be roughly concen-

tric, resulting from inward centripetal movement as-

sociated with formation of the central uplift and the

consequent collapse at the rims of the transient crater

(see also [40]).

Faulting in the Rowley Sub-Basin is widespread

from the Bedout High to the western basin edge (Fig.

S1). However, these faults appear to be associated

with post-Permian rifting and there is no equivalent

set of faults on the Bedout Sub-Basin side of the

Bedout High (Figs. 3 and 4, Fig. S2). A circular

system of fractures/faults contemporaneous with the

potential impact and bounding the rim does not appear

to be present. If such a system of fractures/faults had

been generated due to a bolide impact, then only

complete erosion of the entire impact breccia and

fractured rocks/sediments would be capable of re-

moving them, but the seismic data do not provide

evidence for a major unconformity that would be

associated with the required magnitude of erosion.

As mentioned previously, paleogeographic maps pro-

duced by Smith [15] suggest that the area around the

Bedout High was submerged following the Permian

(Fig. 10). Alternatively, it could be argued that we are

not able to image these faults due to limitations in the

deep multichannel seismic data available to us. How-

ever, the quality of these data is quite good, as

evident in the crisp imaging of horizons below the

end-Permian horizon (Figs. S1 and S2).

The seismic refraction data indicate a thick under-

plated layer underneath the Bedout structure. Could a

potential meteorite impact have been one of the pos-

sible causes to have triggered upper mantle melting

and generation of voluminous underplated material?

At present, there is no geodynamic model that links

meteorite impacts with large-scale underplating. As

the melts producing underplating are derived from the

mantle, underplating must be primarily driven by

mantle temperature and composition, and it is difficult

to envision how a meteorite impact would have

resulted in a relatively thick underplated layer across
the entire continental shelf. Numerical simulations by

Ivanov and Melosh [41] indicate that even large

impacts do not raise mantle material above the peri-

dotite solidus by decompression.

Thermal modelling and vitrinite reflectance data

from La Grange-1 imply that the temperature in the

basal unit at La Grange-1 was 40 8C above its

present temperature some time before 150 Ma, sup-

porting anomalously hot mantle underneath this area

during Triassic/Jurassic rifting in this area. This is

consistent with the basalts drilled on top of the

Bedout High [1], interpreted by Glikson as a mafic

hyaloclastite volcanic breccia [42]. The simplest ex-

planation for the extrusives in the Bedout area are as

an expression of rifting above hotter than normal

mantle. The source for a mantle temperature anomaly

at the Permian–Triassic boundary is not known, as

we cannot trace any Cretaceous/Tertiary mantle

plumes/thermal anomalies back to this time. Howev-

er, the Triassic/Jurassic rift in this area is bordered

by the Scott Plateau to the north and the Exmouth

Plateau to the south (Fig. 1), two well-recognised

volcanic margin provinces [43].

Tectonic subsidence analysis in this case does not

discriminate well between impact and non-impact

scenarios, due to the dominating effect of post-Perm-

ian rifting processes on subsidence around the Bedout

High. Seismic basement velocity analysis is also

equivocal, as complex impact structures may either

have a low-velocity zone below the crater floor, or

alternatively uplift of deeper crustal material may lead

to increased velocities [40]. Regional basement veloc-

ity variations (as displayed on Fig. 7) may be caused

by lateral variations in physical properties, composi-

tion and structural history of the area’s basement.

A question posed by Gorter [1] is why an unusual

semi-circular basement high such as the Bedout High

should form on a rifted continental shelf. There is no

shortage of similar structures on rifted continental

shelves, due to the interaction of normal and

strike–slip fault systems during successive rift

phases, creating basement highs and lows. A nearby

example very similar in appearance to the Bedout

High is given by the basement high ~50 km west of

the Leveque Platform (Fig. 5). Another example for

a rifted, roughly circular basement high very similar

in size to the Bedout High is Orphan Knoll off

Newfoundland [44].
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A non-impact scenario for the formation of the

Bedout High involves two orthogonally intersecting

fault systems as a function of time, namely the Paleo-

zoic west-northwest trending structural grain that

resulted in the segmentation of the Lambert Shelf,

Broome and Leveque platforms, three basement

highs separated by rifted grabens. In this scenario,

similar to Smith’s [15], the same fault systems also

separated the Bedout High into two highs, and gen-

erated the subsequent Mesozoic northeast trending

structures when bArgo LandQ rifted away from Aus-

tralia [11]. The distribution of fault systems on the

basement topography map in Fig. 5 illustrates this set

of intersecting faults. In this scenario the Bedout High

would have originally been part of the Broome Plat-

form, but would have been separated from it by two

consecutive episodes of faulting that were roughly

orthogonal to each other.

The prominent Paleozoic NW–SE trending system

of faults landward of the Bedout High (Fig. 5) may also

hold the key to the shape of the Argo margin, where the

splitting of bArgo LandQ from Australia in the Jurassic

[45] left a fairly narrow continental margin compared

with the adjacent margin segments, as illustrated by a

regional crustal thickness grid of the northwest shelf of

Australia (Fig. 9). Here the intersection between two

orthogonal fault systems may have represented a weak

seed that focussed syn-rift strain-weakening in the

Triassic/Jurassic, causing minor extrusive volcanism

at the Bedout High and leading to the separation of a

crustal sliver from the northwest shelf of Australia that

later became part of Burma after traversing the Tethys

ocean [45]. During Early Cretaceous rifting between

Greater India and Australia, upper crustal intrusions

were focussed on the adjacent, relatively wide, thinning

Exmouth margin segment, whereas the narrow Argo

margin, which had thermally aged and strengthened at

this time, did not provide an easy pathway for melts to

the upper crust, therefore resulting mainly in under-

plating. In this scenario the age of the observed under-

plating should be Cretaceous, at least for part of the

underplated layer, as discussed above, contemporane-

ous with Early Cretaceous magmatism on the Exmouth

Plateau [26]. The origin for elevated mantle tempera-

tures in this area in the Cretaceous may have been the

Kerguelen Plume, which was located substantially fur-

ther north at that time compared to its present latitude

[46,47]. If it was associated with a large-diameter
plume head comparable to that of the Iceland Plume

in the Early Tertiary, then a reconstructed Kerguelen

plume head position is consistent with having produced

a Cretaceous volcanic northwest Australian margin, as

well as the Rajmahal Traps [48,49]. In this scenario, we

can account for all first order observations of crustal

seismic velocities, structuring, and magmatism in this

area without a bolide impact.
10. Summary

A bchecklistQ with the most relevant criteria for

differentiating between a structural/rifting origin

from an impact origin for a basement high such as

Bedout is presented in Table 2. If the structure has

been cored and imaged by deep seismic reflection

data, as is the case for the Bedout High, then the

primary discriminating evidence lies in the unique

petrological signature of the impact breccia and the

imaging of structural features typically produced by

impacts. As the petrological evidence is disputed in

the case of Bedout [3–8,42], we utilise an approach

based on Stewart [18] in using geophysical evidence

as additional criteria to discriminate an astrobleme

from a basement structure of tectonic origin (no

other geological process is a reasonable candidate

for creating the Bedout High). The most discriminat-

ing criteria based on seismic reflection data for a non-

impact genesis of the Bedout High are: (1) the absence

of circular fractures/faults in pre-impact strata at the

Bedout High, (2) the clear relation of structures

bounding the Bedout High to regional trends, (3) the

absence of circular inward-facing, peripheral exten-

sional fault terraces, and (4) the absence of the distinct

stratigraphic layering associated with well-mapped

buried impact craters, i.e. diffuse, indistinct, incoher-

ent reflections below well-layered sediments separat-

ed by considerable structural relief. The seismic

basement velocity low associated with the Bedout

High may support an impact scenario, if it is sup-

ported by other essential criteria, especially petrolog-

ical signatures unique to impacts and the circular

structures associated with large complex craters.

The currently available data favour the interpreta-

tion of the Bedout High as a Paleozoic basement high,

formed by consecutive episodes of rifting which were

orthogonal to each other, separating the Bedout High
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into two highs in the Paleozoic, and topped by end-

Permian extrusives. However, the Bedout structure is

more deeply buried than proven impact structures such

as the Chicxulub, Mjølnir and Chesapeake Bay struc-

tures, making it more difficult to investigate. A 3-D

seismic survey would be required to more clearly map

the crustal structure underneath the Bedout High.
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