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Abstract

The island of Tasmania in southeast Australia consists of a number of stratotectonic elements. The relationships between

these elements are largely obscured by younger cover of the Tasmania Basin, which contains extensive dolerite sills that limit

the ability of potential ®eld techniques to map basement. Therefore the development of a robust tectonic model for Tasmania

has been inhibited. To assist in the development of a tectonic model, a deep seismic re¯ection program undertaken offshore

around the entire island was designed to map the large-scale structures of Tasmania at depth. The airgun seismic energy was

also recorded at a number of seismographs deployed across the island, allowing low resolution 3D tomographic imaging. Short

re¯ection pro®les were recorded onshore across structures which could not be imaged by the offshore pro®ling. This paper

focuses on eastern Tasmania. In the seismic sections, the Proterozoic basement in the southeast is mostly featureless, except for

large rotated blocks with weakly re¯ective boundary faults, indicating extension of the Tyennan Element by block faulting. The

deposition of the sedimentary succession of the Adams®eld±Jubilee Element was related to this extensional event. In the

northeast, a re¯ective lower crust is interpreted to represent thrust slices of previously highly extended continental crust and

possibly fragments of oceanic crust. The Early Palaeozoic sedimentary succession of the Northeast Tasmania Element formed

across the inverted margin. The apparently complex geology of eastern Tasmania therefore ®ts into an extensional model where

continental extension eventually led to the formation of very thin continental crust and possibly oceanic crust to the east. The

extension was probably related to Late Neoproterozoic extension recorded elsewhere in Australia. The region was subsequently

shortened, probably in a northeast±southwest direction, with most shortening accommodated in the seismically re¯ective,

probably oceanic part of the crust, and little or no shortening in the block-faulted, and extended continental crust. q 2000
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1. Introduction

Tasmania is an island state in southeast Australia.

To place its known mineral and energy resources

into a regional tectonic framework, a program of

deep seismic re¯ection pro®ling and two- (2D) and
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three-dimensional (3D) seismic tomography was

undertaken in 1995 by the Australian Geological

Survey Organisation, working with Mineral

Resources Tasmania under the Australian National

Geoscience Mapping Accord. These data complement

the comprehensive geological mapping, regional

gravity and magnetic data sets that are available.

Geologically, Tasmania can be divided into a

number of stratotectonic elements (Fig. 1a), each

with a distinctly different chronostratigraphy and

probably tectonic history (Seymour and Calver,

1995). Proterozoic rocks crop out in the Rocky Cape

Element in the northwest and the Tyennan Element in

the southwest. Late Proterozoic and Early to Middle

Palaeozoic sedimentary and volcanic rocks of the

Dundas Element lie between these two elements.

Using seismic re¯ection data Drummond et al.

(1996) showed that rocks of the Dundas Element

extend to depths of 4±6 km, and cover a boundary

between the Rocky Cape Element and the Tyennan

Element that dips east at about 308 and probably

extends through the crust.

Three other basement elements are de®ned east of

the Tyennan Element. The Adams®eld±Jubilee

contains Neoproterozoic to Early Devonian sedimen-

tary rocks and onlaps the eastern side of Tyennan

Element. The Northeast Tasmania Element contains

folded Ordovician to Devonian sedimentary, mostly

turbiditic, rocks of the Mathinna Group, which are

intruded by extensive Devonian granitic rocks.

Extensive granitoids intruded most elements from

mid-Devonian to earliest Carboniferous times. The

Shef®eld Element in the central north (Fig. 1) is

beyond the scope of this paper.

Sedimentary rocks and extensive dolerite sills of

the post-Devonian Tasmania Basin obscure the

relationship between the Tyennan and Adams®eld±

Jubilee Elements in the west and the Northeast

Tasmania Element. Although the Tyennan and North-

east Tasmania Elements have distinctly different

magnetic signatures (Fig. 1b), the magnetic response

of the dolerite sills within the Tasmania Basin

obscures the location and nature of the boundary

between these elements. Attempts to ®lter the

magnetic signals to derive the basement signature

give results that are interpretive at best (Gunn et al.,

1997). The sills also degrade data from seismic re¯ec-

tion pro®ling, so the petroleum industry has not yet

been attracted in large numbers to explore the

Tasmania Basin. Therefore, deep seismic images of

basement did not exist prior to the 1995 regional deep

seismic program. In this paper we use the images from

the deep seismic program to examine the architecture

of the boundary between the Tyennan and Northeast

Tasmania elements. In doing so, we infer a crustal

extension event that previously had not been

identi®ed extensively in Tasmania.

2. The seismic program

Many of the crustal element boundaries can be

traced offshore using regional magnetic and gravity

data. Therefore, the bulk of the regional deep re¯ec-

tion pro®ling was conducted at sea close to the shore-

line (Fig. 1) (Hill et al., 1995). Apart from being

logistically easier than pro®ling in many places

onshore, this had the advantage of being able to

avoid many of the dolerite sills of the Tasmania

Basin in the southeast. Nevertheless, several crustal

elements could not be mapped offshore, and three

short lines were recorded onshore (lines 1±3, Fig. 1).

Two additional short onshore lines (lines 4 and 5,

Fig. 1) were experiments designed to test parameters

for recording within the dolerite sills of the Tasmania

Basin (Barton et al., 1995).

The offshore seismic re¯ection program required

the recording of 13 pro®les (offshore lines 1, 4±15,

Fig. 1), resulting in a circumnavigation of the island.

Thirty-three portable seismographs were deployed

across the island to record the energy from the ship's

airguns in order to collect crustal scale refraction data

(Chudyk et al., 1995). The University of Tasmania

operates eight permanent seismic observatory

stations, and their seismograms were captured digi-

tally. Very little information on the crustal structure

of Tasmania was available during the planning stages

of the experiment. The crustal models of Richardson

(1981, 1989) indicate that a maximum recorder

spacing of 70 km would ensure that all seismic phases

from all of the offshore seismic lines were recorded by

at least part of the seismograph network.

3. Seismic refraction results

Data from the refraction and tomography
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component of the seismic program are currently being

interpreted by both forward and inverse 1D, 2D and

3D modelling. The 1D models from forward model-

ling of two stations (14 and 17, Fig. 1) near the east

coast are presented here, and used below to assist in

the interpretation of the re¯ection data.

The data from Station 17 recorded from airgun

blasts to the north along Line 1 are shown in Fig.

2a. The travel time curves superimposed on the record

section are for post-critical re¯ection and refraction

branches calculated for the model listed in Table 1 for

Station 17. The model for Station 17 would be

expected to represent the crust along the southern

part of Line 1, and is shown in Fig. 3 as a velocity

versus vertical two-way-travel time (TWT) curve

superimposed on the re¯ection data from Line 1.

The upper and lower crustal phases (P1 and P2,

respectively) occur as ®rst arrivals to 140 km. The

mantle re¯ection PMP is strong as a later arrival

between 80 km and its asymptote with P2 near

200 km; it is interpreted to be sub-critical at distances

between 80 and 100 km. The upper mantle refracted

phase (Pn) is weak beyond its cross-over to a ®rst

arrival near 160 km to about 230 km. Wide angle

re¯ected phases can be interpreted linking refracted

phases, so no low velocity layers are required by the

data. A mid-crustal discontinuity is inferred, and the

concave downwards curvature of the time±distance

branches for the P1 and P2 phases requires positive

velocity gradients in the upper and lower crust.

The data for Station 14, recorded from airgun blasts

to the south along Line 1 (Fig. 2b) would sample the

crust in the northern and central part of Line 1. The

data from Station 14 have several signi®cant differ-

ences from those of Station 17. Firstly, the phase P1 is

strong at distances to about 50 km, but is weak beyond

that. P2 occurs as a ®rst arrival from about 105 km but

is weak beyond its cross over with Pn at about

160 km. At large distances, it is parallel to, but offset

by approximately a second, from a strong phase (P3)

which is interpreted as evidence of third, deep crustal

layer that was not identi®ed in the data from Station

17. P3 is particularly clear at its retrograde cusp near

80±90 km. The slope of the P3 phase is such that it

appears to cross PMP, rather than asymptote with it.

The concave upwards nature of the P3 phase suggests

that it is a re¯ection off a boundary, rather than a

refracted wave that penetrates the boundary. The

absence of clear refracted phases linking concave

upwards (re¯ected) phases suggests that low velocity

layers are present at depth. Finally, PMP is much

weaker than in the data from Station 17.

The model for the data from Station 14 is listed in

Table 1 and shown in Fig. 3 as velocity versus vertical

two-way time. It has a distinctly different lower crus-

tal character than that for Station 17. The lower crust

is modelled as a series of alternating low and high

velocity layers. This must be seen as a 1D representa-

tion of a 3D crust consisting of low velocity rocks

mixed with high velocity rocks. The ambiguity in

interpreting low velocity layers in seismic refraction

data is such that a range of different velocity functions

could be used within the low velocity layers. In this

model, the velocities were constrained at the lower

end to values that are reasonable for a middle to

lower crust of felsic composition (e.g. Christensen

and Mooney, 1995). At the higher end, the velocities

in the low velocity layers were constrained by the

interpreted position of the critical distance of re¯ec-

tions from the top of the underlying high velocity

layer; this is very interpretative and not entirely

robust.

Despite the ambiguity in the model for Station 14,
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Table 1

1D velocity±depth models for Stations 17 and 14 based on seismic

data recorded from airgun blasts along offshore Line 1

Station 17 Station 14

Velocity (km s21) Depth (km) Velocity (km s21) Depth (km)

2.50 0.0 3.27 0.0

2.50 0.1 3.27 0.3

5.63 0.2 5.68 0.4

5.72 3.5 5.85 5.0

5.88 8.8 6.00 11.6

6.25 11.3 5.93 13.1

6.88 28.1 5.95 14.5

7.92 33.1 6.17 15.7

7.92 44.4 6.65 16.7

6.65 19.2

6.12 19.3

6.06 23.7

7.05 24.2

7.00 26.3

6.40 26.7

6.40 32.6

8.14 34.8

8.25 47.0



the data and the derived models from Stations 14 and

17 illustrate clearly that the crust in the northern part

of Line 1 is different from that in the south.

4. Seismic re¯ection results

4.1. Offshore Line 1

The seismic re¯ection data from offshore Line 1 are

shown in Fig. 3. The upper panel shows uninterpreted

post stack migrated data. The data were migrated

using a velocity function derived from laterally

smoothing and reducing the stacking velocities

(100% at the surface, 75% near the Moho). The

migration velocities are very close to the indepen-

dently derived velocities from the refraction data

(Fig. 4). The migrated data contain very few migration

`smiles'.

The re¯ection data from Line 1 show a mostly non-

re¯ective upper crust along the entire line, and

distinctly different re¯ection characters in the middle

to lower crust in the north and south, consistent with

the evidence from the refraction data from Stations 14

and 17 that the crust in the north is different from that

in the south. In the south, where the refraction model

for Station 17 shows a positive velocity gradient with

depth throughout the crust, the middle to lower crust is

poorly re¯ective. In the north, where the refraction

model shows alternating high and low velocity layers,

the middle to lower crust is more strongly re¯ective.

Fig. 3b summarises the interpretation for Line 1; Figs.

5±7 contain examples of the different types of crustal

re¯ectivity along Line 1.

The Moho is interpreted along the entire Line 1 as a

relatively strong continuous set of re¯ections near

11 s TWT in the south, shallowing to the north

towards the middle of the line at a series of ramps,

(each laterally about 10±20 km wide, e.g. near shot-

point 800, and between shotpoint 1200 and 1600). It

correlates well with the transition in refraction velo-

cities from less than 7.0 km s21 in the lower crust to

near 8.0 km s21 below the Moho (Fig. 3b). The poorly

re¯ective crust in the south is crossed by a number of

gently south-dipping re¯ections that sole onto the

Moho, usually near one of the ramps in the Moho.

In Fig. 5, the Moho (M) is arrowed at just below

9.5 s TWT in the south and just above 9.5 s TWT in

the north. One of the south-dipping re¯ectors is

marked FB. The relative weakness of crustal re¯ec-

tions is demonstrated by noting that the re¯ectivity in

the crust above and below the re¯ector FB is compar-

able to that of the mantle below the Moho, which is

usually non-re¯ective. The south-dipping re¯ectors

extend upwards into the upper crust, where together

with north-dipping re¯ections, they de®ne a geometry

in the middle to lower crust suggestive of tilted fault

blocks in extended crust (Fig. 3b). In Fig. 6, the re¯ec-

tion de®ning the top of one of the fault blocks (T) is

seen to truncate against the side of another (FB).

Seismic velocities range from 6.25 km s21 below the

mid-crustal boundary to less than 6.9 km s21 in the

lowermost crust, and are indicative of a felsic to inter-

mediate lower crust probably containing rocks that are

unlikely to have signi®cant impedance contrasts, and

hence are poorly re¯ective.

The fault block geometry of the lower crust changes

to highly re¯ective lower crust north of about shot-

point 4000 (Fig. 3) (see also Barton, 1999). The

change is accompanied by an increase in crustal thick-

ness. In Fig. 7, the lower crustal re¯ections are mostly

south-dipping. Individual re¯ections can seldom be

followed for more than 10 km, and most fall into

groups that are discordant with adjacent groups. We

infer that the re¯ections come from highly folded

rocks. However, some re¯ections fall into bands

which are more continuous than other groups of

re¯ections. They dip south and extend from the

Moho to the top of the re¯ective lower crust (TS1

and TS2 in Fig. 7) and divide the lower crust into

discrete packages. They are marked by thicker lines

in Fig. 3b. The re¯ective lower crust reaches its maxi-

mum thickness between shotpoints 5000 and 6000. It

correlates with the zone of alternating high and low

velocity layers in the 1D velocity model from Station

14. The re¯ection Moho is less distinctive than further

south and is de®ned as the base of the lower crustal

re¯ectivity. It correlates with the refraction Moho

from Station 14.

4.2. Offshore Line 15

Windows of Proterozoic basement in the Tasmania

Basin imply that parts of the southern end of Line 1

are across Proterozoic basement. Line 1 joins Line 15

in the south (Fig. 1). Line 15 crosses the offshore

B.J. Drummond et al. / Tectonophysics 329 (2000) 1±216
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Fig. 3. (a) Seismic re¯ection data from offshore Line 1. Data are post stack wave equation migrated. V/H , 1 (assuming a seismic velocity of

6.0 km s21). (b) Interpreted re¯ection section. 1D models of velocity vs two-way-travel time were derived for the data in Fig. 2.



southern extension of the Proterozoic Tyennan

Element, and therefore provides a link between the

southern end of Line 1 and Proterozoic basement.

The results for Line 15 are summarised in Fig. 8 as

a line drawing of the re¯ections.

The western half of Line 15 across Proterozoic

basement is largely non-re¯ective, except for weak

re¯ections which mostly dip east. Onshore, the Tyen-

nan Element consists mainly of polydeformed and

metamorphosed Proterozoic quartz-rich clastic sedi-

mentary rocks with minor metamorphosed igneous

rocks and also minor younger sedimentary rocks

(Seymour and Calver, 1995). Its regional magnetic

signature is featureless (Fig. 1b), suggesting that

these rocks continue to considerable depths. The

non-re¯ective nature of the seismic data imply crust

containing rocks with few impedance contrasts. In the

west of Line 15, the re¯ection data cannot distinguish

any difference between the upper and lower crust.

The eastern boundary of the Tyennan Element dips

east from the surface beneath the Adams®eld±Jubilee

Element. At shotpoint 2700, at a depth of about 18 km

(6 s TWT), the boundary intersects a relatively strong

and continuous re¯ection which dips west and soles

out just above the Moho, which lies at about 11 s

TWT. The sedimentary rocks of the Adams®eld±

Jubilee Element are sub-horizontal to gently west-

dipping against the Tyennan basement. Onshore, the

Adams®eld±Jubilee Element consists of a deformed

but unmetamorphosed succession of Neoproterozoic

to Middle Palaeozoic sedimentary rocks of similar

thickness to that observed in offshore Line 15

(Seymour and Calver, 1995).

5. Discussion

Although the refraction models for Stations 14 and

17 (Fig. 3b) are simple and 1D, they are consistent

with the interpretation of the re¯ection data. The inter-

pretation of the crust of the Tyennan Element along

Line 15 can be traced into Line 1, where the lower

crust is interpreted to be broken into a number of tilted

fault blocks. The poorly re¯ective signature of Proter-

ozoic crust can be followed north to about shotpoint

3500. The lower crust is much thicker than the non-

re¯ective upper crust.

Further north, however, around shotpoint 4000, the

fault blocks lie deeper in the crust and give way to the

slices of re¯ective lower crust. Here, the boundary

B.J. Drummond et al. / Tectonophysics 329 (2000) 1±21 13
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between the non-re¯ective upper and the re¯ective

lower crust lies deeper, and the re¯ection Moho shal-

lows. In the north of Line 1, the crust thickens and the

boundary between the non-re¯ective upper crust and

the re¯ective lower crust shallows.

The results from lines 15 and 1 are summarised in

the diagrammatic cross-section in Fig. 9. The position

of the cross-section is shown in Fig. 1a, and although

the dips on boundaries in Fig. 9 are implied to be in

the plane of the section, they are derived from appar-

ent dips in lines 15 and 1, and may not be true dips.

The tectonic interpretation implied in Fig. 9 and

discussed below is based mostly on the geometry of

the re¯ectors and the rock types that can be reasonably

assigned on the basis of re¯ection strength and refrac-

tion-based velocities.

The Tyennan Element is interpreted as the base-

ment block to an extended continental margin that

formed to the east (1, Fig. 9). Its non-re¯ective char-

acter, and velocities less than 7 km s21 are interpreted

to imply mostly uniform, predominantly felsic

composition rocks in the upper crust and felsic to

intermediate rocks in the lower crust. The tilted

lower crustal fault blocks (2, Fig. 9) are evidence

for upper crustal extension that occurred by brittle

failure. The re¯ections which de®ne the boundaries

of the fault blocks sole onto the Moho, indicating

that the crust±mantle boundary in the south of Line

1 acted as a rheological boundary and probably a

detachment surface during extension.

The age of the extension is debatable. Rocks of the

Adams®eld±Jubilee Element onlap the Tyennan base-

ment (3, Fig. 9), and are Neoproterozoic to Early

Palaeozoic in age. We interpret equivalent rocks to

occur above the rotated fault blocks to the east (4,

Fig. 9). Two major extensional events are recognised

in the Neoproterozoic of mainland Australia, one at

ca. 830±725 Ma and the other at ca. 600 Ma (e.g.

Lindsay et al., 1987; Lindsay and Korsch, 1991;

Berry, 1995; Powell, 1996; Walter and Veevers,

1997). Events of these ages are expressed in Tasmania

as the Cooee Dolerite (ca. 725 Ma) and lavas in the

Smithton Basin in the northwest (Burrett and Martin,

1989). Powell (1996) favoured ca. 725 Ma as the

timing of the breakup of the Rodinian supercontinent

and the drifting away of Laurentia, but Walter and

Veevers (1997) favoured the ca. 600 Ma event. The

direction of extension was different for these two

events, with the ca. 830±725 Ma extension being in

a northeast±southwest direction (Powell, 1996) and

the ca. 600 Ma extension being in a northwest±south-

east direction (Lindsay and Korsch, 1991).

Using apparent dips on fault block boundaries from

offshore seismic lines 15 and 1, the extensional faults

dip towards the southwest, indicating that the exten-

sion direction was northeast±southwest. This suggests

that the extensional event that stretched the eastern

part of the Tyennan Element was probably related to

the earlier Neoproterozoic (ca. 830±725 Ma) event,

although the Late Neoproterozoic age (ca. 600 Ma)

cannot be ruled out.

In contrast to the low re¯ectivity used to de®ne the

extensional tilted fault blocks, the strong re¯ections

from the lower crustal rocks in the north on offshore

Line 1 (5, Fig. 9) require large impedance contrasts.

One explanation could be that the Jurassic dolerites

comparable to those of the Tasmania Basin intruded a

middle to lower crust of mostly felsic composition.

However, we might expect dolerite sills to be mostly

sub-horizontal, whereas the re¯ections observed in the

data dip mostly to the south. An alternative interpreta-

tion can be based on interpretations of seismic and

geological data from the possibly equivalent western

Lachlan Orogen to the north in mainland Australia,

where Gray et al. (1997) interpreted the strongly

re¯ective crust to be caused by stacked oceanic

crust. Such a model would explain the re¯ection

strength here, particularly if the crustal shortening

mixed possibly oceanic crust and sea ¯oor sediments

with fragments of highly extended continental crust.

The data suggest that the shortening occurred by

thrust stacking of slices de®ned by through-going

re¯ectors (e.g. TS1 and TS2 in Fig. 7), with internal

deformation within the thrust slices. Thickening of the

original rocks by hundreds of percent is implied in the

re¯ective lower crust.

Along offshore Line 1, the crust is thickest under

the thickest section of re¯ective lower crust (5, Fig. 9).

As the shortening is in the basement, presumably it

predated the Early Palaeozoic deposition of the

turbidites of the Mathinna Group of the Northeast

Tasmania Element. In contrast, re¯ectors with a fan-

like geometry at the tops of the extensional fault

blocks (4, Fig. 9) could be syn-rift sedimentary

rocks, and are largely undeformed; the upper re¯ec-

tions are sub-horizontal. Therefore, little or no
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shortening is inferred in the extended continental

basement in the south. This suggests that the focus

of deformation was in the northeast, and that the

deformation did not propagate much into the region

of extended continental crust.

The nature of the boundary between the sedimen-

tary cover rocks of the Mathinna Group of the North-

east Tasmania Element and their underlying basement

is not clear in the re¯ection data (6, Fig. 9) nor is the

boundary that de®nes their southern extent under the

Tasmania Basin cover rocks. From outcrop windows

through the Tasmania Basin, it is known to occur in

the zone marked `APPROX BOUNDARY' in Fig. 3

(7, Fig. 9). This zone corresponds to the region

between the crests of two tilted fault blocks, suggest-

ing that one of them has provided structural control on

the boundary. This would suggest that the Northeast

Tasmania Element is a younger succession that

formed outboard of an older, Neoproterozoic conti-

nental margin. It now lies above extended, block

faulted crust, interpreted to be Proterozoic Tyennan

Element in the south, and thinned continental margin

and possibly oceanic crust of uncertain age in the

north. This means that its surface position today

cannot be used to infer the age of the underlying

lower crust.

The tectonic model presented here is based on the

crustal geometry interpreted in the re¯ection data, the

relative amplitudes of re¯ections in the seismic

sections, the velocities derived from the refraction

data, and the need for consistency with the surface

geology at the regional scale. Such a model is dif®cult

to test by independent means. Also, based on the

chemical composition of granites, Chappell et al.

(1988) proposed that two basement terranes exist in

Tasmania, a western Taswegia terrane and an eastern

Bassian terrane. They inferred that the boundary was

in a similar position to the element boundary on the

southwest side of the Northeast Tasmania Element

(Fig. 1). Fortunately, Devonian±Carboniferous grani-

tic rocks were emplaced in all crustal elements after

most of the tectonic processes discussed above had

ceased (8, Fig. 9). One test of our tectonic model

would be to use inherited zircon crystals from the

granitic rocks to examine likely ages for the lower

crust. Another test would be to see if further geochem-

istry of the granitic rocks can distinguish between

different types of lower crust; for example, continental

or oceanic, throughout the region. These tests have

begun.
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