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Editorial 

This is the final issue of the AGSa Journal of Australian Geology & Geophysics. 
Started in 1976 as the BMR Journal of Australian Geology & Geophysics, the aim of 
the Journal was to provide a means of rapid publication for the research results of the 
then Bureau of Mineral Resources, Geology & GeophysIcs. In its 24 years of publi
cation, the Journal has seen not only major advances in our knowledge of the geology 
of the Australian continent and Its territories, but also great changes in publication 
production technology. 

Initially, authorship of Journal papers was restricted to BMR scientists, but in time 
this restriction was lifted and the Journal opened to al1comers, with all papers being 
peer reviewed. In 1993, in line with BMR's change of name to the Australian Geological 
Survey Organisation , the Journal also changed its name to the AGSa Journal of 
Australian Geology & Geophysics. Comparison of the first volume with this final one 
shows just how far the publication has come-particularly the mineral-focussed issues, 
numbers 3 & 4, which include papers from all Australia 's state geological surveys and 
many university and industry geoscientists. 

The A GSa Journal of Australian Geology & Geophysics is now incorporated into the 
Australian Journal of Earth Sciences, which is published in Australia by Blackwell. 

My sincere thanks to all who have supported the Journal over the years-geoscien
tists and reviewers, who willingly gave their time, even when, in the early days, they 
were not eligible to contribute papers themselves, the editorial board members, the 
drafting personnel and graphic designers of AGSO's Information Management Branch, 
who helped make the Journal such an impressive product, and, in particular, Lin Kay, 
who meticulously 'desktopped ' each issue ready for printing. 

Ian Hodgson 
Editor 
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This is the final issue of the AGSO Journal of Australian Geology & Geophysics. This image of 
Australia's margin characterises the enormous advances that have been made in the way we 
now present our data compared with when the Journal was first published (as the BMR Journal of 
Australian Geology & Geophysics) in 1976. A paper (Exon & Hill) on the new seabed mapping 
technology appears in this issue. 
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Seabed mapping using multibeam swath-mapping systems: an essential 
technology for mapping Australia's margins 
Neville Exon' & Peter Hill' 

Swath-mapping of the seabed started soon after the Second World 
War, with small towed sidescan sonars providing images and built
in multi beam sonars providing bathymetry contour maps. Since 
then, variants of both systems have developed enormously to 
cover all water depths, and many of them can produce both acoustic 
imagery and contours. Today, swath widths of up to seven times 
the water depth allow rapid and accurate mapping. Swath-mapping 
has largely replaced the far less efficient single-beam profiling as a 
mapping tool. 

Several deepwater systems have been used on the Australian 
margm, and this paper concentrates on their use. At this stage, less 
than 5% of Australia's offshore jurisdiction (larger than our on
shore jurisdiction) has been mapped. HMAS Cook was brought 
into service in the 1960s with a very early SeaBeam mullibeam 
system. Its most notable sCientific successes were in 1989, when It 
was used in conjunction with the long-range towed GLORIA 
sidescan sonar system. Geologically Important results were ob
tained off the Great Barrier Reef, south of Sydney, and west of 
Robe m South Australia. Since then, a number of transits through 
Australian waters, using modem SeaBeam systems, have been carried 
out by US inslitutions. In 1997, AGSO used R.V. Me/ville to map a 
large area off eastern Tasmania and in Bass Strait. 

Spectacular sidescan sonar Images (with far higher resolution 
than those from GLORIA) and associated bathymetry have been 
obtained in the back-arc basins of Papua New Guinea by the SeaMarc 
1\ and HMRI systems. The first major HMRI survey In Australian 
waters was caITIed out in 1994 on the Macquarie Ridge with AGSO 
providing R.V. Rig Seismic as the platform. 

Introduction 
The aim of this paper is to briefly describe some of the deepwater 
seabed swath-mapping systems that have been used in Austra
lia and the scientific results that have come from them, with 
special emphasis on recent AGSO cruises off Tasmania, and to 
discuss the value of a methodical swath-mapping program in 
Australia's marine jurisdiction. Only a relatively small amount 
of deeper water swath-mapping has been done on the Austra
lian margin, but its value has been great. We argue that a major 
integrated program of such mapping of Australia's huge off
shore jurisdiction (Fig. I) is needed if we are to successfully 
manage that jurisdiction. It amounts to about II 900000 km" 
off Australia, and 4 200 000 km" off Antarctica, compared to 
the area of the Australian landmass at 7 800 000 km" (PMSEC 
1995). The state of knowledge of this offshore area is far less 
now than was the state of knowledge of Australia's land area 
100 years ago. The swath-mapping tool can produce much better 
maps far faster than the old system of single-beam profiles, 
between which bathymetry was simply interpolated. 

Seabed mapping in broad swaths started soon after the 
Second World War with the development of small towed sidescan 
sonar systems for imaging the character of the sea floor on the 
continental shelf. Soon afterwards the US Navy developed the 
first ship-mounted SeaBeam multibeam sonar system to carry 
out confidential bathymetric mapping of the continental shelf 
and upper slope, as an aid to submarine warfare. These two 
fundamental types of swath-mapping systems still exist today 
in forms capable of mapping great detail in shallow water, or 
less detail in deeper water. Many sidescan sonar systems are 
now able to produce bathymetric contours, and many multibeam 
systems can produce backscatter imagery. 

For the research community, both towed and ship-mounted 
types have great value, with the type of system matching the 
task. One practical advantage of a towed sidescan system is that 

1 Petroleum and Marine Division, Australian Geological Survey 
Organisation, GPO Box 378, Canberra 2601, Australia 

In 1994, AGSO used the French R.V. L 'AIa/ante with the Simrad 
EMI2D multi beam system for mapping off Tasmania. The 
magnificent contour maps and images have revolutionised our 
geological understanding of an area three times that of Tasmania, 
and have enabled us to target seabed sampling programs for a 
greatly improved understanding of geological evolution and 
petroleum potential. These maps have been of substantial benefit 
to fishermen and biological and fisheries researchers, as have the 
Me/ville maps from eastern Tasmania. Several transit surveys using 
L 'Ala/ante have provided useful maps elsewhere off Australia. 

Government is considering how to develop our knowledge 
base to allow effective management of our vast offshore juris
dictional area: a 200 nautical mile Exclusive Economic Zone; and, 
beyond that, an extension of the legal Continental Shelf, which 
AGSO has been directed to map by 2004, to allow a maximum 
claim under the UN Law of the Sea provisions. A key element m 
management activities is adequate maps, which require methodical 
mapping of the seabed, using swath-mapping techniques. The RAN 
Hydrographic Service is acquiring vessels and systems capable of 
mapping the continental shelf. 

A national program, to map the entire Australian jurisdiction 
of 10 million km" beyond the contmental shelf, but' excluding the 
AustralIan Antarctic Territory, would take about 12 years and cost 
about $150 millIon, mcluding all facets from acquisition to pro
cessing and storage, interpretation, and provision of digital data to 
the public. Such a program has strong mUltidisciplinary scientific, 
industrial and bureaucratic support, and would proVide the infor
mation to properly manage our jurisdiction. 

it can be readily deployed on any suitable research vessel, as it 
does not need hull-mounted transducers. However, a built-in 
multi beam system requires no lowering or recovering of a towed 
fish, so its use is very flexible; it also has better navigational 
accuracy. 

In the sidescan sonar technique, a sound pulse is emitted in 
a narrow beam at right angles to the shIp's track. Echo arrival 
times and amplitudes are recorded to produce a line segment, 
and a swath map is built up from successive pulses as the ship 
moves forwards. A correction (slant-range correction) is usually 
applied to convert the across-track scale from a time domain to 
one of distance across the sea floor. The sonograph shows 
variations in seabed hardness, roughness and slope. A GLORIA 
sidescan sonar was used to map the entire deepwater offshore 
area of the United States, starting in 1984 (Gardner et al. 1996). 
An improvement on this simple type of system is a sidescan 
system with bathymetric capability, an example being the 
HMR I briefly described later in this paper. With such a system, 
both sidescan images and bathymetry are recorded 
simultaneously across a swath of insonified sea floor. 
Bathymetry across the swath is determined by measuring phase 
differences of acoustic arrivals on a pair of transducer arrays on 
each side of a towfish. The phase difference gives the direction 
of the backscattered return, which combined with the arrival 
time, yields both depth and lateral offset (position). 

Though it is a somewhat simplified analogy, multi beam 
systems can be thought of as a large number of conventional 
single-beam echo sounders with their beams set in a fan across
track. Multibeam systems have transmit and receive transducer 
arrays mounted orthogonally on the hull, with the transmit 
array(s) aligned along-ship. The transmit beam is narrow along
ship and wide athwartships. Multiple receive beams, which are 
narrow in the across-track direction, span the transmit sector. 
Each combined transmit-receive beam thus has a small foot
print, or sampling area, on the sea floor. The beams are 
electronically stabilised to counter roll and pitch of the ship. 
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Table I. Characteristics of some deepwater swath-mapping systems. 

System Type Max. coverage Max. coverage Comments 
(bathymetry) (imagery) 

GLORIA Towed sidescan. None 

GLORI-B Towed sidescan. 24 km 

(Somers & Huggett 1993) 

HMRI Towed sidescan. 20 km 

45 km 

45 km 

4 x w. depth 

Ultrawide Imagery. 

Ultrawide Imagery; 
bathymetry less 
wide. 

Superb Imagery. 

Atlas Hydrosweep Hull-mounted 3.5 x w. depth 3.5 x w. depth 
mulnbeam. 

SeaBeam 2100 Hull-mounted 3.5 x w. depth 3.5 x w. depth 
multibeam. 

Simrad EMI2D Hull-mounted 7 x w.depth 7 x w. depth Broadest swath of 
hull-mounted types. multibeam. 

Note, maximum coverage occurs at different depths with different systems and conditions, it does not always 
correspond to the maximum depth mapped 

Detection of the bottom in the signal from the outer beams can 
be accurately achieved by comparing the phase of the returns at 
the. two rows of transducers that make up the receive array. 
ThIS IS the same interferometry principle as used by the HMRI
type systems for determining the direction to the scattering 
pomts. Application of this principle is much more effective in 
multibeam systems, however, because of their inherent narrow 
receive beams. Sidescan sonar-type images can also be produced 
from the signals formed by beams of a multi beam system. 
Because the angular direction of each range sample is known, 
samples of the seabed from non-overlapping parts of each beam 
can be picked and their correct horizontal position on the sea
bed calculated. This allows the acoustic imagery to be directly 
superimposed on bathymetric contour maps. 

Which system should be used in any particular case depends 
on a great variety of factors, not just technical factors, but also 
factors such as availability and cost. Some general characteris
tics of deepwater systems are listed in Table I, our comments 
on towed sidescan systems are given in Table 2, and comments 
on hull-mounted multibeam systems in Table 3. The systems 
are constantly evolving and our comments are based on the 
systems we have got to know in the last five years, so should 
not be considered as more than a general guide. 

AGSO has participated in South Pacific wide-angle swath
mapping surveys coordinated by the South Pacific Applied 
Geoscience Commission (SOPAC) (e.g. Coulbourn et al. 1989, 
Coulbourn & Hill 1991 , Hill & Tiffin 1993). It has also con
ducted two major multi beam surveys off Tasmania-in 1994 
(Tasmante, Exon et a!. 1994), and in 1997 (Sojourn 7, Exon et al. 
1 999)-as well as associated transit surveys in cooperation with 
the French along the Norfolk Ridge (Hill 1993) and the conti
nental margin of western Australia (Hill 1995b). An HMRI 
survey of the Macquarie Ridge was completed in 1994, using 
the AGSO research vessel Rig Seismic (Coffin et al. 1994). In 
late 1994, AGSO participated in a multibeam transit survey 
aboard the US R. V. Melville from Brisbane to Tonga, over the 
northern Tasman Sea and crossing the Lord Howe Rise and 
Norfolk Ridge (Hill 1995a). 

Table 2: Advantages and disadvantages of towed sidescan 
systems 

Advantages 

High-resolution sidescan 
generally cheaper than 
multibeam. 

Transferable between vessels. 

Transducers at base of 
thermocline, so path geometry 
Simpler. 

Disadvantages 

Bathymetry quality only moderate, 
and degraded beyond 3.5 x w. 
depth. 

Speed only around 8 knots. 

Towfish can be lost. 

Early SeaBeam multibeam and GLORIA 
sidescan surveys 
The former Australian naval research vessel HMAS Cook was 
one of the first ships in the world to have a multibeam echo 
sounder fitted, the original SeaBeam system (Renard & Allenou 
1979). This 12 kHz system had 16 beams and a maximum swath
width of 0.8 times water depth. The system on Cook was under
utilised for non-military scientific purposes. However, it was 
used very effectively in 1989 in conjunction with the towed 
British ultra-long-range, 6.5 kHz GLORIA side-scan system 
(Searle et al. 1990) to map the deepwater troughs offTownsville 
(Johnson et al. 1992), the continental margin off the New South 
Wales south coast (Jenkins & Lawrence 1990), canyon systems 
south of the Murray River mouth (von der Borch & Hughes 
Clarke 1993), and part of the Australian margin off the southern 
coast of Western Australia. 

The survey off Townsville (Johnson et al. 1992), in the 
Queensland Trough seaward of the central and northern Great 
Barrier Reef, revealed the existence of two submarine axial valleys 
deepening northward separated by a high. They are 400-500 km 
long and deepen from 500-1000 m to 3000 m. The survey 
indicated that the troughs are filled by mass wasting of slopes in 
proximal areas and by turbidite deposition in distal areas. 

The survey of an area of the continental slope extending for 
230 km south of Sydney (Jenkins & Lawrence 1990) identified 
sediment slides, small canyons cut into the upper slope, large 
canyons incised into the middle and lower slope, and exposed 
basement ridges. 

The survey of the slope west of Robe in South Au <;(ralia 
(von der Borch & Hughes Clarke 1993) concentrated on a regIOn 
cut by canyons, just beyond the carbonate shelf(Fig. 2). Slump 
scars and sediment slides are very widespread and, frequently, 
the material came from immediately below the shelfbreak. Two 
east-west scarps dominate the mid-slope and may represent 
normal faults on the northwestern margin of the Otway Basin. 

Some swath-mapping has taken place recently around 
Australia on foreign research vessels, using the new generation 

Table 3: Advantages and disadvantages of hull-mounted 
multibeam systems 

Advantages Disadvantages 

Precise bathymetry and locatIOn. Expensive. 

Imagery slope corrected. Imagery lower resolution than 
Sidescan. 

High speed. System not readily transferable. 

FleXible: no need to deploy and Damaged by grounding in harbour 
haul m. 
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of SeaBeam equipment on an opportunity basis, such as the RV 
Melville of the Scripps Institution of Oceanography. wi th its 
121-beam SeaBeam 2000 system (Asada 1992, Miller & Capell 
1993). Many of these data are yet to be released. A released 
example is a 1994 transit survey by Melville between Brisbane 
and Tonga (Hill 1995a), which mapped , amongst other seafloor 
features, parts of the margins of the northern Tasman Basin and 
the central Norfolk Ridge . 

Sidescan sonar surveys using Hawaiian 
systems 
The first high-resolution sidescan sonar survey in the Austra lian 
region \Vas carried out in the Timor Trough in 1983 , on the 
northern fl ank of the Scott Plateau off northwest Australi a, 

using the SeaMarc II sys tem of the Hawaii Institute of 
Geophysics (Breen et al. 1986). The second \Vas carried out 
with the same system in 1985- 86 in the eastern Manus Basin in 
northern Papua New Guinea. The exquisite details of spreading 
axes, arcuate transform faults , and you ng volcanoes in th is young 
back-arc bas in had a profound effect on all who saw the data
the complexity of such a system was immediately apparent. 
The imagery was published by Taylor et al. (1991). 

In 1994, AGSO's R.V. Rig Seismic was used to Illap 
160000 km' of sea floor extending 800 km along the Macquarie 
Ridge Complex, nOl1h and south of Macquarie Island (Coffin et 
al. 1994) with the HM R I, a wide-angle imaging system deve l
oped by the Hawaii In stitute of Geophysics, University of 
Hawaii. The HMRI is an improved version of the SeaMARC 
II , which was described by Blackinton et al. (1983) and Shor 

Fig ure 2. Processed GLO RI A image a nd ph ys iog r ap hi c interpreta ti on of an area of the Beac h po rt Terrace. west of Robe 
in Sout h A ustra li a, showi ng the o ute r co ntin e nta l s he lf, s lope and inner basi n floor (frolll \'on der Borc h & Hughes 
C la rke 1993 ; publis hed with per'mi ss ion o f th e Aust r a li a n Journal of Ea rth Sciences). Ar rows fo ll ow canyon a nd ,·a ll ey 
axes , and th eir la tera l exte nt is s how n by the stipp le. 



(1990). A pair of transducer arrays are mounted in a towfish 
deployed at a depth of about 100 m and towed at 8-9 knots 
(15-17 kmlhr). The sea floor is insoni fied by a single transmit 
beam (but at two frequencies, II kHz port and 12 kHz star
board). The HMRI produces superb sidescan imagery, but its 
bathymetric resolution is only about half that of multibeam 
systems such as the EM 120. 

Coffin et al. (1994) used the detailed images to provide 
details of the deformation along the complex. The active zone of 
deformation, the Macquarie Fault Zone, is a few tens of 
kilometres wide. The zone was probably controlled by merging 
Cainozoic fracture zones on the Australian and Pacific plates, 
and the linear basement fabric and other data suggest that this is 
an area of right lateral strike-slip. 

Melville Seabeam survey off southeast Australia 
About 20000 krn2 of seabed off eastern Tasmania and in the 
Gippsland Basin (Fig. 3) were surveyed by AGSO in early 1997 
(Exon et al. 1999), using the SeaBeam 2000 multibeam sonar 
system of the Scripps Institution of Oceanography's 
RV Melville . This region is of great petroleum and geological 
interest, and contains a major fishery offSt Helens in Tasmania. 

The mapping provided data for tectonic, basin and sedimen
tological studies to aid the petroleum exploration industry and 

Gippsland 
oil field 

Bass Stra it 
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Flind~~ 
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Figure 3. Bathymetric map covering the area surveyed by 
R.Y. Melville in 1997, using a SeaBeam 2000 system. 
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to help planning of future seismic profiling and sampling. To 
maximise coverage, most of it was in water 2000-4200 m deep, 
but it extended into shallower water off St Helens and in the 
Gippsland Basin. Two applied surveys, one of a jarosite dump 
site southeast of Hobart and the other of the orange roughy 
fishery off St Helens, produced high-quality, detailed maps of 
the seabed. 

The offshore Tasmanian region was probably uplifted before 
Late Cretaceous rifting, and was submerged after breakup. The 
swath-mapping evidence indicates that it has received little 
sediment since, probably because the early flood of sediments 
bypassed it down canyons and there was little terrigenous input 
thereafter; thus pre-Tertiary rocks crop out widely. The East 
Australian Current now hinders pelagic sedimentation. Structures 
and rocks of pre-rift, rift and breakup age are all exposed at the 
seabed. 

Off central eastern Tasmania (Fig. 3), two physiographic 
provinces are separated by a northerly trending steeper slope 
(i.e. coast parallel) at 200(}-2500m. Shallow canyons are fault
controlled or run eastward downslope. The deeper, outer province 
(2500-4000 m) forms the continental margin out to the foot of 
slope, roughly the continent-ocean boundary. Major faults trend 
NNW, with conjugate faults trending ENE in the north and north
east in the south. The foot of slope was offset during continen
tal breakup; the rift direction is NW-NNW, and the transfer 
direction NE-ENE. The steep slope (200(}-2500 m) has no major 
offsets, perhaps because transfer faults die out landward, or 
because a Miocene carbonate platform has built outward. 

The margin off northeast Tasmania consists of a southern 
geological province south of Bass Strait, and a northern province 
east of it. The southeJ11 province is geologically complex, with 
old deformed rocks, intrusions and extrusions, and faults trending 
0°, 15°, and 90°. The northern province is much less complex, 
probably consisting of shallowly dipping Late Palaeozoic and 
Mesozoic sediments. Faults trend 330° and 15-40°. 

The area mapped in the Gippsland B.asin is dominated by a 
large embayment, 100 km across and floored by the ESE
trending, 1(}-15 krn wide chasm of Bass Canyon (Fig. 4). This 
canyon, 60 km long and bounded by walls 1000 m high, has cut 
down about 2 krn altogether. Its floor, 7-8 krn wide, is relatively 
flat with a gentle dip to the east. Primary structural orientations 
are 020° and 110°, i.e. roughly parallel and normal to the margin. 

L 'Atalante's Simrad EM12D multibeam 
system 
Probably the most advanced deepwater swath-mapping system 
used so far on the Australian margin is the Simrad EM 120 
system, as mounted on the French vessel L 'Alalanle, and this 
equipment is explained in some detail here, by way of example. 
A major AGSO survey off Tasmania in 1994 demonstrated the 
great value of methodical swath-mapping for a variety of pur
poses (Exon et al. 1994, Hill et al. 1995, Exon & Crawford 
1997). 

The EMI20 (Pohner & Hammerstad 1991) consists of two 
13 kHz multi beam EM 12 echo sounders (one on each side of 
the ship), each generating 81 stabilised beams. The transducer 
arrays of each individual system are mounted on the hull in a 
cross-shaped configuration with one longitudinal array for trans
mission and one transverse array for reception. As presently 
configured on L 'Alalanle, 159 seafloor points across the track 
are sampled with each ping. 

The beam spacing can be set to being either equiangular or 
equidistant in horizontal spacing. Five sector pulses are trans
mitted from each set of transducers sequentially without delay 
(Fig. 5). Ambiguities in reception due to sector overlap are elimi
nated, since the sectors have different frequencies spread in a 
I kHz band around 13 kHz. In deep mode, the widest sector of 
150° usually operates in water depths to several kilometres, 
and the swath width is 7.4 times water depth to moderate depths. 
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Typical cross-track coverage from about 2500 m depth to full 
ocean depth is about 20 km. 

The transmission sector is electronically stabilised for roll 
(±15°) and pitch (±IOO), and the reception beams are roll
stabilised. The transmission beam width is 1.8° and the receive 
beam width is 3.5° (inner beams) to 5.0° (outermost beams) 
athwartship (Fig. 5). There is no need for pitch correction. In 
deepwater mode, the received signal is sampled with a range 
resolution of2.4 m. 

Amplitude data are used to produce acoustic imagery or 
backscatter images of the sea floor, which are akin to sidescan 

148°10' 

Contouts In ms/I88 
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Profile 90/2-68/14 
Gippsland Shelf 

4000 600J 7000 

sonar images. The acoustic imagery is geometrically corrected, 
and is also amplitude-corrected for seabed slope. High-quality 
maps of acoustic imagery superimposed on detailed bathymetric 
contours are produced as a standard product on board ship. 

A hull-mounted sound-velocity sensor provides near-surface 
data to control beam direction. In addition, sea-temperature pro
files are measured several times a day to depths of about 2000 m, 
using expendable probes. Standard global salinity tables convert 
the temperature data to sound-velocity data. The sound-velocity 
profiles are used to fully correct for refraction of the beams in 
the water column and, therefore, to allow accurate determinations 
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Figure 4. Contour map of the Bass Canyon between Tasmania and Victoria. Note the detail inside the dashed line, the 
area mapped by R.V. Melville in 1997. The interpreted section (after Willcox et aI. 1992) along the canyon shows that 
Tertiary and Cretaceous rocks of the Gippsland Basin should crop out in its floor and walls. 



of both depth and horizontal cross-track distance. 
In deep water, the ping rate is typically 15 s, and ship speed 

is generally 10- 11 knots (19-20 kmlhr). This means that under 
normal conditions, bathymetric data are collected over a grid of 
roughly 100 m x 100 m along a strip of sea floor up to 20 km 
wide. Deepwater bathymetric data processed on board are 
usually displayed at 20 m or 25 m contour interval. 

Simrad EM12D transit surveys 
In 1993 , 2200 km of deepwater Simrad EM12D data were 
recorded by L 'Atalante on the TRANSNOR transit from Noumea 
to Auckland, southward down the Norfolk Ridge and south
eastward along the Vening-Meinesz Fracture Zone (Hill 1993). 
The survey showed that much of the western Norfolk Ridge is 
irregular and moulded by canyons, volcanism and young faults . 
The southern end of the ridge and the Vening-Meinesz Fracture 
Zone have relief of thousands of metres, with crustal blocks and 
ridges rising steeply above adjacent troughs and basins. Along 
the fracture zone, the structural grain of the blocks is generally 
parallel (NW- SE). 

In 1994,2050 km of deepwater EM12D data (30 000 km2
) 

were gathered by L 'Atalante on the ADEDAV transit westward 
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around Australia from Adelaide to the Philippines (Hill 1995b). 
A number of shallow-water EM950 data were also acquired in 
shallower water. The deepwater data showed spectacular relief, 
often as much as a kilometre, caused largely by faulting and 
canyon incision, on the continental slope east of Albany, off 
Perth to Carnarvon, and off the North West Shelf. The large 
Taipan Canyon off the Rowley Terrace was mapped in detail 
(Fig. 6), and another area of spectacular morphology was the 
southern slope of the Timor Trough (Fig. 7). 

Simrad EM12D Tasmanian Tasmante survey 
The Tasmante survey was carried out by L 'Atalante for AGSO 
on an exchange basis (Ex on et al. 1994, 1996). The main aim of 
the survey was to accurately map the South Tasman Rise and 
the west Tasmanian margin (Fig. 8) and to use the results to 
establish the geological framework of the region. During this 
cruise, 200 000 km2 were swath-mapped west and south ofTas
mania, from the outer edge of the continental shelfto the abys
sal plain (Fig. 9). In addition, a full suite of geophysical data 
was recorded on the transits from Auckland and to Adelaide. An 
atlas of the Tasmanian results has been produced by Hill et al. 
(1997a). 

Figure S. Swath and acoustic beam configuration of the Simrad EM12D multibeam system installed on L 'Atalante. 
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The geology of Tasmania and its southern continental 
extension, the submerged South Tasman Rise (Fig. 8), constrains 
the history of breakup of East Gondwana in the Cretaceous and 
Tertiary. The western margins of both blocks are part of a shear 
system that operated during rifting and breakup between 
Antarctica and Australia and, hence, are important in establish
ing global models of sheared continental margins. The region is 
bounded on three sides by Late Cretaceous and Palaeogene 
oceanic crust that formed as the Lord Howe Rise broke away to 
the east, and Antarctica to the south . The swath-mapping data, 
added to other survey information, have enabled a very good 
picture of the region west and south of Tasmania to be built up. 

The continental shelf around Tasmania is generally less than 
50 km wide and is largely non-depositional at present. West of 
Tasmania the continental slope is about 100 km wide and falls 
fairly regularly from water depths of 200 m to 4000 m, at an 
average slope 0[3-4° (Fig. 8). Its geology is summarised in Hill 

et al. (1997b). The imagery shows it to be mostly blanketed by 
sediment and incised by an extensive system of linear to curvi
linear, 100 m deep canyons that extend 60 km or more from the 
shelf edge to depths of several thousand metres (Figs 9 & 10). 
The imagery and core information show that, at the present day, 
erosion predominates above 2300 m and deposition below. A 
depression, 50 km wide and 300 m deep, on the upper slope off 
southwest Tasmania (centred at about 43° 10 ' S, 145° OO ' E; 
Fig. 10) is probably the scar of a massive submarine landslide. 

Several local highs were mapped on the southwestern mid
slope, and strong acoustic backscatter suggests some exposed 
bedrock. A series oflocal highs and NW-trending ridges (Fig. 10) 
rises above the gently inclined lower slope and flat abyssal plain 
in water depths 0[3500-5000 m. The largest of these highs is a 
160 km long ridge on the lower southwest continental slope. It 
stands up to 2.5 km above the surrounding sea floor, and the 
slope of its southwest side (about 24°) is considerably steeper 

Rowley Terrace 

Incised Late Cretaceous - Tertiary 
carbonates on upper slopes 

A at seafloor of Argo Abyssal Plain 
at S600 m depth; 

mderlain by mid Jurassic oceanic crust 

lOkm 

ROWLEY SUB-BASIN 

Figure 6_ Three-dimensional bathymetric image of Taipan Canyon off the Rowley Terrace on the North West Shelf, 
derived from data from the Simrad EM12D multibeam system. Shows how pre-existing structures have controlled the 
canyon ' s track. Viewed from SW, elevation 20°. V/H = 7. After Hill (1995b). 

Southern flank of Timor Trough 

V/H=20 
10 km 

Figure 7. Three-dimensional bathymetric image of the southern flank of the Timor Trougb (between 12° 32 ' S and 11 ° 
55'S), derived from data from the Simrad EM12D. Sbows rise toward Australia and numerous apparent fractures paralleling 
trough axis. Viewed from NNW, elevation 10°. VIH = 20. After Hill (1995b). 



Figure 8. Precise bathymetric contour map of the offshore 
Tasmanian region derived from the Tasmante cruise of the 
L'Atalante using the Simrad EM12D and showing the ship's 
tracks. The contour interval is 200 m, with the heavy 
contours representing thousand metre intervals. After Hill 
et a!. (1995). 

than that on the northeast (about 6°). Sampling cruises have 
shown that this high is of continental origin and that Upper 
Cretaceous and Palaeogene shallow marine sandstone, siltstone 
and mudstone are widespread in deep water west of Tasmania 
(Hinz et at. 1985, Exon et at. 1992, 1995). 

The South Tasman Rise (STR) is a large, NW-trending 
bathymetric high, which rises to less than 1000 m below sea 
level and is separated from Tasmania by a WNW-trending saddle 
more than 3000 m deep (Fig. 8; Exon et at. 1997). The imagery 
shows 325° and 345° fault trends (Figs 9 & 11) and more than 
80% of the seabed covered with Quaternary sediment. The 
surface sediments and their relationship to acoustic facies are 
described by Whitmore & Belton (1997). The Deep Sea Drilling 
Project (DSDP) showed that the STR has a continental core, 
when quartz- mica schist was drilled at Site 281 (Kennett et at. 
1975). The top of the rise is a gentle dome with low slopes, but 
slopes between 2000 m and 4000 m on its eastern and southern 
sides are ofthe order of 3-4°. The western slope is not great to 
3000 m, but below that there is a very steep scarp trending 350° 
and dropping away to 4500 m. 

The swath-mapping has shown the crest of the STR (Fig. 8) 
to be fairly flat and generally culminating at about 800 m depth, 
though several rocky hillocks are as shallow as 725 m. The 
acoustic imagery suggests the crest is mostly covered by pelagic 
sediment, with about 40% rocky outcrop. Canyons, typically 
about 50 m deep, run down the northern and northeastern flanks 
of the STR from about the 1500 m isobath. A number of conical 
hills on the northern flank are probably volcanoes (Fig. 9). The 
northern flank is crossed by a NW-trending basement ridge and 

MULTIBEAM SWATH-MAPPING SYSTEMS 9 

Tertiary 

oceanic 

crust 

o 100 km 

Figure 9. Shaded relief map of the Tasmanian offshore 
region derived from Simrad EM12D data from the Tasmante 
cruise. The area mapped is three times that of Tasmania 
and was completed in about 28 days. 

escarpment that are largely bare of sediment cover. 
The western and northwestern STR is a region of diverse 

and spectacular topographic relief (Fig. 10). The most prominent 
structural feature is the NNW-striking lineament of the transform 
fault system of the Tasman Fracture Zone (Figs 10 & II), 
separating the high-standing continental rocks of the STR from 
Palaeogene oceanic crust at abyssal depths (4000-4800 m) to 
the west. The lineament is 600 km long and consists of a narrow 
(20 km wide) zone of high-relief ridges, troughs and escarpments. 
The scarps are 2-2.7 km high in places. Another transform 
escarpment, 1500 m high and 100 km long, at the extreme south
west comer of the STR (Fig. 9), parallels the Tasman Fracture 
Zone, but is offset 50 km to the east. Sampling of the western 
scarps has recovered plutonic basement rocks (Hinz et at. 1985, 
Exon et at. 1995), including gamet-bearing schist, gneiss, 
granodiorite and gabbro. 

The more elevated (3500 m depth or less) central and 
southern parts of the western STR are of moderate to gentle 
relief and mostly covered by pelagic sediments. Some patches 
of bedrock crop out in escarpments. The northwestern part of 
the STR is a jumble of large basement blocks (Figs 10 & II), 
probably produced by wrench movements. Relief is up to 
1000 m, and about 40% of the sea floor appears to be bedrock. 
A large, 1500 m high seamount at 45° 10'S, 146° OO'E appears to 
be a volcano. 

The swath data over the oceanic crust west of the Tasman 
Fracture Zone clearly show the E- W spreading fabric (Fig. 12), 
consisting of repeated series of horsts and grabens, produced by 
normal faults 2- 8 km apart. The fault scarps are typically 100-
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300 m high. The most pronounced spreading fabric terminates 
against a well-defined 355° oceanic transform fault that lies just 
west of the Tasman Fracture Zone (Figs 9 & 12). This trans
form meets the fracture zone at an angle of about 6°. The acoustic 
imagery shows the sediment cover to be moderate to thin in the 
north, and only a veneer present in the south. 

The abyssal plains (4000-4600 m depth) near the south
eastern STR are relatively flat and appear to be mostly sediment
covered, yet they produce rather high acoustic backscatter and 
appear quite dark in the acoustic imagery. This suggests that 
either they may be covered by a pavement of manganese nodules 
and/or crust or that deep-sea currents have scoured the sea floor, 
leaving coarse lag deposits. Watkins & Kennett (1977) identi
fied blankets of nodules and crusts of the Tasman Manganese 
Pavement from camera and core stations further onto the abyssal 
plain. 

The continental slope immediately south of Tasmania is 
rugged, from 700 m depth (upslope limit of swath-mapping) to 
more than 3200 m in the saddle between Tasmania and the STR. 
Extensive rock outcrops occur on the upper part of the slope, 
which is also cut by a number of steep canyons up to several 
hundred metres deep. The most remarkable feature of the slope 
is a large field of more than 70 volcanic cones in water depths of 
900 m to 2300 m (Fig. 13). Most cones are clustered in the one 
field, but other more isolated cones are also present. The cones 
are typically 400 m high and several km across. 

The multidisciplinary value of swath-mapping 
surveys 
Coordinated studies of Australia's new marine jurisdiction are 
needed because there are large overlaps in the survey, data and 
knowledge requirements of each marine sector. For example, it 
is the interactions ofthe sea floor and the overlying water column 
that create the benthic habitats occupied by the biota. To take 
account of these interactions multidisciplinary scientific research 
is needed, involving geology, oceanography and biology. Geology 
provides information on the physics, chemistry, morphology, 
and mineral and petroleum resources of the seabed, and, through 
cores of seabed sediments, earlier environmental and faunal 
changes. Oceanography provides information on the physics, 
especially currents, and chemistry of the water column. Biology 
provides an understanding of the nature and distribution of living 
resources, which can be Interpreted in the light of geology and 
oceanography to provide the key to management of fisheries 
and the search for new marine pharmaceuticals. 

Swath-mapping surveys provide the equivalent of onshore 
topographic maps and satellite images. They allow the mapping 
of surface fault patterns, information of considerable interest to 
petroleum explorers. They provide controls on how and when 
the ancient Gondwana continent disintegrated, and what effects 
this had on the regional geology. They outline the benthic habitats 
important to biologists and fisheries. The Australian engineer
ing industry is already using swath-mapping for petroleum
platform site studies and for pipeline surveys on the shelf and 
upper slope, and the telecommunications industry is using it for 
cable surveys in all water depths. 

The maps can be used to help define Australia's legal 
Continental Shelf (a quite different concept to the morphologic 
continental shelf) under the UN Law of the Sea Convention 
(UNCLOS 1983), ratified by Australia and in force since 
November 1994. Our claims to the legal Continental Shelfbeyond 
the Exclusive Economic Zone (excluding the Australian Antarc
tic Territory) are estimated at 3.3 million km2 (Symonds & 
Willcox 1989). As explained by Symonds (1997), claims depend 
on the gathering of geophysical information and would be en
hanced by swath-mapping, which would give better definition 
of two parts of any claim-the 2500 m bathymetric contour 
and the foot of the continental slope. Although swath-mapping 
could give a slightly larger claim, because one could select points 

to maximise it, in fact Australia has decided for definition based 
on individual profiles, with a minimum spacing of 30 nautical 
miles. Only in highly complex areas, like that east of the Norfolk 
Ridge, will swath-mapping be essential. 

Areas south, east and west of Tasmania are host to major 
demersal fisheries for orange roughy and blue grenadier. Because 
the fishermen seek to run their trawls just above the seabed, the 
high-quality Tasmante and Melville bathymetric maps of the 
seabed have generated a great deal of interest. Before releasing 
detailed maps of the two fisheries areas south and west of 
Tasmania mapped by L 'Alalante, AGSO consulted widely with 
other Commonwealth agencies about conservation questions, 
not only concerning the fish stocks, but also the organisms 
growing on the seamounts. The Southeast Trawl Association 
agreed that newly discovered deeper seamounts should be the 
subject of a fishing moratorium while research was carried out 
into their natural resources (Koslow & Exon 1995), and a 370 km2 

interim Commonwealth Marine Protected Area was declared. 
CSIRO is carrying out a three year study of the impact of trawling 
on seamounts and the conservation value of the protected area. 
Koslow (1997) has reported that the seamounts support a diverse 
fauna dominated by a colonial stony coral , Soienosmi/IG 
variabilis, and that the fauna is highly endemic with numerous 
new species. 

A workshop was held in Canberra in early 1997 to discuss 
AGSO's plans for a marine geoscience mapping program and to 
provide a forum for other organisations to present their views 
and/or plans on requirements for offshore mapping (Stagg et al. 
1997). About 60 representatives came-from government agen
cies and departments, CSIRO, Australian Institute of Marine 
Science and universities, the RAN Hydrographic Service and 
the Defence Science & Technology Organisation, the petroleum 
exploration and telecommunications industries, and suppliers 
of swath-mapping equipment. These discussions form part of 
the basis for the priorities shown in Figure 14. All groups agreed: 
• on the paramount need for detailed digital information on 

the depth and form of the sea floor throughout the marine 
zones, focussed on high-use areas ; 

• that information on the nature of the sea floor and shallow 
substrate is required in all water depths; 

• on geographic priorities for Integrated science programs; 
• on the need for coordination, cooperation and consultatIOn 

in marine science throughout all sectors; 
• and on the need for national cross-sectoral databases and 

meta-databases. 

Future mapping of Australia 's marine jurisdiction 
for research and management purposes 
The Australian legal continental shel f is estimated in a report of 
the Prime Minister 's Science and Engineering Council (PM SEC 
1995) at 11 .9 million km2

, and the additional continental shelf 
off Australian Antarctica at 4.2 million km2

. Less than 5% of it 
has been swath mapped (Fig. 14). As stressed at the conference, 
Ocean Outlook (1994), and by PMSEC, there is enormous 
potential for increased economic returns arising from improved 
knowledge of processes affecting marine and submarine living 
and non-living resources. To ensure that the marine environ
ment is managed in an environmentally sustainable way, a greatly 
upgraded knowledge base is needed. The Federal Government is 
developing a Marine Science & Technology Plan to ensure that 
future national needs are most effectively met. 

Under the UN Law of the Sea, protection of the marine 
environment is expected (UNCLOS 1983). Article 145 points 
to the need to mitigate problems associated with: 
• pollution and other hazards to the marine environment, 

including the coastline, interference with the ecological balance 
of the marine environment, and especially the harmful effects 
of drilling, dredging, excavation, disposal of waste, and 
construction of pipelines and other installations; 
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Figure 10. Detailed shaded relief map of the offshore southwest Tasmanian region derived from Simrad EMI2D data from the Tasmante cruise. Emphasises 3250 fault trends and canyons 
west of Tasmania, and 345 0 Tasman Fracture Zone bounding western South Tasman Rise. The relief shown on Tasmania comes from the GEODATA 9-Second Digital Elevation Model. 
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• protection and conservation of the flora and fauna of the 
marine environment. 
Clearly, sensible protection of Australia 's marine jurisdiction 

can only be implemented if the marine environment is well 
understood, and that understanding must include adequate sea
bed maps. 

The definition, management and use of Australia's new 
marine jurisdiction can onl y be based on continually upgraded 
information and knowledge, the result oflong-term monitoring 
and acquisition. The knowledge base must be continuously 
updated in a coordinated way between government and private 
organisations, and be publicly available in an integrated manner 

23/K55/31 

Figure 11. Contour map of the offshore region southwest of Tasmania provided by the Simrad EM12D on the Tasmante 
cruise. Contours in metres. Shows the sedimented slope and major 325 0 scarp off Tasmania, rotated blocks on the 
northwest South Tasman Rise , the 3450 bounding scarp of the Tasman Fracture Zone to the west, and the relatively flat 
abyssal plain. 



through shared and linked database and information directories, 
and geographic information systems. 

The relatively small size of the resources available for 
Australian marine research, in a vast offshore area, points to the 
need for a coordinated approach to data collection, storage and 
retrieval. This will not only provide the best information for 
decision making in marine management and use, but will also 
provide the best foundation for the identification of new oppor
tunities. Data are required to characterise all aspects of the off
shore area and to assess its wide-ranging resource potential. 
Specific needs include establishment of a national marine data 
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directory; coordination of data gathering; and a plan for future 
data collection incorporating a national, coordinated and inte
grated approach to seabed mapping and water column studies. 

Accurate maps of seafloor morphology and character are 
keys to understanding and managing our marine environment 
and, presently, the best way to produce such maps is by swath
mapping. The Australian Hydrographic Service is building two 
large research vessels, Leeuwin and Melville, equipped with 
high-resolution shallow-water Atlas Fansweep 30 multi beam 
systems, along with six similarly equipped daughter motor 
launches, which will come into service before the end of the 

145° E 145° 50' E 
,..~ 

Figure 12. Shaded relief map of the southwestern South Tasman Rise derived from 
the Simrad EM12D on the Tasmante cruise. Shows the 3450 scarp of the Tasman 
Fracture Zone, the sedimented area to the east, and the east-west spreading fabric on 
the abyssal plain terminated to the east by a 3550 fracture. 
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Figure 13. Shaded relief map of the offshore region south of Tasmania provided by the Simrad EM12D on the Tasmante 
cruise. Shows numerous volcanic cones on the slope off Tasmania, averaging 400 m high, that are the home to a valuable 
orange roughy fisher~ 
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Figure 14. Areas already swath-mapped in the Australian area of marine jurisdiction, and some high-priority areas for 
future mapping. Jurisdictional boundaries as in Figure 1. Provided by Howard Stagg, AGSO. 

century. These vessels will be used essentially to map the Hy
drographic Service 's high-priority areas on the continental shelf 
(2 400 000 km2), but it is hoped that some other areas of high 
national priority for non-hydrographic purposes can be included 
in their program. However, given the shallow water and, hence, 
narrow swath-width, mapping the entire shelf, using all vessels, 
at a rate of 280 days per year, would take more than 50 years. 

The survey time could be reduced by using the Laser Airborne 

Depth Sounder (LADS) system (Sinclair 1997), with its constant 
swath width of 240 m and relatively high speed of 145 knots 
(272 kmlhr), in shallow water (generally shallower than 50 m) 
giving a mapping rate of 65 km2/hour. However, turbid water 
considerably reduces the depth to which it can operate, leading 
to constraints on suitable areas and seasons. The rate of mapping 
compares very favourably to that from a vessel travelling at 
10 knots , with a swath width of 7 times water depth, giving a 
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Table 4. Time to swath-map and 'groundtruth' Australian areas beyond the shelf 
using multibeam systems, assuming average ship speed of 10 knois. 

Location Area Mapping rale 
(kmz) (km 2Ihour) 

Narrow Swath 

Continental margin 5400 000 130 

Abyssal plain 3 100 000 324 

Oceanic ridges & 1500000 324 
islands 

Total 10000000 

Broad Swath 

Continental margin 5400 000 259 

Abyssal plain 3 100 000 370 

OceanIc ridges & 1500 000 370 
islands 

Total 10000000 

mapping rate of 6.5 km2lhr in 50 m of water (only 10% of the 
LADS rate), and 1.2 km2lhr in 10 m of water. 

This leaves the much larger area of deeper water to be 
mapped, and we believe that AGSO should playa key role in 
this mapping, as the only geoscience mappmg agency with an 
offshore role and capabilIty. Figures have been prepared (Table 4) 
for the mapping of the entire Australian marine jurisdiction 
beyond 200 m water depth, comparing coverage rates for a system 
capable of covering 7 times water depth (e.g. EM 12D) with 
those for a system capable of covering 3.5 times water depth 
(e.g. SeaBeam 2100, Atlas Hydrosweep). At an average ship 
speed of 10 knots , the broader swath systems would require 
about 47 months on site for the work, and the narrower systems 
about 78 months (Table 4). To this would need to be added 
transit times (10%) , downtime (5%) and sampling to 
' groundtruth' the results (30%); a vessel with the broader swath 
systems would require a total of about 68 months at sea for the 
work, and one with the narrower systems about 113 months. 

Accordingly, a methodical survey of all deepw~ter areas of 
Australian jurisdiction beyond the morphological continental 
shelf(IO million km2

, excluding Australian Antarctic Territory), 
usmg a smgle broad-swath system like the Simrad EMI2D, 
would take about 12 years at a rate of 180 days at sea per year. 
The 12 years would include transits and follow-up sampling 
(,groundtruthing' ) to characterise the rocks and sediments 
producing characteristic acoustic patterns. The areas that have 
already been mapped and short-term priority areas as agreed by 
most agencies involved in deepwater research are shown m 
Figure 14. This program would address tectonics, fishery 
quest.i?ns, urban impacts , and Law of the Sea boundary 
defimtton. The total cost of this program of offshelf swath
mapping and sampling, including acquisition, processing, inter
preting, archiving, retrieving, and production in various formats 
to customers is estimated by us at S 12 .5 million per year. 

All swath-mapping data collected by government agencies 
should go into the public domain, so that the maps needed for 
management and other purposes can be readily generated. The 
provision of such maps is clearly in the national interest, as is 
the provision of equivalent maps onshore. 
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Architecture and evolution of the Australian continental margin 
H.M.J. Staggl, J.B. Willcoxl, P.A. Symondsl, G.W. O'Brienl, J.B. CoiweiJl, P,J. HiiJl, C-s. Lee2, 

A.M.G. Moorel & H.LM. Struckmeyerl 

Interpretation of key seismic profiles around the Australian mar
gin clearly show that the three principal rift-drift segments (north
western/western, southern, and eastern) have distinct and different 
architecture, 

The normally rifted northwestern and oblique-slip western 
margins have a polyphase rift/drift history that saw the progres
sive separation of continental blocks from the Permo-Carbonif
erous until the Neocomian, These multiple tectonic episodes 
produced a margin that is geologically complex and also shows a 
strong imprint of volcanism. The continental shelf and marginal 
plateaux of this margin are generally underlain by thick Phanero
zoic sediments of the Westrahan Superbasin, while areas of shal
low crystalline basement are rare. The Phanerozoic section is 
generally thick and flat-lying, and extension of the upper crust is 
observed only adjacent to the inboard confined deep rifts and on 
the outermost margin. Even in these regions, the amount of upper 
crustal extension is rarely more than 20 per cent. Profiles through 
the basins, together with limited velocity information, suggest 
strongly that they formed largely as the result of lower crustal 
extension; i.e. the northwestern and western margins are probably 
'upper plate' margins. 

The southern margin, from the Naturaliste Plateau In the west 
to the South Tasman Rise in the southeast, formed during a single 
rift/drift episode that culminated in the separation of Australia and 
Antarctica in the Cretaceous. The age of onset of rifting is in-

Introduction 
The Australian continental margin is about 1.5 times the area of 
the Australian landmass (Symonds & Willcox 1989, table I) and 
varies in width from less than 100 km to more than 600 km. It is 
probably the third-largest margin in the world, after those of 
Canada and Russia. However, despite the economic importance 
of the margin, it is still poorly known and understood after more 
than 30 years of research and exploration by government, 
universities and the petroleum industry. 

The range of papers dealing with the regional geology of the 
Australian continental margin is very limited. The most com
monly referenced of these, Falvey & Mutter (1981), was largely 
based on seismic data, recorded in the late 1960s and 1970s, 
whose quality has now been greatly surpassed, particularly since 
the inception of deep seismic techniques. Other papers of sim
ilar vintage (e.g. Willcox 1981, BMR 1988, Symonds & Willcox 
1989, Falvey et al. 1990) generally relied on those same data 
sets. 

The architecture of the Australian continental margin pro
vides valuable insight into the structure and evolution of conti
nental margins globally, in that: 
• the margin is largely a passive type, except in the north, 

where a Tertiary-Recent active margin is being created by 
collision of the Australian and Eurasian Plates in the Timor 
region and is reactivating and overprinting the older passive 

• 

• 

margin structures; 
the spreading history of the adjacent ocean basins is gener
ally well understood; 
the margin contains a wide variety of morphology (from 
simple narrow margins, as off New South Wales, to broad 
margins containing marginal plateaus) and geological struc-
tures; and 
the margins have generally been starved of sediment since 
continental breakup, thus allowing the rift architecture to be 
resolved by seismic techniques. 
In 1983, the Australian Government, through the Bureau of 

I Australian Geological Survey Organisation, GPO Box 378, 
Canberra, ACT 2601 
Now at National Taiwan Ocean University, Taipei, TaIwan 

ferred to be in the Jurassic; however, the azimuth of extension is 
open to conjecture, with interpretations ranging from NW-SE to 
NNE-SSW. The preserved rift ranges in width from about 350 km 
in the normally extended crust in the west to no more than 100 
km on the strike-slip margin west of Tasmania. In contrast to the 
northwest margin, the main basins of the southern margin lie 
beneath the continental slope and rise, while the shelf is largely 
underlain by shallow crystalline basement. Marginal plateau devel
opment is rare, with the major plateau (the Ceduna Plateau) inter
preted to be largely sedimentary in origin, rather than structural. 
The primary basin-forming mechanism IS Interpreted to be exten
sion of the upper crust. Also in contrast to the northwest margin, 
volcanism is apparently more restricted, except at the eastern and 
western ends of the rift. 

The eastern margin has the least understood architecture on 
the Australian margin, largely owing to the dearth of seismic and 
drill information. The margin of the Tasman Basin is narrow and, 
with the exception of the deep and areally restricted Gippsland 
Basin, rift basin development is generally limited to the conjugate 
Lord Howe Rise. In contrast, the margins adjacent to the Coral Sea 
Basin are broad, particularly where the Queensland and Marion 
Plateaux have developed on the continental margin. These pla
teaux are distinct from those on the northwestern and southern 
margins in that they are structurally controlled, but consist largely 
of shallow, pre-rift basement. 

Mineral Resources (now the Australian Geological Survey, 
AGSO) began the Continental Margins Program (CMP), aimed 
at unravelling the history of the Australian continental margin, 
primarily to encourage and help industry explore for hydrocar
bons . A by-product of this program, after 13 years of opera
tion, is that many parts of the margin now have high-quality 
seismic reflection data available, extending from the continental 
shelf out to the adjacent ocean basins, which permit a much
improved understanding of the geology compared to what was 
previously available. However, the exploration orientation of 
the CMP means that there are still substantial parts of the 
margin which, because of their perceived low prospectivity, are 
still inadequately covered by modern data. 

This paper presents representative transects across the 
margin and reviews our current understanding of its architecture 
(Fig. I & Transects Plate). These transects are displayed with 
the same colour-coded stratigraphy as used in the 1996 AGSO 
Phanerozoic Timescale (Foster et al. 1996). 

Seafloor spreading in the Australian region 
The Australian continent is bordered on its western, southern 
and eastern margins by normal oceanic crust, which began to 
form at about 155-160 Ma. Seafloor spreading ceased at about 
55 Ma, except in the south between Australia and Antarctica, 
where it continues today. Breakup is perceived as proceeding in 
an anti-clockwise manner, as an 'unzipping' of a series of rift 
structures in the Gondwanan supercontinent, commencing off 
northern and northwestern Australia in the Late Jurassic, and 
ending in the Coral Sea Basin off northeastern Australia in the 
Early Eocene. The history of seafloor spreading around the whole 
of the Australian margin has been discussed by Falvey & Mut
ter (1981), and in some detail by Veevers (1984), Veevers et al. 
(1991) and Veevers & Li (1991). Although the age of breakup 
and pattern of seafloor spreading is often thought to be well 
understood, several inconsistencies remain, particularly in the 
relationship of the oceanic crust as dated by the magnetic sea
floor spreading anomalies and the age ofthe overlying sedimen
tary section as dated by correlations with exploration wells. 
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Northwestern and western margins 
From north to south, the northwestern and western margins are 
flanked by oceanic crust underlying the Argo, Gascoyne, Cuvier 
and Perth Abyssal Plains. This oceanic regime is also 
characterised by several large oceanic plateaux-the Wallaby 
Plateau and adjacent Zenith Seamount, and the Naturaliste 
Plateau. 

The pattern of breakup in the Argo Abyssal Plain is impor
tant to the understanding of the development of the northern 
Exmouth Plateau, and the Browse and Roebuck (formerly 
'offshore Canning') Basins. Larson (1975) first identified the 
magnetic anomaly series that gave the original 160 Ma (late 
OAfordlan)- -145 Ma on the time scale of Burger (1990) and 
-155 Ma, using the Young & Claoue-Long (1991) breakup age
but recent drilling of the southeastern Argo Abyssal Plain (Site 
765) during Leg 123 of the Ocean Drilling Program (ODP) pen
etrated much younger sediments overlymg oceanic basement. A 
late Berriasian to earliest Valanginian age was initially suggested 
(Baumgartner & Marcoux 1989, Gradstein et al. 1990). How
ever, a KlAr age on a basaltic hyaloclastite directly overlying 
basaltic basement and underlying the oldest sediments gave 
155.3±3.4 Ma (Ludden & Dionne 1992); i.e. mid-Callovian, 
using Burger (1990), or latest Oxfordian, using Young & Claoue
Long (1991). Thus, Site 765 drilled on magnetic anomaly M26 
gives a minimum radiometrically derived breakup age of 155 
Ma, which is m agreement with the magnetically determined 
late Oxfordian stage, using the Young & Claoue-Long (1991) 
timescale. 

Most interpretations of the seafloor spreading anomalies 
indicate that spreading took place on a northwest or north
northwest azimuth, oblique to the later spreading in the 
Gascoyne, Cuvier and Perth Abyssal Plains. This has led to the 
interpretation of two separate spreading regimes, with the Argo 
Abyssal Plain being created with the detachment of a hypo
thetical micro-plate ('Argo Land') in the Jurassic. However, a 
recent interpretation of gravity data, combined with a reinter
pretation of magnetic anomalies (Mihut & MUlier, 1998; MUller 
et aI., 1998, implies that the azimuth of Jurassic opening in the 
Argo Abyssal Plain was identical to that of the Cretaceous sea
floor spreading to the south in the Gascoyne, Cuvier and Perth 
Abyssal Plains. This indicates that breakup in the Argo Abyssal 
Plain was the first stage of a southwards-propagating rift, which 
separated Greater India from Australia in a stepwise fashion, 
and obviates the need to invoke the existence of an 'Argo Land' 
fragment of crust that detached from the Australian continent. 

Given that there has been Tertiary convergence between the 
northern Australian margin and the Indonesian Arc, and ongomg 
collision at least as young as Pliocene adjacent to Timor, It IS 
probably reasonable to assume that the Argo Abyssal Plain 
spreading pattern and Neocomian/Tithonian breakup extended 
to the northeast, seaward of the Bonaparte Basin, and as far as 
the westem Arafura Basin. 

The Early Cretaceous (-136-125 Ma) breakup of Greater 
India and Australia and the evolution of the Gascoyne, Cuvier 
and Perth Abyssal Plains controlled much of the development 
of the southern and western margins of the Exmouth Plateau, 
and the Perth and Carnarvon Basins. The breakup history has 
been interpreted by Larson (1977), Markl (1978), Veevers 
(1984), Veevers et al. (1985), Fullerton et al. (1989), Veevers & 
Li (1991) and, most recently, MUlier et al. (1998). MUlier et al. 
interpret breakup in the Gascoyne and Cuvier Abyssal Plains to 
have occurred before chron M14, while breakup in the Perth 
Abyssal Plain occurred before ehron M I o. 

The northwestern and western margms are also characterised 
by widespread synrift and post-rift magmatism. The post-rift 
magmatism is most obviously marked by the development of 
the Wallaby and Naturaliste Plateaux and the Zenith Seamount. 
The evolution of these features is discussed in some detail in 
Mihut & MUlier (1998). 

Southern Ocean 
Spreading south of Australia is generally perceived to be the 
best documented in the region and the most easily recognisable 
in terms of the claSSIcal 'Atlantic' model of rifting, and conti
nent-continent breakup and separation. However, Etheridge et 
al. (1990), Willcox & Stagg (1990) and Stagg et al. (1990) have 
indicated that it is both geometrically and temporally complex. 

Initially, breakup was believed to have begun at about 53 Ma 
(Weissel & Hayes 1972). However, Cande & Mutter (1982) and 
Veevers (1986) revised the initial breakup to between about 83 
and 95 Ma, but with a very slow early spreading rate lasting 
until about 44 Ma (late Middle Eocene). The initial breakup 
direction now appears to have been north-northwest-south
southeast, although, this rapidly changed to the more commonly 
recognised north-south spreading pattern as separation pro
ceeded. In the east, the spreadlllg system is truncated by a series 
of major north-south tran~form faults, which step the ridge 
southwards by about 1100 km and give rise to the transform
dominated margin off the eastern Otway Basin, western 
Tasmania, and western South Tasman Rise. 

Willcox & Stagg (1990) and Stagg et al. (1990) have sug
gested that 'western margin' Early Cretaceous breakup is repre
sented on the southern margin by a major Neocomian 
unconformity in many ofthe sub-basins of the Great Australian 
Bight Basin. South of the Eyre Terrace, this unconformity is 
seen to extend across an igneous basement high at the magnet
ically defined contin~t-ocean boundary (COB) (Veevers 1986) 
and, in places, across rotated fault blocks to the south of the 
COB. If these blocks are highly extended continental crust it 
implies that the COB and adjacent oceanic crust have been in
correctly defined and lie somewhere further south. If they are 
composed ofpre-Neocomian oceanic crust (Stagg et al. 1990), 
perhaps faulted during a reduction in magma supply and conse
quent reversion to extensional deformation (Lister et al. 1991), 
then the age of breakup appears to be in error. Resolution of the 
age and location of breakup has an important bearing on the 
thermal evolution and hydrocarbon potential of the region. 

Eastern Australian ocean basins 

The Coral Sea and Tasman Basins are the youngest oceanic 
basins adjacent to the Australian continent, and their seafloor 
spreading histories are important for understanding the 
development of the deepwater Gippsland Basin, its conjugate 
Lord Howe Rise margin, and the basins of the northeast 
Australian margin. The basins are connected by the Cato Trough, 
which is generally interpreted to be floored by oceanic crust of 
unknown age. 

In the central Tasman Basin, breakup on an east-northeast 
aZImuth has been interpreted to commence at about 80 Ma 
(Hayes & Ringis 1973, Weissel & Hayes 1977, Shaw 1978, 
1979), although Veevers (1984) suggested that it may have oc
curred as early as 95 Ma. The Tasman Sea was typically mod
elled as being generated by a simple two-plate spreading system. 
More recently, the opening of the Tasman Sea has been mod
elled by Gaina et a!. (1998) who propose a northwards-propa
gating rift and the existence of 13 separate continental blocks 
that acted as micro-plates between 90 Ma and 64 Ma. These 
blocks, which include fragments of the Lord Howe Rise and 
Dampier Ridge, gradually separated from the Australian contin
ent, either by extension or strike-slip movement. 

The areally restricted Coral Sea Basin is bordered by several 
submarine plateaux and is floored by oceanic crust dated by 
Deep Sea Drilling Project Site 287 as Early Eocene (Andrews et 
al. 1975). Interpretation of magnetic spreading anomalies indicates 
spreading took place on a northeast to north-northeast azimuth 
from 62 Ma to 52 Ma. Gaina et al. (in press) interpret finite 
rotations for the Coral Sea Basin that are different to those for 
the contemporaneous Tasman Basin to the south, and propose 
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that the differential motion was accommodated by the 'Louisiade 
triple junction'. 

The Tasman Sea region has been interpreted both in terms 
of traditional rifting and breakup mechamsms (the asymmetric 
breaching model of Jongsma & Mutter 1978; for discussion see 
SOlltheast margin) and, more recently, in terms of detachment 
concepts (Etheridge et al. 1990). In the latter interpretation, 
southeastern Australia is postulated as an underplated upper 
plate margin, with the Lord Howe Rise-Norfolk Ridge area com
prising a complementary lower plate margin. This assumption 
implies that a detachment system underlies the whole region, 
and that the Lord Howe Rise and Norfolk Ridge are composed 
of variously extended upper continental crust, whereas small 
intervening basins such as the New Caledonia Basin, those sepa
rating Lord Howe Rise and the Dampier Ridge, and perhaps the 
Cato Trough, may be floored by highly thinned lower continen
tal crust. This model tends to simplify the breakup history of 
the region by removing the need for small isolated areas of spread
ing and associated spreading ridge jumps. 

Architecture and evolution 
Northern margin 
The northern margin of Australia beneath the Arafura Sea is 
little known and poorly understood . It extends from the Timor 
Sea to the Gulf of Carpentaria and contains the McArthur, 
Arafura and Money Shoal Basins of mainly Proterozoic, 
Palaeozoic, and Mesozoic age, respectively. These basins over
lap to form a sedimentary pile that is at least 10 km thick. The 
structure of the Arafu.ra Basin is illustrated by an AGSO profile 
extending from the southern margin of the basin, across the main 
depocentre of the Goulburn Graben, to the Australian-Indone
sian border (Profile I). 

The shallow platform area of the Darwin Shelf and the mainly 
Mesozoic Money Shoal Basin north of it occupy the western 
Arafura Sea. The remainder of the Arafura Sea is underlain by 
the Arafura Basin, an intracratonic sag basin resembling the 
Williston or the Amadeus/Georgina Basins. The 
Mesoproterozoic McArthur Basin , which crops out onshore 
and contains known oil source rocks (Jackson et al. 1986), is 
interpreted to extend northward under the Arafura Basin; how
ever, it is not penetrated by offshore drilling. The Arafura Basin 
dates from the Precambrian and subsequently evolved into a 
continental margin basin after Early Palaeozoic rifting on the 
northeastern rim of Gondwana. The Goulburn Graben, in the 
central Arafura Basin, is the only area where the sedimentary 
section has been penetrated, other than along the southern 
feather-edge of the basin, where Cambrian rocks outcrop in north
ern Arnhem Land and the Wessel Islands. 

From the Middle Cambrian to the Permian, the Arafura Basin 
was a steadily subsiding sag basin in which a succession of 
marine and marginal marine clastics and carbonates was depos
ited. With the exception of the Goulburn Graben, the basin was 
subsequently subjected to only minor deformation. Profile I 
shows the flat-lYing sag-style of the major part of the basin and 
the basin extending to the limit of Australian territory and 
beyond, into Indonesian waters . 

While the Goulburn Graben was initiated in the Early Car
boniferous (Bradshaw et al. 1990), the critical structuring event 
was a period of massive basin inversion in the Permo-Triassic 
(Etheridge & O'Brien 1994), during the time interval repre
sented by the major angular unconformity between the lower 
PermIan (Asselian) and Jurassic sections. The exact timing of 
the inversion is uncertain, owing both to the lack of well control 
in the key intervals and the location of the available wells on the 
crests of strongly eroded anticlines. It appears likely that the 
inversion tool.. place dunng the Late Triassic (Etheridge & 
O ' Brien 1994), coincident with the ' Fitzroy Movement' in the 
onshore Canning Basin to the south (Forman & Wales 1981, 
Horstman 1984). The Fitzroy Movement was probably driven 

by a major Gondwanan plate readjustment (Etheridge & O'Brien 
1994). 

The basin inversion resulted in the formation of a crustal
scale anticline, within the Goulburn Graben per se; with an 
attendant 4-4.5 km of uplift and erosion (Etheridge & O'Brien 
1994, figure 5). The contemporaneous formation of negative 
flower structures in the Goulburn Graben and sinistral strike
slip movement along the graben bounding faults suggest that the 
event had a significant transpressional component in this area 
(Bradshaw et al. 1990, Lubatis et al. 1992). The erosion result
ing from this inversional episode is evident on the flanks of the 
basin (Profile I). 

Along the northern North West Shelf, the sense of move
ment associated with the Fitzroy Movement is consistent with 
N to NNW-directed compression, perhaps with a total shorten
ing of 2-5% (O'Brien et al 1993, Etheridge & O'Brien 1994, 
O'Brien et al. 1996). 

Unconformably overlying the Arafura Basin are the Jurassic 
and Cretaceous clastics and Cainozoic carbonates of the Money 
Shoal BaSin . On Profile I, the easterly extremity of the Money 
Shoal Basin is represented by the slightly thicker Mesozoic 
section overlying the Goulburn Graben . The Money Shoal Basin 
is generally flat-lying and undeformed and thickens gradually to 
the west into the northern end of the Westralian Superbasin. 

Northwest margin 
Evoilltion of the Westralian Rift System. The northwest mar
gin of the continent, generally referred to as the 'North West 
Shelf', extends for some 2500 km from the western end of the 
Arafura Sea to west of North West Cape and encompasses an 
area of some 800000 km2

• The region is underlain by several 
. major sedimentary basins, including, from north to south, the 
Bonaparte, Browse, Roebuck (or offshore Canning) and Northern 
Carnarvon Basins. Collectively, these basins comprise the north
east-trending Westralian Superbasin (Yeates et al. 1987), which 
was initiated in the Carboniferous and has since accumulated at 
least 15 km of sediment, principally in the Late Palaeozoic and 
Mesozoic. The Westralian Superbasin is underlain by several 
north- to northwest-trending intra-cratonic rift basins (the Petrel 
Sub-basin, Canning Basin, and Southern Carnarvon Basin), which 
accumulated most of their sedimentary fill during the Early 
Ordovician to Early Carboniferous. The northwest margin is 
subducting the Eurasian Plate in the north, while the central and 
southern North West Shelf abut the Jurassic Argo Abyssal Plain 
and the Cretaceous Gascoyne and Cuvier Abyssal Plains, 
respectively. 

The evolution and architecture of the North West Shelf 
(previously described by AGSO's North West Shelf Study Group 
1994, Elliott et al. 1996) IS illustrated here with a set of deep
seismic dip profiles from the Bonaparte, Browse, Roebuck, and 
Northern Carnarvon Basins (Profiles 2, 4-6), and a dip profile 
from the Petrel Sub-basin (Profile 3) that characterises the pre
Westralian section on the margin, where it is well-developed. 
These profiles comprise the highest quality transect data avail
able on the AustralIan margin, allowing a more confident and 
detailed interpretation than elsewhere. 

As might be expected, these transects show that all the 
basins have been influenced by the same tectonic events, although 
the basin elements have responded differently to the various 
regional stress fields. While many events have margin-wide 
expression, only some are important in terms ofpnmary basin 
formation . 

In the Late Devonian to Early Carboniferous, extension on 
an approximately northeast azimuth between the Pilbara, 
Kimberley, and 'Darwin' blocks resulted in the formation ofthe 
intracratonic Fitzroy Trough in the Canning Basin, Petrel Sub
basin, and possibly the proto-Browse Basin (North West Shelf 
Study Group 1994). The Arafura Basin to the north may also 
have developed initially during this period. 

In the Petrel Sub-basin, a series oflimited (80-1 00 km wide) 



upper crustal rift segments of alternating polarity (O'Brien et 
al. 1993) developed over the highly structured, underpinning 
Proterozoic Kimberley Basin sequences, with the rift segmen
tation being closely controlled by this pre-existing basement 
grain (O'Brien et al. 1996). These upper crustal extensional 
segments were laterally offset by 50-100 km from the axis of 
maximum deep thinning of the lower crustluppermantle (O'Brien 
et al. 1996). This partitioning of the upper crustal and lower 
crustal extension has produced a characteristic architecture in 
which perched upper crustal rift blocks are located principally 
along the flanks of the basin (effectively the large displacement 
margin), whereas the extremely thick (J 8-20 km) post-rift 
depocentre is located along the axis of the basin (O'Brien et al. 
1996). 

While some limited extension certainly took place in the 
upper crust (Profile 3, deep extensional fault blocks), deep thin
ning of the lower crust and mantle was the dominant lithos
pheric extensional process. Some workers (Lee & Gunn 1988) 
have even proposed that thinning of the lower crust may have 
led to injection of basaltic magmas along the basin axis, effec
tively incipient seafloor spreading. 

This suite of Early-Middle Palaeozoic basins was bounded 
by regional strike-slip accommodation structures (AGSO North 
West Shelf Study Group 1994, figs 5- 6), which, in the south
east, followed the Fitzmaurice and Halls Creek Mobile Zones 
(segments of the postulated Lasseter Shear Zone of Braun et al. 
1991), which are known to have been reactivated at this time 
(Veevers & Roberts 1968). In the northwest, the basins were 
bounded by another complex accommodation feature, the North 
West Shelf Megashear (AGSO North West Shelf Study group 
1994). The North West Shelf Megashear is considered to be of 
fundamental importance in the tectonic evolution of the North 
West Shelf, having had significant control in the formation of 
many large-scale structures which dominate the region. 

In the mid-Carboniferous to Early Permian, a major episode 
of regional crustal thinning commenced, coinciding approximately 
with the North West Shelf Megashear, and giving rise to the 
Westralian Superbasin (Profiles 2, 4-6). A range of evidence 
indicates that this thinning occurred predominantly in the lower 
crust: 

• 

• 

• 

There is a dearth of extensional faults in the Westralian 
Superbasin. For example, the entire Timor Sea province is 
characterised by a lack of upper crustal faulting, with thick 
(10-14 km) Permo-Triassic sag phase sediments being 
deposited. Minor upper crustal faulting has, however, been 
documented on the Yampi Shelf, on the inboard part of the 
Browse Basin (Profile 4), where the Rob Roy-I well inter
sected an Early Permian syn-rift section. Similarly, while 
extensional faults have been recorded from the landward 
flank of the Northern Carnarvon Basin and the outer Exmouth 
Plateau (Profile 6), and the outer Browse Basin (Profile 4), 
the total extension on these faults is generally much less 
than 20% and the geometry of the Late Palaeozoic and 
Mesozoic section generally reflects deposition in a sag-style 
basin. 
In the Roebuck Basin (Profile 5), 10 km of Permian to 
Triassic sediments were deposited in a seawards-thickening 
wedge in the apparent total absence of extension in the upper 
crust (Colwell & Stagg 1994). 
Limited velocity Information from the Northern Carnarvon 
Basin (Williamson et al. 1990, Stagg & Colwell 1994, fig. 12) 
and the Browse Basin (Symonds et al. 1994) indicate that 
much of the lower two-thirds of the crust has been removed . 
There is a Bouguer gravity high along much of the present
day continental shelf, despite the substantial thickness of 
Late Palaeozoic to Cainozoic sediment beneath most of it. 
Etheridge & O'Brien (J 994) demonstrated that this gravity 
high is consistent with, and indeed requires, substantial crustal 
basement thinning beneath the shelf. 

The observations outlined above demonstrate that the bulk 
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of the Late Permian to Triassic sequence was deposited on mod
erately to highly extended continental crust along most of the 
north-western Australian margin, and that there has been rela
tively little crustal-scale extension since that time (O'Brien et 
al. 1993, Etheridge & O'Brien 1994). The combination of bios
tratigraphic, fission track and seismic evidence suggests that 
breakup of at least parts of the western Austral ian margin took 
place in the Late Carboniferous or Early Permian, when the 
'Sibumasu Block' drifted away to the northwest (North West 
Shelf Study Group 1994). The majority of the Permo-Triassic 
section thus constitutes a sag phase deposited following breakup 
of the Late Palaeozoic Westralian rift. 

While it is likely that lower crustal extension was the pri
mary basin-forming driving force over much of the northern 
Australian margin during the extension, the role and extension 
history of the upper crust are more uncertain. It is difficult to 
envisage two- or three-fold thinning of the lower crust not being 
accompanied by commensurate extension of the upper crust. 
Several possible explanations are that: 
• a large part of the upper crust was removed as large blocks 

aoove a major regional detachment; 
• hi ghl y extended blocks beneath 10+ km of sedimentary 

, edlon cannot be imaged by the seismic technique; or 
• lithospheric extension was localised below the brittle-ductile 

transition, which effectively has acted to partition/decouple 
the upper and lower crusts and widely offset the zones of 
brittle and ductile deformation. 
There is little systematic evidence on either the geometry of 

the Permo-Carboniferous extensional fault system or the pre
cise direction of extension (O'Brien et a!. 1992, 1993, Etheridge 
& O' Brien 1994). Limited evidence cited by Etheridge & O'Brien 
(1994) includes: 
• Malcolm et al. 's (1991) study of the Exmouth region of the 

Northern Carnarvon Basin, which describes NE-trending, 
extensional half-graben of Late Carboniferous age; 

• along the Candace Terrace in the Carnarvon Basin, Bentley 
(1988) described an extensional, basin-margin fault (the Sholl 
Island Fault) beyond which pyroclastic sediments of the 
Late Carboniferous Lyons Group were deposited; 

• a detailed study of fault geometry and syn-rift horizon dip 
direction along the North West Shelf(Scott 1994) concluded 
that the Permian extension was approximately northwest
southeast. 
Other indirect evidence includes the NE-trending, Early 

Permian extensional graben which was tested by the Rob Roy-I 
well on the Yampi Shelf, inboard from the Browse Basin (O'Brien 
unpublished data). 

This evidence, in total , suggests that the Early Permian 
Westralian extension took place on a northwest azimuth (AGSO 
North West Shelf Study Group 1994, Etheridge & O' Brien 1994), 
largely orthogonal to the overall structural grain (i.e. the normal 
fault orientation) of the basins. Examination of the major tectonic 
regimes of the North West Shelf has, however, suggested that 
the rift structures, thinning and subsidence patterns, and result
ing basin distribution, may be offset and segmented by second
order features with a north to north-northwest trend (AGSO 
North West Shelf Study Group 1994). These features were prob
ably largely inherited from old Precambrian to Proterozoic north
northwest-north-northeast trends (O ' Brien 1993 , O'Brien et 
a!. 1993 , Etheridge & O' Brien 1994), as seen in the adjacent 
Pilbara and Kimberley blocks (O' Brien et al. 1996). They may 
represent basement fractures or 'hard links ' which pre-dated 
the mid-Carboniferous-Early Permian extensional processes, 
having acted to strongly segment the developing rifts by creat
ing foci for fault relaying and polarity flips, as has been described 
in the Timor Sea by O'Brien et al. (1996). 

Reactivation history. In the Late Permian or earliest Triassic, a 
major episode of uplift, faulting, and volcanism (the Bedout 
Movement) affected most of the North West Shelf, from the 
Carnarvon to the Browse Basin. This movement is particularly 
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well-developed on the Bedout High in the Roebuck Basin 
(Profile 5) and on the landward flank of the Browse Basin 
(Profile 4). At present, there is no widely accepted explanation 
for this event on the North West Shelf, although it is docu
mented in the basins of eastern Australia (Elliott 1993), and 
appears to be of plate-wide sIgnificance. 

During the Triassic, sag-phase sedimentation continued right 
across the margin, although the greatest thickness was depos
ited in the south (Profile 6). Some minor extension on the flanks 
of the Northern Carnarvon Basin (Profile 6) and in the outer 
Browse Basin (Profile 4) may have occurred at this time, though 
the driving mechanism for this is unknown. 

The key structural event to shape the architecture of the 
Western Australian margin was the Late Triassic Fitzroy Move
ment (Etheridge & O'Brien 1994). The event produced major 
structuring, which is pronounced in all the basins of the North 
West Shelf. Its effects are most obvious in the Arafura Basin, 
where a combination of crustal shortening and uplift induced 
significant (4-5 km) erosion (Profile I). In the Petrel Sub-basin, 
the Fitzroy Movement resulted in the formation of numerous 
anticlines and monoclines over the upper crustal extensional 
blocks, with the flanks of the basin experiencing 1000-1500 m 
of uplift (O'Brien et al. 1993). In this and other areas regional 
uplift associated with the compressional stress was a factor in 
driving the sedimentary facies from fluvio-deltaics to contInen
tal red beds (O'Brien 1993, O'Brien et al. 1996). Its effects in 
the Northern Carnarvon Basin (where it was originally ascribed 
to 'rift onset') were also significant, and probably critical in the 
formation of petroleum traps. Etheridge & O'Brien (1994) pro
posed that the Lewis Trough, the key source-rock depocentre 
in the region, was actually a crustal-scale transpressional syncline 
which formed (over 'necked' or highly thinned crust) as a result 
of crustal shorten'ing associated with the Fitzroy Movement. 
While this interpretation is still considered to be controversial, 
there IS little evidence in the regional deep crustal seismic data 
to support an extensional origin for the Lewis Trough (axial 
Dampier Sub-basin, Profile 6). 

The Late Triassic inversion was particularly important for 
the subsequent accumulation of hydrocarbons. Under inversion, 
rapidly subsiding downwarps developed over areas that had 
been highly thinned during the Westralian extensional event. 
These crustal-scale synclines became preferential depocentres 
for the organic-rich Jurassic source rocks that charged the 
majority of the oil accumulations on the North West Shelf. 
Examples of these crustal-scale downwarps include the Malita 
Graben (Profile 2), the central Browse Basin (Profile 4) and 
inboard part of the Northern Carnarvon Basin (Profile 6), and 
the development of Triassic-Jurassic structural traps in all 
basins except the Roebuck Basin. 

Distribution of Early and Middle Jurassic sediments is far 
more variable than in the older section. On the outer platform 
areas (e.g. the Sahul Platform-Profile 3, outer Browse Basin
Profile 4, and Exmouth Plateau-Profile 6), the section ranges 
from thin to absent, whereas the inboard troughs (particularly 
in the Northern Carnarvon Basin) accumulated major thicknesses 
of sediment. During this time, the Roebuck Basin was a major 
anomaly on the North West Shelf, in that it continued to accu
mulate sediments in a simple sag-phase setting (Profile 5). 

Continental breakup along the margin of the Argo Abyssal 
Plain at 155 Ma (Oxfordian) produced a major clMllge on the 
central and northern North West Shelf. The Triassic-Jurassic 
section of the outer flank of the Roebuck Basin was uplifted and 
several hundred metres of section were removed by erosion 
(Profile 5): From the northern Browse Basin to the northern
most Carnarvon Basin, the Middle Jurassic section IS termi
nated by a widespread erosional unconformity. However, the 
major consequence of the Argo breakup was the massive out
pouring of basalt at the continent-ocean boundary (COB) that 
covers much of the Scott Plateau (Profile 4) and extends Into the 
Browse Basin (Symonds et al. 1996). In contrast, the COB 

adjacent to the Roebuck Basin (Profile 5) is extremely abrupt 
and there is little evidence of volcanism, either from sampling or 
in the seismic data. A further product of Argo breakup are the 
isolated high-standing blocks that characterise both the Exmouth 
and Scott Plateau margins of the Argo Abyssal Plain (e.g. Profile 4, 
outboard end of profile). These blocks contain a thick, well
stratified section beneath a strong, sub-horizontal erosional 
unconformity with a thin veneer of overlying sediments. The 
largest of the blocks, the Wombat Plateau, on the northern mar
gin of the Exmouth Plateau, is known to comprise Triassic sedi
ments beneath the unconformity; however, seismic character 
and dredge hauls suggest that other blocks may have a large 
proportion of volcanics. At present, the origIn of these high
standing blocks is unknown. 

Since the Argo breakup, sedimentation in the Bonaparte, 
Browse, and Roebuck Basins has taken place in a thermal sag 
regime, with environments becoming more marine with time. 
Contemporaneously, in the Northern Carnarvon Basin, sedi
mentation was initially largely restricted to the inshore 
depocentres in the Late Jurassic. In the Early Cretaceous, a 
major delta (the Barrow Group delta) prograded northward 
across the Exmouth Plateau; Profile 6 is situated beyond the 
northern limit of this delta, and the Neocomian section here is 
thin or absent. 

The final margin-breakup episode occurred in the Valanginian 
(131.5 Ma), with Greater India separating from Australia and 
creatIng the Gascoyne and Cuvier Abyssal Plains. As with the 
Jurassic breakup, this event was accompanied by widespread 
volcanism (Symonds et al. 1996), particularly along the north
west margin of the Exmouth Plateau (Profile 6), where the COB 
is overprinted with volcanics in a range of forms, including 
edifices, seaward-dipping wedge~. and extensive lava flows. 

After Valanginian breakup, sedimentation along the North 
West Shelf was generally slow through the remainder of the 
Cretaceous. In the Late Cretaceous, open marine carbonates 
became the dominant sediment type and, from the Palaeogene, 
these have produced prograding shelf-edge wedges, particularly 
in the northern basins. 

The final event affecting the architecture of the North West 
Shelf was the collision of the northern margin of the Australian 
Plate with the EuraSIan Plate, commencing in the Oligocene. 
This event produced extensive transtensional reactivation and, 
ultimately, breach of many charged hydrocarbon traps from about 
5 Ma (Mio-Pliocene), contemporaneously with the develop
ment of the Timor Trough. Mio-Pliocene faulting is more strongly 
expressed in the Timor Sea and Browse Basins than it is in the 
Roebuck and Northern Carnarvon Basins. 

Western margin 
The western margin of the Australian continent is mainly 
underlain by the Perth Basin, a N-S-trending linear trough that 
extends for about 1000 km beneath the coastal region and 
continental margin. The eastern margin of the basin is bounded 
by the Darling Fault, which separates the basin from the Archaean 
Yilgarn Block. The Darling Fault is considered to have been 
down-thrown to the west by as much as 15 km since the early 
Palaeozoic. The basin is bounded offshore by the Neocomian 
oceanic crust of the Perth Abyssal Plain to the west, by the 
Naturaliste Plateau to the south, and by the North West Shelf 
and Wallaby Plateau to the north. Offshore, it includes the inter
fingering Edel, Abrolhos, and Houtman Sub-basins in the north, 
and the Vlamming Sub-basin in the south, while the onshore 
expression includes the Dandaragan and Bunbury Troughs 
(Marshall et al. 1989). 

While the basin shows considerable structural variety, a 
composite profile in the northern half of the basin, comprising 
data from a 1976 Esso Australia survey and AGSO Survey 57 
(Marshall et al. 1989), is considered to provide a typical cross
section of the basin (Profile 7). This line extends west across 
the continental shelf, then southwest to the edge of the Perth 



Abyssal Plain, traversing the western flank of the Edel Sub
basin and the Houtman Sub-basin and an intervening unnamed 
structural ridge. 

The Perth Basin is interpreted to have formed in a highly 
oblique extensional setting; i.e. it is a largely strike-slip to 
transtensional basin. This obliquity between Mesozoic exten
sion and the pre-existing structural grain, together with a poly
phase rifting history, has produced extremely complex 
structuring, which is evident in Profile 7. The structural com
plexity is poorly resolved, owing to high-velocity limestones in 
the near-surface layers. 

Rifting and extension of the inboard Edel Sub-basin com
menced in the Early Permian. The rift sequence is cut by a series 
of eastward-dipping extensional faults with decollement on the 
faults being relatively shallow and at a variety of levels. The 
faults on the western flank of the sub-basin (Profile 7, right end) 
show only minor displacement relative to the faulting further 
east (beyond the end of the profile), suggesting that this margin 
of the sub-basin was formed by strike-slip movement. Subse
quent to the rifting, an aggradational phase is considered to have 
produced sequences oflate Permian to Middle Triassic marine, 
fluvial and alluvial sediments. Total sediment accumulation in 
the Edel Sub-basin was some 6000 m, which is considerably 
less than in the adjacent sub-basins. Together with the 'perched' 
setting of the Edel Sub-basin, this is attributed to a relative lack 
of deep crustal thinning. 

In the Late Permian, a second rifting phase initiated the 
Abrolhos Sub-basin, with the locus of rifting being relocated to 
the west, closer to the suture with Greater India. In the compos
ite Profile 7, the Abrolhos Sub-basin can be seen beneath the 
eastern margin of the Houtman Sub-basin. This rifting produced 
a series of rotated fault blocks that subside increasingly to the 
west. The relatively thin basal syn-rift sequence within the sub
basin was succeeded by a prolonged rift phase, which produced 
a thick sequence of Early Triassic to Early Cretaceous alluvial, 
fluvial, and marine deposits. 

In the third and final phase, rifting again stepped out to the 
west. This took place in the Late Jurassic and Early Cretaceous, 
immediately before continental separation in the Neocomian, 
and is clearly evident in the Houtman Sub-baSin (Profile 7, cen
tral portion). The eastern boundary of the sub-basin, Juxta
posed with the Abrolhos Sub-basin, consists of a major fault 
zone, 10-15 km wide, that has been interpreted as forming by 
strike-slip motion (Marshall & Lee 1988). The western bound
ary is formed by a basement high underlying the lower conti
nental slope. Within the sub-basin, faulting of the thick Jurassic 
section is generally high angle and there is strong evidence for 
wrench motion (Profile 7, western flank of sub-basin). Rifting 
of the Perth Basin culminated in the Neocomian with a pulse of 
thermally induced uplift that produced a major erosional 
unconformity separating the rift and post-rift sections. This 
unconformity is of regional extent, being prominent in the south
ern part of the Northern Carnarvon Basin and also interpreted 
in the Bremer Basin on the southern margin (Profile 8). 

After breakup, decay of the thermal anomaly underlying the 
margin produced differential subsidence and a thin seawards
thickening wedge of predominantly marine sediments beneath 
the outer shelf. These sediments are largely absent from the 
steeper parts of the transform margin continental slope, and the 
region has generally been sediment starved during the Late 
Cretaceous and Cainozoic. 

Southern margin 
The basins of the southern margin are largely the product of a 
protracted episode of Mesozoic extension in eastern 
Gondwanaland, which led to development of the 'Southern Rift 
System' (SRS; Willcox & Stagg 1990, Willcox 1990) and 
ultimately to breakup of the supercontinent into the Australian 
and Antarctic Plates. The SRS, containing the Bremer, Great 
Australian Bight, Duntroon, Otway, and Sorell Basins, extends 
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for more than 4000 km, from Broken Ridge in the far west, to 
the South Tasman Rise (STR) in the southeast, with a major 
splay passing through the Bass Strait region. Compared to north
west Australia, the southern margin is very underexplored, and 
the amount of high-quality seismic transect data is very limited. 
The structure and evolution of the SRS is illustrated here with 
profiles across the Bremer Basin and adjacent continental rise, 
Great Australian Bight Basin, Otway Basin, and South Tasman 
Rise (Profiles 8-11). 

Along the southern margin, Proterozoic and early Palaeozoic 
intracratonic basins underlie parts of the continental shelf and 
possibly extend into deeper water areas. The best known of 
these are the Denman Basin and Polda Trough in the eastern 
Great Australian Bight (GAB; Stagg et al. 1990, 1992). In addi
tion, Palaeozoic features have been interpreted beneath the 
Bremer Basin off Western Australia (Stagg & Willcox 1991), 
Cambrian sediments occur in the St Vincent and Pirie-Torrens 
Basins off South Australia, and Cambro-Ordovician sediments 
of the Kanmantoo Trough extend offshore from Kangaroo Island. 
Further east, the SRS cuts across the Tasman Orogen. Some of 
these older basins are themselves aligned along zones of weak
ness in the Archaean Yilgarn Block, and the Proterozoic Fraser
Albany and Gawler Blocks. In places, these ancient features 
have influenced the geometry of the SRS, by way of changes in 
rift-trend and in influencing the location of accommodation zones 
(Stagg et al. 1990). 

The age of rifting onset on the southern margin is ill-defined, 
owing to a lack of exploration wells that have sampled the pre
rift and early syn-rift sequences. Valuable evidence comes from 
the Eyre Sub-basin in the western GAB, where the Jerboa-I 
exploration well penetrated a basal section, above Precambrian 
basement, consisting of Berriasian to earliest Valanginian flu
vial/lacustrine sediments, in a syn-rift setting (Bein & Taylor 
1981, Stagg et al. 1990, Blevin 1991). The age of the oldest syn
rift sediments in the adjacent grabens (Profiles 8 & 9) is un
known, but is surmised to be Late Jurassic or early Neocomian. 
Consequently, a Late Jurassic age is interpreted for the onset of 
rifting and extension in the SRS. 

The extension history of the SRS is complex and poorly 
understood, with studies of different parts of the rift yielding 
contradictory evidence for the extensional transport direction 
(e.g. Willcox & Stagg 1990; Hill et al. 1995). The azimuth of the 
earliest phase of extension has been determined as NW-SE in 

the western GAB, based largely on the mapping of basement 
tilt-blocks within the Eyre Sub-basin (Willcox & Stagg 1990), 
and NNW-SSE along the western flank of the STR (Exon et al. 
1995). I fthis stress regime operated throughout the SRS during 
rifting, then it might be predicted that the western SRS (as far 
east as the Ceduna Sub-basin) formed mainly under simple or
thogonal extension, whereas the eastern SRS (Otway Basin to 
South Tasman Rise) was largely a left-lateral transtensional sys
tem. In an interpretation of deep-seismic data in the Gippsland 
Basin, Willcox et al. (1992) concluded that formation of the 
basin was compatible with this regional stress regime. In con
trast, Hill et al. (1995), using a combination of techniques and 
data sets (dip analysis of the pre-rift section, balanced cross
sections, thermochronology, potential field data, deep-seismic 
data, and lithospheric modelling of basin subsidence), concluded 
that the NW-SE extensional phase was minor in the Otway 
Basin and that the basin was initiated in response to extension 
directed on a NNE-SSW azimuth, commencing at about 145 Ma, 
in the earliest Cretaceous. While a uniform lithospheric exten
sion direction along the 4000 km length of the SRS is inappro
priate (Hill et al. 1995), these major unresolved differences in 
the interpreted extension azimuth of the southern margin present 
a major impediment to a comprehensive understanding of the 
evolution of the SRS. 

The degree of extension varies widely across the rift (Pro
file 8), from about 20% beneath the upper slope (Eyre Sub
basin and Bremer Basin) to 200-400% (Etheridge et al. 1990) 
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beneath the broad continental rise in the western SRS. In this 
latter region, a thin lower crust lies directly beneath sag-phase 
sediments, while tilt-blocks of brittle upper crust have been 
almost entirely stripped-off along an interpreted detachment at 
the lower/upper crustal interface. That portion of the margin 
has been viewed by Etheridge et al. (1990) as a 'lower plate' 
margin, the conjugate 'upper plate' being preserved on the 
Antarctic margin. The 'perched' Eyre Sub-basin and the deeply 
subsided nature of the basement beneath the continental rise are 
either a direct consequence of the location of crustal detach
ments and consequent variations in crustal thinning or simply 
an offset between thinning in the upper and lower crust. The 
basins of the SRS, which apparently formed by upper crustal 
extension, are in marked contrast with the basins of the North 
West Shelf(Profiles 4-6) in which the thinning is confined largely 
to the lower crust, thereby producing major sag-style sedimen
tary basins. 

The structural setting of the basins preserved on the 
Tasmanian margin and STR is less clear. Willcox & Stagg (1990) 
discussed the possibility of the STR Iymg adjacent to the Otway/ 
Sorell Basins during the syn-rift phase in the Early Cretaceous, 
with rapid movement along the Tasmanian margin not occurring 
until commencement ofthe current episode of fast spreading in 
the Middle Eocene (AI8, 42 Ma). The STR would thus have 
been an integral part of the Antarctic Plate at that time. This 
concept tends to be supported by similarity of the seismic 
sequences in the east Otway and STR Basins. More recently, 
Exon et al. (1996) proposed, from an analysis of seafloor spread
ing anomalies, that only the western portion of the STR has 
moved in this way, the eastern side remaining approximately in 
its present location, being essentially a part of the Tasmanian 
Palaeozoic block. 

A marked change to sag-phase/post-breakup deposition 
appears to have taken place in the early Valanginian through 
much of the GAB. This is indicated by subsidence at a ?breakup
type unconformity that has been dated by a tentative tie to 
lerboa-l. The unconformity is particularly pronounced in the 
Great Australian Bight and Duntroon Basins, where it has 
frequently acted as a decollement on which slippage of thick 
overlying shales has occurred. It also marks an important sur
face in the Bremer Basin that dates the formation of major faulted 
and eroded anticlines (Profile 8). The early Valanginian 
unconformity can be interpreted throughout the highly extended 
continental rise to a basement high that has been interpreted by 
Veevers (1986) as the continent-ocean boundary (COB), and 
which Stagg & Willcox (1992) postulated to be a core complex/ 
serpentinite ridge. South of this ridge, interpreted Neocomian 
sediments overlie a zone of enigmatic crust, which is associated 
with magnetic lineations and has traditionally been regarded as 
seafloor of Cenomanian age (approximately A34, 95+ Ma; Cande 
& Mutter 1982, Veevers & Eittreim 1988). The section in this 
area is broken mto rotated tilt-blocks, which could be due to 
rifting of old ?oceanic lithosphere (Profile 9). The structure and 
mode of emplacement of oceanic crust in such a highly extended 
nfted terrane, such as that south of Australia, are still poorly 
understood. Many of the features observed are common to rifted 
margins elsewhere in the world (for instance, the Scotia Basin of 
eastern Canada; Chian et al. 1995). 

The relationship of the early Valanginian unconformity to 
the zone of enigmatic crust implies that Neocomian or older 
oceanic crust, or very highly extended continental crust, was 
formed beneath the western half of the SRS (southern ends of 
Profiles 8 & 9). Such a zone may have been an easterly project
mg arm of the Perth Abyssal Plain (PAP), with its M-series 
seafloor spreading anomalies (Markl 1974). The latest Geosat 
images clearly define this province of'Neocomian' oceanic crust 
with a fabric that indicates a NW-SE direction of spreading or 
extension, parallel to that in the PAP. The province narrows 
westwards between the Diamantina Zone and the continental 
margin and, apparently, merges into the highly volcanic terrane 

of the Broken RidgelNaturaliste Plateau region. These observa
tions suggest that, while Neocomian spreading was taking place 
in the GAB and PAP, volcanic outpourings were simultaneously 
taking place further west. Further segments of that 'Neocomian' 
seafloor also appear to lie to the east, off the Otway Basin 
margin and along the western margin of Tasmania. It would thus 
seem that a period of slow spreading, which was originally 
believed to have commenced in the Cenomanian (Can de & Mut
ter 1982), may have commenced much earlier, in the Neocomian 
or Late Jurassic, and was active along much of the southern 
margin. 

Thermal subsidence of the margin eventually led to marine 
incursion in the Albian. However, this was short-lived, particu
larly in the central GAB region: in the Ceduna Sub-basin, where 
a major influx of terrigenous sediment in the Cenomanian led to 
regression and the outbuilding of a thick delta-complex in the 
Ceduna Sub-basin (Profile 9). Some marine influence occurs in 
the early Cenomanian in the Eyre Sub-basin and it seems prob
able that marine conditions would have prevailed nearer the axis 
of the rift. 

In the Otway Basin/west Tasmanian region, transpressional 
reactivation along the plate boundaries led to the uplift of basin 
margin fault-blocks early in the mid-Cretaceous (Profile 10, 
outboard end). This was followed by the deposition of shore
line to restricted marine sequences of the Sherbrook Group (e.g. 
1500 m of Belfast Mudstone), probably contemporaneously 
with deposition of the delta in the Ceduna Sub-basin. Similar 
sequences may also be present in the basins on the STR. 

Towards the end of the Cretaceous, major tectonic move
ments took place on the outboard margin of the Australian Plate. 
In the Ceduna Sub-basin, the movement is dated as occurring 
after deposition of a Cenomanian-Maastrichtian delta, which 
was penetrated in Potoroo-I on the basin's periphery. It is 
manifest as: uplift of an outer high by as much as 1500 m 
(Profile 9), followed by deep ?wavebase erosion; associated 
wrench faulting; possible overthrusting in a southerly direction 
at the outer margin high; and the buildup of structural mounds, 
which could be volcanic or possibly cool-water carbonates (Stagg 
et al. 1990). Widespread erosion of the outer Eyre Sub-basin 
and deep erosion of the wrench anticlines in the Bremer Basin 
(Profile 8) also appear to have occurred at this time. This 
tectonism was presumably the result of interaction between the 
Australian and Antarctic Plates, although the plates are gener
ally assumed to have been well separated by this time, at least in 
the GAB. Continued plate interaction along the west Tasma
nian margin might more reasonably be expected and has, indeed, 
been deduced from Late Cretaceous transpressional wrench
type structures in areas such as the Strahan Sub-basin of the 
Sorell Basin (Hinz et al. 1986). The presence of thinned contin
ental or Neocomian oceanic lithosphere between the plates has 
apparently not impeded the transmission of the stresses created 
by interplate kinematics. 

The Tertiary was a penod of sediment starvation in the 
SRS, as seen in all the profiles except for the Otway Basin, 
where up to 2000 m of terrigenous shoreface-shallow marine 
sediment prograded southwestwards in the Palaeogene 
(Profile 10). The continued elevation of the margin is indicated 
by the presence of Middle Eocene shallow deltaic mudstones 
recovered from cores on the lower continental slope off 
Tasmania (N.Exon & E. Truswell pers. comm.) and Late Eocene 
to Oligocene shallow marine detrital sediments, penetrated at 
Deep Sea Drilling Project (DSDP) Site 281 (Kennett et al 1975) 
on the STR. A major change occurred in the Late Oligocene, by 
which time continental crust of the Australian and Antarctic 
Plates was no longer in contact, circum-Antarctic circulation 
had developed, and the supply of terrigenous sediment was 
largely cut off. The Neogene was subsequently a period of 
temperate carbonate-dominated sedimentation. 

The STR consists of a triangular core of Palaeozoic basement, 
flanked by basins containing up to 6 km of sediments. Although 



there is no direct evidence of their age, the seismic sequences in 
these basins are similar in character to those of the Otway Basin 
region and may once have been juxtaposed with it (Willcox et al. 
1989). On the western half of the STR, many of the basins are 
V-shaped in section and separated by elevated 'slivers' ofbase
ment, and contain wrench faults, which extend upward through 
the section as far as the prominent mid-Oligocene unconformity 
(Profile II). These structures suggest strike-slip reactivation in 
the basins until continental plate separation was complete. 

Willcox deduced that 'although tectonic reconstructions show 
the STR in its present location ..... the available seismic data and 
extensional directions for the southern margin as a whole, sug
gest that the STR may have been pan of the Antarctic Plate 
until the Eocene, and from then on became detached along its 
southern and western edges .. ... . (The STR may have moved) 
left-laterally during the ?Late Cretaceous, from a position con
jugate to the Otway Basin.' (Willcox et al. 1989, p22). 

An alternative, though less likely explanation for the origin 
of the STR basins, tS that they are entirely the product of strike
slip plate interaction and were initiated only with the onset of 
fast seafloor spreading as late as the Middle Eocene. A similar 
mechanism was proposed as an origin for the west Tasmanian 
shelf basins, which Moore (in Moore et al. 1992) believed to 
become systematically younger from nonh to south. These, he 
proposed, were solely the result o f continued plate contact 
along the Tasmanian transform margin 

Most recently, Exon et al. (1 997) have postulated that the 
highly structured western block of the STR was the only pan 
that lay between west Tasmania and Antarctica. Additional cen
tral and eastern blocks lay between southern Tasmania to the 
north, the East Tasman Plateau and the Lord Howe Rise to the 
east, and Antarctica to the south and west. In the Late Cretaceous, 
the northwest-orientated strike-slip faulting related to the early 
rifting of Australia and Antarctica, which may have started as 
early as the latest Jurassic, profoundly affected the west Tas
mania margin (Hill et al. 1997), and the western block of the 
South Tasman Rise. The western block, still attached to Antarc
tica, moved about 450 km southeastward relative to Tasmania 
in this period. Faults also developed between Tasmania, the 
central and eastern blocks of the South Tasman Rise, and the 
East Tasman Plateau. In the latest Cretaceous, east-west exten
sion and seafloor spreading between the South Tasman Rise and 
the East Tasman Plateau led to the formation of oceanic crust 
between them. However, the spreading between the South 
Tasman Rise and the East Tasman Plateau ceased at the end of 
the Cretaceous, when the Lord Howe Rise separated from the 
East Tasman Plateau. 

Southeast margin 
The southeast margin of the continent formed under the influ
ence of rifting, breakup, and seafloor spreading that was directed 
NW-SE to N-S in the Southern Rift System and ENE-WSW in 
the Tasman Sea. The sedimentary basins that formed in this 
tectonic regime are geologically complex, particularly at the 
confluence of the two rift systems , in the vicinity of the 
Gippsland Basin. The architecture and evolution of the south
east margin is illustrated here by profiles from the Gippsland 
Basin, Sydney Basin, and Lord Howe Rise (Profiles 12-14). 

The Gippsland Basin , which for 30 years was Australia 's 
major oil-producing province, lies at the eastern end of Bass 
Strait (Profile 12). Sedimentation in the basin began in the Late 
Jurassic in a narrow rift related to incipient breakup along the 
southern margin, and continued through a Late Cretaceous period 
of rifting, associated with the opening of the Tasman Sea, and 
Tertiary post-breakup subsidence. 

In general terms, the basin contains up to 8.5 s TWT (16 krn) 
of sediments in an ESE-trending depocentre, bounded on its 
north and northwestern margins by a detachment ramp, and on 
its southern side by a relatively linear, listric fault system 
(Willcox et al. 1992, Colwell & Willcox 1993). The basin and the 
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adjacent Bass and Otway Basins are thought to have formed 
part of a linked, largely strike-slip to transtensional system, 
which started to extend through Bass Strait, probably during 
the Late Jurassic as the rifting associated with southern margin 
breakup proceeded eastward; (Willcox et al. 1992). The deeper 
part of the basin probably continued to the east, on to what is 
now the Lord Howe Rise, but was split by the Late Cretaceous
Early Eocene opening of the Tasman Basin. 

Traditionally, the sediments in the basin are divided into 
four major units: the non-marine, largely volcanogenic ?Late 
Jurassic-Early Cretaceous Strzelecki Group (generally regarded 
as economic basement), the Late Cretaceous Golden Beach 
Group, the Late Cretaceous-Eocene Latrobe Group (the main 
petroleum producer in the basin); and the overlying, marine, 
Oligocene and younger Seaspray Group. Only the Seaspray 
Group and the upper pan of the Latrobe Group are well known 
from drilling in the basin. 

The geometry of units and the relationship of the eastern 
part of the basin to the adjacent Tasman Basin are illustrated in 
Profile 12, which is a 'strike' section down the axis of the basin, 
extending in an ESE direction away from the Gippsland coast 
and reaching Tasman Basin oceanic crust at its far eastern end. 
The profile shows that the early (southern margin rifting) syn
rift sediments of the ?Late Jurassic-Early Cretaceous Strzelecki 
Group onlap a large, high-standing basement block under the 
outer shelf. Further east, below the continental slope and rise , 
the Strzelecki section appears to change seismic character, con
sistent with a large influx of volcanic flows. These flows onlap 
a broad basement ridge lying adjacent to the continent-ocean 
boundary. 

Following initial rifting and basin fill , a major structuring 
and erosional event took place in the mid Cretaceous. This event 
is shown on the illustrated section by near-vertical faults and 
' flower ' structures extending to the top Strzelecki level, and by 
overthrusting of the Strzelecki Group and the underlying ramp 
surface towards the west. The event appears to correlate with 
the early stages of plate drifting in the central and eastern parts 
of the Great Australian Bight (Willcox & Stagg 1990) and with 
the onset of rifting in the southeastern part of the Bass Basin 
(Boobyalla Sub-basin), and, possibly, along the margins of the 
Tasman Basin . 

The dating of magnetic anomalies in the Tasman Basin shows 
that seafloor spreading adjacent to the Gippsland Basin began 
at about Anomaly 33 time (Shaw 1978), i.e . during the 
Campanian, according to the latest AGSO Timescale. The Late 
Cretaceous section (Golden Beach and lower Latrobe Group) 
are essentially syn-nft deposits to the Tasman Basin rifting. 
Adjustments and reactivation from the mid Cretaceous of sev
eral postulated microplates in the Bass Strait region, largely in 
response to Tasman Basin rifting, may have given rise to the 
wrench-related and compressional structures that form the ma
jor petroleum traps (usually at top Latrobe level) in the 
Gippsland Basin. 

In contrast to Australia's southern margin, (and the largely 
intracratonic Bass Strait basins in particular), much of the south
eastern margin of Australia lacks major sediment accumulations 
above pre-rift basement. The margin is typically steep (up to 
200 slope) and narrow (shelf generally less than 50 km wide). 

The general form of the margin is shown in Profile 13, which 
extends in an ESE direction from the outer shelf offshore 
Wollongong to the floor of the Tasman Basin. The profile shows 
thin ?Cretaceous and younger sediments overlying basement 
(Sydney Basin Permo-Triassic sediments) on the shelf. A mid
slope graben is filled by a series of?Cretaceous syn-rift depos
its, which thicken into a major westerly (landward) dipping 
fault on the eastern side of the graben . Late Cretaceous and 
younger sediments, including slump deposits, blanket the graben 
and extend down the lower continental slope to the Tasman 
Basin (Colwell et al. 1993). Basement beneath the lower conti
nental slope has been shown by dredging to consist of sedimen-
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tary and igneous rocks similar to those of the Palaeozoic Lachlan 
Fold Belt. The Tasman Basin fill probably ranges in age from 
Late Cretaceous to Recent. 

The southeast Australian margin differs markedly from its 
Tasman Basin conjugate; that is, the western side of Lord Howe 
Rise and adjacent Dampier Ridge (DR on Fig. I ) (compare Profiles 
13 & 14). Major rift basin development occurs thoughout the 
Lord Howe Rise !Norfolk Ridge (NR) region, but the syn-rift 
section has not been penetrated by drilling. However, dredging 
has sampled Campanian-Maastrichtian oil-bearing shale from 
the southeastern Norfolk Ridge (Herzer & Masc\e 1996) and 
Cenomanian-Turonian coal measures from the West Norfolk 
Ridge (Zhu & Symonds 1995). The Tasman rift system appears 
to be best preserved beneath western Lord Howe Rise, where it 
consists of a zone, 200 km wide, of northwest-trending horst 
and graben structures, in water depths of I 000-2000 m (Willcox 
et al. 1980; Profile 14). Elsewhere, particularly beneath the east
ern third of the Lord Howe Rise, relatively thin sediments over
lie basement, which is commonly planated. On the western side 
of Lord Howe Rise, individual grabens within the rift zone are 
up to 50 km wide and several tens of kilometres long, and are 
best developed north of Lord Howe Island, where sediment fill 
is up to 4.5 km in places (Roeser & shipboard party 1985). 

The structural differences between the southeast Australia 
and Lord Howe Rise margins can be accounted for eIther by an 
asymmetric rifting model, in which the main rift structures were 
preserved on the Lord Howe Rise flank of the rift (Jongsma & 
Mutter 1978) during the oblique Tasman BasIn openIng, or by a 
detachment model (Lister et al. 1986). In the detachment model, 
the southeast Australia margin is interpreted to be an 'upper 
plate', characterised largely by an absence of major rift struc
tures and by uplift resultIng in passive-margin mountains 
(Australia's Eastern Highlands). These are related to thermal 
buoyancy, caused by rise of the asthenosphere, as well as igne
ous underplating of mantle-derived melts (Etheridge et al. 1987, 
Lister & Etheridge 1989, Lister et al. 1991). The Lord Howe 
Rise forms a 'lower-plate' margin characterised by extensive rift 
development on its western flank. 

Northeast margin 
The continental margin off northeastern Australia extends over 
a distance of about 2000 km between Fraser Island in the south 
and the Gulf of Papua in the north, and covers more than of 
900000 km2

• The margin is underlain by modified continental 
crust formed as a result of Mesozoic fragmentation of a north
eastern extension of the Tasman Fold Belt (Taylor & Falvey 
1977, Mutter & Karner 1980, Symonds et al. 1984, Struckmeyer 
et. al. 1994). This fragmentation produced the present config
uration of large marginal plateaus, such as the Queensland and 
Marion Plateaus, separated and straddled by late Mesozoic to 
Tertiary rift basins (e.g. Townsville, Queensland and Capncorn 
Basins) and, further landward, late Palaeozoic to early Mesozoic 
intracratonic downwarps (Laura, Styx and Maryborough 
Basins). The margin is bounded by oceanic crust of the Tasman 
Basin and Cato 1 rough to the south and southeast, respec
tively, and the Coral St:d Basin to the north and northeast. 

The evolution and architecture of the northeast Australian 
margin are illustrated here with profiles from the Maryborough 
and Capricorn Basins (Profile 15) and the Cato Trough, Marion 
Plateau, Townsville Basin and Queensland Plateau (Profile 16). 

During most of the Palaeozoic to early Mesozoic, the tec
tonic setting of the northeast margin of Australia was that of a 
convergent margin with periods of oblique subduction repre
sented by northwest-trending deformation beds (e.g. Harrington 
& Korsch 1985, Murray et al. 1987). Basement underlying the 
present-day offshore northeastern margin is thus likely to com
prise an amalgamation of Palaeozoic intrusions and lithified sedi
ments. The Maryborough Basin developed in the earliest Triassic 
to Middle Jurassic as an epicratonic downwarp in a foreland 
setting (Hill 1994). Sediments associated with thIs depositional 

phase typically consist of basal fluviatile quartzose sandstones 
grading into finer sediments with thin coal seams near the top of 
the succession. 

In the Jurassic to Early Cretaceous, the overall tectonic setting 
of the margin was still convergent, with the continent-ocean 
boundary lying east of the Lord Howe Rise (e.g. Veevers et al. 
1991, Struckmeyer et al. 1991), which was later detached from 
the AustralIan continent in the Late Cretaceous to Paleocene 
through the opening of the Tasman Sea/Cato Trough by seafloor 
spreading. The northern Australian margin in New Guinea is 
thought to have been a passive margin during the Mesozoic 
with a major extensional episode occurring in the Late Triassic 
to Early Jurassic (Pigram & Davies 1987, Home et al. 1990, 
Struckmeyer et al. 1990, 1993). It is possible that these two 
opposing margin settings-i.e. convergent in the east and passive 
in the north-were connected via a strike-slip fault system along 
the northeastern margin of Australia (Symonds et al. 1984), 
which included possible subsidIary fault systems along the site 
of the present Queensland-Townsville-Capricorn Basin system. 

It is not clear whether extension occurred simultaneously in 
all the basin elements; however, evidence from both the 
TownsvIlle and Maryborough Basins (Struckmeyer et al. 1994, 
Hill 1994) shows that two distinct tectonic events occurred in 
the ?Late Jurassic to Early Cretaceous and the mid to Late 
Cretaceous. The Townsville Basin is likely to have formed In 
the ?Late Jurassic to Early Cretaceous by NW-SE-directed 
oblique extension, resulting in low to high-angle normal faulting 
and block rotation (Profile 16). Major NW!NNW-trending trans
verse structures, which segment the Townsville Basin into 
distInct structural elements, align with lineaments of the onshore 
Tasman Orogen, indicating that extension in the basin was 
accommodated by pre-exIsting, Palaeozoic structures. The 
transtensional tectonism was accompanied by volcanism and 
differential uplift. Neocomian volcanism and rifting in the 
Maryborough Basin was very likely linked to this tectonism 
and led to a second phase of deposition in the basin (Profile 16), 
producing up to 5 km of clastic shallow marine and deltaic 
sequences. In the Townsville Basin, up to 4 km of coarse to 
fine-grained clastics, derived from adjacent and intrabasin base
ment highs, and volcanics was deposited in a variety of environ
ments, ranging from alluvial fans to fluvial and, possibly, 
lacustrine environments in the deeper parts of the basin. The 
Queensland Basin may also have been initiated during this time. 
Similar to the Townsville Basin, its formation was independent 
of the tectonism related to seafloor spreading in the Tasman and 
Coral Sea Basins (Scott 1993, Struckmeyer et al. 1994). 

In the Maryborough Basin, inversion in the mid-Cretaceous 
resulted in folding along NW!NNW axes, normal and reverse 
faulting, and removal of up to several kilometres of section, 
while a mid to Late Cretaceous, NE-SW-directed extensional 
event, which later culminated in breakup and opening of the 
Coral and Tasman Sea Basins, was superimposed on the older 
rift system further outboard, resulting in reactivation and over
printIng of the primary baSIn-forming structures, and uplift and 
differential erosion in the Townsville Basin. It is likely that the 
major basin-forming event in the Capricorn Basin occurred at 
this time, resulting in the deposition of up to 5.7 km of rift 
sediments during the late Cretaceous to Palaeogene. . 

During the Paleocene-Eocene episode of seafloor spreading 
in the Coral Sea Basin, and possibly in the Cato Trough, move
ment on reactivated faults continued and ?subaerial volcanism 
occurred in the eastern Townsville Basin. In the Capricorn Basin, 
a mid-Eocene transpressional event reactivated basement struc
tures and produced minor faulting and folding (Profile 16). In 
post-Middle Eocene time, slow regional subsidence during the 
post-breakup sag-phase of continental margin development 
resulted in shallow marine conditions with carbonate depos
ition on the margInal plateaux. MInor reactivation events occurred 
in the mid-Oligocene to Late Miocene/Early Pliocene, probably 
as a result of collisional tectonism along the northern Australian 



margin. In post- Early Oligocene times, as the water depth over 
the plateaux increased, pelagic ooze, turbidites and slump 
deposits, in pan derived from the flourishing carbonate plat
forms, became the major components of sedimentation in the 
adjacent basins. 

Discussion 
The profiles displayed show significant variations in basin 
architecture around the Australian continental margin. While 
seismic quality and penetration have steadily increased through 
time (data displayed are of early 1970s to early 1990s vintage), 
this alone would not account for the obvious structural varia
tion from region to region. Salient features of the architecture of 
each margin segment are discussed here. 

Interpretation of the northern margin , panicularly the 
Arafura Basin, is hindered by the sparse, relatively low-quality 
data available . The basin comprises an unknown thickness of 
Proterozoic and Palaeozoic section, deposited in an intra-cratonic 
setting which was probably several hundred kilometres wide. 
Except In the Goulburn Graben, structural reactivation is gener
ally mild. The spreading history of any formerly adjacent sea
floor is unknown, other than far to the west in the Argo Abyssal 
Plain region of the Nonh West Shelf. The age of the basin and 
the commensurate quality of the seismic data make it difficult to 
say anything about the basin-forming mechanisms, except that 
the Goulburn Graben appears to have developed within a 
strongly transtensional environment and was invened during 
the Late Triassic 'Fitzroy Movement'. 

The northwestern margin is the most clearly imaged segment 
of the continental margin, by virtue of the large quantity of 
modem, high-quality seismic data that are available. The margin 
is 400-500 km wide and has a polyphase rifting history that 
saw the progressive separation of Sibumasu (?Late 
Carboniferous-Early Permian), 'Argo Land ' (Jurassic), and 
Greater India (Neocomian) from the Australian continent. These 
rifting episodes have also left a strong volcani c imprint on the 
region. Volcanics have been penetrated by drilling 10 the Roebuck 
and Browse Basins and are widely interpreted In ~~Ismic data as 
sills, dykes and lava flows . The more substantial volcanic build
ups are shown on the outer continental margin, and beneath the 
Scott Plateau and Bedout High. 

The continental margin is underlain by the major sedimen
tary basins of the Westralian Superbasin, both on the continen
tal shelf and beneath the adj acent slope; areas of shallow 
crystalline basement beneath the shelf are rare. The location of 
the present-day shelf-slope break is largely controlled by the 
seaward limit of prograding Cainozoic sediments-i.e. the 
morphology of the shelf and slope is largely controlled by sedi
mentatIOn patterns, as opposed to structural origins. While most 
of the Australian continental margin has been starved of sedi
ment dunng the Cainozoic, parts of the North West Shelf accu
mulated up to 3000 m of sediment during this period. 

The Phanerozoic sedimentary section typically has a layer
cake form , and extension in the upper crust is minimal other 
than on the inboard flanks of the basins, where confined rifts 
formed in the Nonhern Carnarvon, Browse, and Bonapane 
Basins. ThiS leads to the conclusion that , In general, the driv ing 
mechanism for basin subsidence on the Nonh West Shelf was 
related to major thinning events in the lower crust; in the lexicon 
of models of passive margin formation, it can probably be con
sidered to be an 'upper plate ' margin. 

The western margin is characterised by structures that reflect 
its formation in a transtensional environment. In particular, this 
is reflected by wrench-style structures and the interfingering 
geometry of the main intra basin elements. While there is only 
one recognised episode of continental fragmentation-the 
separation of Greater India in the Neocomian-multiple phases 
of rifting, dating back to the Permian, are recognised in the inter
pretation of well and seismic data. As with the North West 
Shelf, volcanism is prominent, particularly at the northern 
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(Wallaby Plateau and Zenith Seamount) and southern (Naturaliste 
Plateau) extremities of the basin. 

The wl/thern margin is the longest single segment of the 
margin and, as a consequence of the minor exploration levels 
west of the Otway Basin, is probably the most poorly under
stood. The age of onset of rifting is inferred to be in the Jurassic; 
however, th; azimuth of exten;ion is open to conjecture, with 
interpretations ranging from NW-SE (Willcox & Stagg 1990) to 
NNE-SSW (e.g. Hill et a!. (995). The width of the preserved 
rift ranges from about 350 km in the normally extended crust in 
the we~, to no more than 100 km on the strike-slip margin west 
of Tasmania. 

There are a number of important structural differences 
between the southern margin and the other major Australian 
extensional passive margin, the Nonh West Shelf; these con
trasts can be summarised as follows : 
• The southern margin is interpreted to have formed largely 

through extension of the upper crust. The rotation of crustal 
fault blocks increases oceanwards, such that, beneath the 
continental rise , the blocks have .been rotated through as 
much as 90· and may, in places, have been entirely stripped 
off the lower crust. In the terminology of passive margin 
formation , the southern margin can be considered to be a 
'lower plate' margin. 

• On the southern margin, the head of the primary detach
ment fault that is interpreted as underlying the highly extended 
deepwater part of the margin is located at or close to the 
shelf break; i.e. the shelf break is largely structurally con
trolled, whereas on the North West Shelf, the shelfbreak is 
largely the expression of sedimentation geometry. 

• Most of the continental shelf on the southern margin is 
underlain by shallow crystalline basement, whereas on the 
North West Shelf it is generally underlain by thick sedimen
tary basins. 

• While volcanic rocks are present on the southern margin, 
particularly at the eastern and western ends of the rift, they 
generally appear to be more limited in extent and volume 
than on the North West Shelf. 

• The major marginal plateau on the southern margin (the 
Ceduna Plateau) is fundamentally the product of massive 
localised sedimentation during the Late Cretaceous. In con
trast, the marginal plateaux of the Nonh West Shelf are 
largely structural remnants of the rifting process. 

• There is a general absence of un breached rifts on the south
ern margin, with their attendant restricted environments of 
deposition, which may account (together with a very low 
density of exploration) for the relative lack of exploration 
success, compared to the North West Shelf. 

These major contrasts between the northwestern and south
ern margins suggest that they represent two end-members of a 
family of models describing passive margin formation . Whether 
these are end-members of asymmetric detachment models is 
open to conjecture. However, it appears obvious that further 
comparative studies of the margin, particularly at the crustal 
scale, have considerable potential to refine our understanding of 
passive margin development. 

Understanding of the architecture and evolution of the eastern 
margin of the Australian continent, from the east coast ofTas
mania to the Gulf of Papua, is generally poor in comparison to 
the nonhwestern and southern margins. This is panly due to 
the perceived low hydrocarbon prospectivity of much of the 
margin, other than the Gippsland Basin, and also political con
straints on activity that could be construed as exploration
oriented in northeastern waters, in the general region off the 
Barrier Reef Marine Park. Both these factors have resulted in a 
general dearth of high-quality seismic data (particularly at the 
crustal scale) and the near-absence of drilling information, other 
than in the Gippsland Basin. However, offsetting these prob
lems are the potential positive factors of having formerly con
jugate margins in relative proximity (the southeast margin and 
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Lord Howe Rise), and the fact that the eastern margin is the 
youngest of Australia's passive margins and, therefore, poten
tially, the least affected by post-breakup reactivation. 

Variations in the architecture of the eastern margin along Its 
length are pronounced. In the Tasman Basin, the Australian 
margin is generally very narrow, and much of the pre-breakup 
rift section is only preserved beneath Lord Howe Rise. How
ever, even beneath Lord Howe Rise, basin development is quite 
limited and it appears that margin breakup was not preceded by 
extensive basin development, such as occurred on the north
western and southern margins. While the Gippsland Basin is an 
obvious exception to this observation, It should be noted that 
this basin is very restricted in area and probably formed, at least 
in part, as the result of development of the southern margin. 

In contrast, the margins adjacent to the Coral Sea Basin are 
broad and have seen the development of the major marginal 
Queensland and Marion Plateaux. These plateaux are distinct 
from those on the North West Shelf (structurally controlled, 
with a thick sedimentary section) and the southern margin (largely 
controlled by sediment distribution) in that they are structur
ally controlled, but consist largely of shallow pre-rift basement. 
This segment of the margin does contain restricted rifts, as for 
example in the Townsville Basin and Queensland Trough, but 
these contain sedimentary sections that are relatively thin when 
compared to those encountered on the North West Shelf. 

References 
AGSO North West Shelf Study Group, 1994. Deep reflections 

on the North W~st Shelf: changing perceptions of basin 
formation. In: Purcell, P.G. & Purcell, R.R. (editors), The 
sedimentary basins of Western Australia. Proceedings of 
Petroleum Exploration Society of Australia Symposium, 
Perth, 1994, 63~ 76. 

Andrews, J.E. et aI., 1975. Initial Reports of the Deep Sea 
Drilling Project, vol. 30, US Government Printing Office, 
Washington, D.C. 

Baumgartnt:r, PO. & Marcoux, J.P., 1989. Mesozoic facies evo
lution of northwest Australian margin (ODP Legs 122~ 123): 
does it document Indo-Australian breakup or Neotethys 

. history? American Association of Petroleum Geologists 
Bulletin, 73, 332. 

Bein, J. & Taylor, M.L., 1981. The Eyre Sub-basin: recent 
e~ploration results. APEA Journal, 21, 9 I ~98. 

Bentley, J., 1988. The Candace Terrace-a geological perspec
tive. In: Purcell, P.G. & Purcell, R.R. (editors), The North 
West Shelf Australia. Proceedings of Petroleum Exploration 
Society Australia Symposium, Perth, 1988, 157~ 171. 

Blevin, J.E., 1991. Geological cross-sections of the Eyre, 
Denman, and Ceduna Basins. Bureau of Mineral Resources, 
Australia, Record 1991113. 

Bradshaw, J., Nicoll, R.S. & Bradshaw, M., 1990. The Cambrian 
to Permo-Triassic Arafura Basin, northern Australia. APEA 
Journal, 30(1), 107~127. 

Braun, J., McQueen, H. & Etheridge, M.A., 1991. A fresh look 
at the Late Palaeozoic tectonic history of western-central 
Australia. Exploration Geophysics, 22, 49~54. 

BMR, 1988. Australia's petroleum potential. In: Petroleum in 
Australia-the first century. Australian Petroleum 
Exploration Association Limited, Sydney, 48~90. 

Burger, D., 1990. Australian Phanerozoic Timescales: 8. Jurassic 
Biostratigraphic Charts and Explanatory Notes. Bureau of 
Mineral Resources, Australia, Record 19:>:9/38. 

Cande, S.c. & Mutter, J .c., 1982. A revised Identification of the 
oldest seafloor spreading anomalies between Australia and 
Antarctica. Earth and Planetary Science Letters, 58, 151 ~ 
60. 

Chian, D., Keen, C., Reid, I. & Louden, K.E., 1995. Evolution 
of nonvolcanic rifted margins: new results from the con
jugate margins of the Labrador Sea. Geology, 23(7), 589~ 
592. 

Colwell, J.B. & Stagg, H.MJ., 1994. Structure of the offshore 
Canning Basin: first impressions from a new regional deep
seismic data set. In: Purcell, P.G. & Purcell, R.R. (editors), 
The sedimentary basins of Western Australia. Proceedings 
of Petroleum Exploration Society of Australia Symposium, 
Perth, 1994, 757~767. 

Colwell, J.B. & Willcox, J.B., 1993. Regional structure of the 
Gippsland Basin: interpretation and mapping of a deep 
seismic data set. Australian Geological Survey Organisation, 
Record 1993113. 

Colwell, J.B., Coffin, M.P. & Spencer, R.A., 1993. Structure of 
the southern New South Wales continental margin, south
eastern Australia. BMR Journal of Australian Geology & 
Geophysics, 13, 333~343. 

Elliott, L.G., 1993. Post-Carboniferous tectonic evolution of 
eastern Australia. APEA Journal, 33( I), 215~236. 

Elliott, C.I., Liu, S., Willcox, J.B. & Petkovic, P., 1996. North 
West Shelf Project: a lineament tectonic study of the 
architecture of northwestern Australia. Australian Geological 
Survey Organisation, Record 1996/50,35 pp., 35 plates. 

Etheridge, M.A., Branson, J.c. & Stuart-Smith, P.G., 1987. The 
Bass, Gippsland and Otway Basins, southeast Australia: a 
breached rift system formed by continental extension. In: 
Beaumont, C. & Tankard, A.J. (editors), Sedimentary basins 
and basin-forming mechanisms. Canadian Society of 
Petroleum Geologists, Memoir 12, 147~162. 

Etheridge, M.A. & O'Brien, G. w., 1994. Structural and tectonic 
evolution of the Western Australian margin basin system. 
PESA Journal, 22, 45~63. 

EtherIdge, M.A., Symonds, P.A. & Lister, G.S., 1990. 
Application of detachment models to reconstruction of con
jugate passive margins. In: Tankard, A.J. & Balkwill, H.R. 
(editors), Extensional tectolllcs and stratigraphy of the North 
Atlantic margins. American Association of Petroleum 
Geologists, Memoir 46, 23--40. 

Exon, N.F., Hill, PJ. & Royer, J-Y., 1995. New maps of crust 
off Tasmania expand research possibilities. Eos, American 
Geophysical Union TransactIOns, 76(20), 20 I, 206~207. 

Exon, N.F., Royer, J-Y. & Hill, PJ., 1996. Tasmante cruise: 
swath-mapping and underway geophysics south and west 
of Tasmania. Marine Geophysical Researches, 18, 275~287. 

Exon N.F., Moore A.M.G. & HIlI PJ. 1997. Geological frame
work of the South Tasman Rise, south of Tasmania, and its 
sedimentary basins. Australian Journal of Earth Sciences, 
44(5). 

Falvey, D.A. & Mutter, J.C., In I Regional plate tectonics and 
the evolution of Australia's passive continental margins. 
BMR Journal of Australian Geology and Geophysics, 6, I ~ 
29. 

Falvey, D.A., Symonds, P.A., Colwell, J.B., Willcox, J.B., 
Marshall, J.F., Williamson, P.E. & Stagg, H.MJ., 1990. 
Australia's deepwater frontier petroleum basins and play 
types. APEA Journal, 30(1), 239~262. 

Forman, D.J. & Wales, D.W. (compilers), 1981. Geological 
evolution of the Canning Basin. Bureau of Mineral 
Resources, Australia, Bulletin 2 I 5 pp. 

Foster, C.B., Bradshaw, J., Moss, G. & Wyatt, B., 1996. 
Australian Phanerozoic Biozones. Australian Geological 
Survey Organisation, Canberra. 

Fullerton, L.G., Sager, w.w. & Handschumacher, D.W., 1989. 
Late Jurassic-Early Cretaceous evolution of the Eastern 
Indian Ocean adjacent to Northwest Australia. Journal of 
Geophysical Research, 94, 2937-53. 

Gaina, C., MUller, R.D., Royer, J-Y., Stock, J., Hardebeck, J. & 
Symonds, P., 1996. The tectonic history of the Tasman Sea: 
a puzzle with thirteen pieces. Journal of Geophysical 
Research, 103, 12413-33. 

Gaina, C., MUller, R.D., Royer, J-Y. & Symonds P., in press. 
The evolution of the Louisiade triple junction. Journal of 
Geophysical Research. 



Gradstein, F.M. et aI., 1990. Proceedings of the Ocean Drilling 
Program, Initial Reports, 123, College Station, Texas (Ocean 
Drilling Program). 

Harrington, HJ. & Korsch, RJ., 1985. Tectonic model for the 
Devonian to middle Pennian of the New England Orogen. 
Australian Journal of Earth Sciences, 32, 163-179. 

Hayes, D.E. & Ringis, J., 1973. Seafloor spreading in the Tasman 
Sea. Nature, 243, 454-58. 

Herzer, R.H. & Mascle, J., 1996. Anatomy of a continent
backarc transform-the Vening-Meinesz Fracture Zone 
northwest of New Zealand. Marine Geophysical Researches, 
18,401-27. 

Hill, P.J., 1994. Geology and geophysics of the offshore 
Maryborough, Capricorn and northern Tasman Basins: 
results of AGSO Survey 91. Australian Geological Survey 
Organisation, Record 199411. 

Hill, K.A., Finlayson, D.M., Hill, K.e. & Cooper, G.T., 1995. 
Mesozoic tectonics of the Otway Basin region: the legacy 
of Gondwana and the active Pacific margin-a review and 
ongoing research. APEA Journal, 35( 1),467-493. 

Hill P.J., Meixner A., Moore AM.G. & Exon N.F. 1997. Struc
ture and development of the west Tasmanian offshore sedi
mentary basins: results of recent marine and aeromagnetic 
surveys. Australian Journal of Earth Sciences, 44, 579-596. 

Hinz, K., Willcox, J.B., Whiticar, M., Kudrass, H.R., Exon, 
N.F. & Feary, D.A., 1986. The west Tasmanian margin: an 
underrated petroleum province? In: Glenie, R.C. (editor), 
Second Southeastern Australia Oil Exploration Symposium, 
Petroleum Exploration Society of Australia, 395-410. 

Home, P.C, Dalton, D.G. & Brannan, J., 1990. Geological 
evolutIOn of the western Papuan Basin. In: Cannan, GJ. & 
Cannan, Z. (editors), Petroleum exploration in Papua New 
Guinea. Proceedings of First PNG Petroleum Convention, 
Port Moresby, 12-14th February 1990, 107-117. 

Horstmann, E.L., 1984. Evidence for post-Pennian epeirogenic 
uplift in the Canning Basin from vitrinite reflectance data. 
In: Purcell, P.G. (editor), The Canning Basin, w.A. Proceed
ings of Geological Society of AustralialPetroleum Explor
ation Society of Australia Canning Basin Symposium, Perth, 
1984,401-409. 

Jackson, M.J., Powell, T.G., Summons, RE. & Sweet, I.P., 1986. 
Hydrocarbon shows and petroleum source rocks in sediments 
as old as I.7 x 109 years. Nature, 322, 727-729. 

Jongsma, D. & Mutter, J.e., 1978. Non-axial breaching ofa rift 
valley: evidence from the Lord Howe Rise and the South
eastern Australian margin. Earth and Planetary Science 
Letters, 39, 226-34. 

Kennett, J.P. et aI., 1975. Initital Reports of the Deep Sea Drill
ing Project, vol. 29. U.S. Government Printing Office, Wash
ington,D.e. 

Larson, RL., 1975. Late Jurassic seafloor spreading in the East
ern Indian Ocean. Geology, 3, 69-71. 

Larson, RL., 1977. Early Cretaceous breakup of Gondwanaland 
off Western Australia. Geology, 5, 57-70. 

Lee, R.J. & Gunn, P.J., 1988. The Bonaparte Basin. In: Petro
leum in Australia-the first century. Australian Petroleum 
Exploration Association Limited, Sydney, 252-269. 

Lister, G.S. & Etheridge, M.A., 1989. Detachment model for 
the uplift and volcanism of the Eastern Highlands. In: 
Johnson, R.W. (editor), Intraplate volcanism in eastern 
Australia and New Zealand. Cambridge University Press, 
New York, 297-312. 

Lister, G.S., Etheridge, M.A & Symonds, P.A., 1986. Detach
ment faulting and the evolution of passive continental mar
gins. Geology, 14,246-50. 

Lister, G.S., Etheridge, M.A & Symonds, P.A., 1991. Detach
ment models for the formation of passive continental 
margms. Tectonics, 10, 1038-1064. 

Lubatis, V., Moore, A. & Bradshaw, J., 1992. Petroleum 
prospectivity evaluation-Arafura Basin. Australian Geo-

THE AUSTRALIAN CONTINENTAL MARGIN 31 

logical Survey Organisation, Record 1992/84. 
Ludden, J.N. & Dionne, B., 1992. The geochemistry of oceanic 

crust at the onset of rifting in the Indian Ocean. In: Gradstein, 
F.M. et aI., Proceedings of the Ocean Drilling Program, 
Scientific Results, 123: College Station, Texas (Ocean Drill
ing Program), 791-799. 

Malcolm, RJ., Pott, M.e., & Delfos, E., 1991. A new tectono
stratigraphic synthesis of the north west Cape area. APEA 
Journal 31, 154-176. 

Markl, R.G., 1974. Evidence for the breakup of eastern 
Gondwanaland by the Early Cretaceous. Nature, 251, 196-
200. 

Markl, R.G., 1978. Further evidence for the Early Cretaceous 
breakup of Gondwanaland off southwestern Australia. 
Marine Geology, 26,41-48. 

Marshall, J.F. & Lee, e.S., 1988. North Perth Basin Workshop. 
Bureau of Mineral Resources, Australia, Record 1988/35. 

Marshall, J.F., Lee, e.S., Ramsay, D.C., O'Brien, G.W. & 
Moore, A.M.G., 1989. Offshore North Perth Basin. Bureau 
of Mineral Resources, Australia, Continental Margins Pro
gram Folio 3. 

Mihut, D. & MUlier, RD., 1998. Revised seafloor spreading 
history of the Argo Abyssal Plain. In: P.G. & R.R. Purcell 
(editors) The sedimentary basins of Western Australia 2: 
Proceedings of Petroleum Exploration Society of Australia 
Symposium, Perth, 1998, 73-80. 

Mihut, D. & MUlier, R.D., in press. Volcanic margin fonnation 
and Mesozoic rift propagators in the Cuvler Abyssal Plain 
off Western Australia. Journal of Geophysical Research. 

Moore, A.M.G., Willcox, J.B., Exon, N.F. & O'Brien, G.w., 
1992. Continental shelf basins on the west Tasmanian mar
gin. APEA Journal, 32( 1),231-250. 

MUlier, R.D., Mihut, D. & Baldwin, S., 1998. A new kinematic 
model for the fonnation and evolution of the west and north
west Australian margin. In: P.G. & R.R. Purcell (Eds) The 
sedimentary basins of Western Australia 2: Proceedings of 
Petroleum Exploration Society of Australia Symposium, 
Perth, 1998, 55-72. 

Murray, e.G., Fergusson, e.L., Flood, P.G., Whitaker, w.G. & 
Korsch, R.J. 1987. Plate tectonic model for the Carbonifer
ous evolution of the New England Fold Belt. Australian 
Journal of Earth Sciences, 34, 213-236. 

Mutter, J.C & Kamer, G.D., 1980. The continental margin off 
. northeast Australia. In: Henderson, R.A. & Stephenson, PJ. 

(editors), The geology and geophysics of northeast Australia. 
Geological Society of Australia, Queensland Division, Bris
bane, 47-69. 

O'Brien, G.w., 1993. Some ideas on the rifting history of the 
Timor Sea from the integration of deep crustal seismic and 
other data. PESA Journal, 21, 95-113. 

O'Brien, G.w., Etheridge, M.A., Needham, D.J., Pridmore, D., 
Nonnan, e. & Cowan, 0.,1992. Vulcan Sub-Basin, Timor 
Sea: An integrated structural study of image processed 
aeromagnetic and selected seismic data. Bureau of Mineral 
Resources, Australia, Continental Margins Program Folio 6, 
134 pp. 

O'Brien, G.w., Etheridge, M.A., Willcox, J.B., Morse, M., 
Symonds, P., Nonnan, e. & Needham, 0.1., 1993. The struc
tural architecture of the Timor Sea, north-western Australia: 
implications for basin development and hydrocarbon explor
ation. APEA Journal, 33( I), 258-278. 

O'Brien, G.w., Higgins, R., Symonds, P., Quaife, P., Colwell, J. 
& Blevin, J., 1996. Basement control on the development of 
extensional systems in Australia's Timor Sea: an example of 
hybrid hard linked/soft linked faulting? APPEA Journal, 
36(1),161-200. 

Pigram, C.J. & Davies, H.L. 1987. Terranes and the accretion 
history of the New Guinea Orogen. BMR Journal of 
Australian Geology & Geophysics, 10, 193-211. 

Roeser, H. & shipboard party, 1985. Geophysical, geological 



32 H.MJ. STAGG ET AL. 

and geochemical studies on Lord Howe Rise. Bundesanstalt 
fur Geowissenschaften und Rohstoffe Report, Cruise S036 
(I). 

Scott, D.L. 1993. Architecture of the Queensland Trough: impli
cations for the structure and tectonics of the northeastern 
Australian margin. AGSO Journal of Australian Geology & 
Geophysics, 14, 21-34. 

Scott, D. L., 1994. Oblique lithospheric extension: a compara
tive analysis of the East African Rift System and some 
Australian margins. Ph .D. thesis , Australian National 
University, 186 pp. 

Shaw, R.D., 1978. Sea floor spread 109 10 the Tasman Sea: a Lord 
Howe Rise-eastern Australian reconstruction. Bulletin of 
the Australian Society of Exploration Geophysicists, 9(3), 
75-81. 

Shaw, R.D., 1979. On the evolution of the Tasman Sea and 
adjacent continental margins. Ph.D. thesis, University of 
Sydney. 

Stagg, H.M.J. & Colwell, J.B., 1994. The structural founda
tIOns of the northern Carnarvon Basin. In: Purcell, P.G. & 
Purcell, R.R. (editors), The sedimentary basins of Western 
Australia. Proceedings of Petroleum Exploration Society of 
Australia Symposium, Perth, 1994, 349-364. 

Stagg, H.M.J. & Willcox, J.B., 1991 . Structure and hydrocarbon 
potential of the Bremer Basin, southwest Australia. BMR 
Journal of Australian Geology & Geophysics, 12,327-337. 

Stagg, H.M.J. & Willcox, J.B., 1992. A case for Australia
Antarctica separation in the Neocomian (ca. 125 Ma). 
Tectonophysics, 210, 21-32. 

Stagg, H.M.J., Cockshell, C.D., Willcox, 1.B., Hill, A., Needham, 
D.J.L., Thomas, B., O'Brien, G.w. & Hough, P., 1990. Basins 
of the Great Australian Bight region : geology and petroleum 
potential. Bureau of Mineral Resources, Australia, Contin
ental Margins Program Folio 5. 

Stagg, RMJ. , Willcox, J.B. & Needham, D.J.L., 1992. The 
Polda Basin-a seismic interpretation of a Proterozoic
Meszoic rift in the Great Australian Bight. BMR Journal of 
Australian Geology & Geophysics, 13, 1-13. 

Struckmeyer, H.LM., Yeung, M. & Bradshaw, M.T., 1990. 
Mesozoic palaeogeography of the northern margin of the 
Australian plate and its implications for hydrocarbon 
exploration. In: Carman, G.J. & Carman, Z. (editors), Petro
leum exploration in Papua New Guinea. First PNG Petro
leum Convention, Port Moresby, 12-14th February 1990, 
Proceedings, 13 7-152. 

Struckmeyer, H.LM., Bradshaw, M., Walley, A.M. & Yeung, 
M., 1991. Mesozoic to Cainozoic evolution of the Austral
ian plate margin-an overview. BMR-APIRA Phanerozoic 
history of Australia project notes (unpub.). 

Struckmeyer, H.LM., Yeung, M. & Pigram, C.J ., 1993. Mesozoic 
to Cainozoic plate tectonic and palaeogeographic evolution 
of the New Guinea region. In: Carman, G.J. & Carman, Z. 
(editors), Petroleum exploration and development in Papua 
New Guinea. Second PNG Petroleum Convention, Port 
Moresby, 31st May-2nd June 1993, Proceedings, 261-290. 

Struekmeyer, H.I.M., Symonds, P.A., Fellows, M.E. & Scott, 
D.L., 1994. Structural and stratigraphic evolution of the 
Townsville Basin, Townsville Trough, offshore northeast
ern Australia. Australian Geological Survey Organisation, 
Record 1994/50. 

Symonds, P.A. & Willcox, J.B., 1989. Australia 's petroleum 
potential in areas beyond an Exclusive Economic Zone. BMR 
Journal of Australian Geology & Geophysics, 11, 11-36. 

Symonds, P.A., Fritsch, J. & Schluter, H.U. 1984. Continental 
margin around the western Coral Sea Basin: structural 
elements, seismic sequences, and petroleum geological 
aspects. In: Watson, S.T. (editor), 3rd Circum-Pacific Energy 
and Mineral Resources Conference, Hawaii, Transactions, 
American Association of Petroleum Geologists, Tulsa, 243-
252. 

Symonds. P.A., Collins, C.D.N. & Bradshaw, J., 1994. Deep 
structure of the Browse Basin: implications for basin devel
opment and petroleum exploration. In : Purcell, P.G. & Purcell, 
R.R. (editors), The sedimentary basins of Western AustralIa. 
Proceedings of Petroleum Exploration Society of Australia 
Symposium, Perth, 1994,315-331. 

Symonds, P.A., Planke, S., Colwell, 1.B. & Crawford,A.J., 1996. 
Volcanic evolution of the Western Australian continental 
margin. Geological Society of Australia, Abstracts, 41,431. 

Taylor, L.W.H. & Falvey, D.A. , 1977. Queensland Plateau and 
Coral Sea Basin: stratigraphy, structure and tectonics. APEA 
Journal, 17, 13-29. 

Veevers, J.1. , 1984. Phanerozoic Earth history of Australia. 
Clarendon, Oxford, 418 pp. 

Veevers, 1.J., 1986. Breakup of Australia and Antarctica estim
ated as mid-Cretaceous (95 ± 5 Ma) from magnetic and 
seismic data at the continental margin. Earth and Planetary 
Science Letters, 77, 91-99. 

Veevers, 1.1. & Eittreim, S.L., 1988. Reconstruction of Au<;tralia 
and Antarctica at breakup (95 ± 5 Ma) from magnetIc and 
seismic data at the continental margin. AustralIan Journal of 
Earth Sciences, 35, 355-362. 

Veevers, J.J. & Li, Z.X., 1991. Review of seafloor spreading 
around AustralIa. II. Marine magnetic anomaly modelling. 
Australian Journal of Earth Sciences, 38, 391-408. 

Veevers, J.J . & Roberts, J., 1968. Upper Palaeozoic rocks, 
Bonaparte Gulf Basin of northwestern Australia. Bureau 
Mineral Resources, Australia, Bulletin 97. 

Veevers, J.J., Tayton, J.w., Johnson, B.D. & Hansen, L., 1985. 
Magnetic expression of the continent-ocean boundary 
between the western margin of Australia and the eastern 
Indian Ocean. 10urnal of Geophysics, 56, 106-20. 

Veevers, 1.J., Powell, C.McA. & Roots, S.R., 1991. Review of 
seafloor spreading around Australia. I. Synthesis of the 
patterns of spreading. Australian Journal of Earth Sciences, 
38, 373- 389. 

Weissel, 1.K. & Hayes, D.E., 1972. Magnetic anomalies in the 
southeast Indian Ocean, Antarctic Oceanology II, The 
Australian-New Zealand Sector. Antarctic Research Series, 
American Geophysical Union, 19, 165-96. 

Weissel, 1.K. & Hayes, D.E., 1977. Evolution of the Tasman 
Sea reappraised. Earth and Planetary Science Letters, 36, 
77-84. 

Willcox, 1.B., 1981. Petroleum prospectivity of Australian mar
ginal plateaus. In: Halbouty, M. (editor), Energy resources 
of the Pacific region. American Association of Petroleum 
Geologl ~ts Studies in Geology, 12, 245-72. 

Willeo\. J B., 1990. Gravity trends as an expression of 
lithospheric extension on the southern margin of Australia. 
Australian Journal of Earth Sciences, 37, 85-91. 

Willcox, 1.8. & SIJgg. H.MJ. , 1990. Australia's southern margin: 
a product of oblique extension. Tectonophysics, 173, 269-
281. 

Willcox, J.B., Symonds, P.A., Hinz, K. & Bennett, D., 1980. 
Lord Howe Rise, Tasman Sea-preliminary geophysical 
results and petroleum prospects. BMR Journal of Australian 
Geology & Geophysics, 5, 225-36. 

Willcox, 1.B., Baillie, P., Exon, N., Lee, C.S. & Thomas, 8., 
1989. The geology of western Tasmania and its continental 
margin - with particular reference to petroleum potential. 
Bureau of Mineral Resources, Australia, Record 1989/13 . 

Willcox, J.B., Colwell, J.B. & Constantine, A.E., 1992. New 
ideas on Gippsland Basin regional tectonics. In: Energy, 
Economics and Environment Gippsland Basin Symposium, 
Joint PESAI AusIMM symposium, 22-23 June, 1992, 
Melbourne, Australasian Institute of Mining and Metal
lurgy, 93-11 O. 

Williamson, P.E., Swift, M.G., Kravis, S.P., Falvey, D.A. & 
Brassil, F., 1990. Permo-Carboniferous rifting of the 
Exmouth Plateau region (Australia) : an intermediate plate 



model. In: Pi net, B. & Bois, C. (editors), The potential of 
deep seismic profiling for hydrocarbon exploration. Edi
tions Technip, Paris, 237-248. 

Yeates, AN., Bradshaw, M.T., Dickins, J.M., Brakel, AT., Exon, 
N.F., Langford, R.P., Mulholland, S.M., Totterdell, J.M. & 
Yeung, M., 1987. The Westralian Superbasin: an Australian 
link with Tethys. In: McKenzie, K.G. (editor), Shallow 
Tethys 2: International Symposium on Shallow Tethys 2, 
Wagga Wagga, Proceedings, 199-213. 

THE AUSTRALIAN CONTINENTAL MARGIN 33 

Young, G. & Claoue-Long, J., 1991. Age control on sedimentary 
sequences. BMR Research Newsletter, 15, 14-16. 

Zhu, H. & Symonds, P.A, 1995. Seismic interpretation, gravity 
modeling and petroleum potential of the southern Lord Howe 
Rise region. In: 1994 New Zealand Petroleum Conference 
Proceedings, Ministry of Commerce, Wellington, 223-230. 





AGSO Journal of Australian Geology & GeophysIcs, 17(516), 35-42 o Commonwealth of Australia 1999 

Where is Australia's petroleum and how long will it last? 
Paul E. Williamson, David 1. Fonnan, Stephen Ie Poidevin, Roger E. Summons & Tony E. Stephenson I 

Australia has progressed from a continent considered to have little 
potential for petroleum resources in 1950 to a middle-order oil 
and gas producer on a worldwide scale in the late 1990s. The 
Petroleum Search Subsidy Act (1957) encouraged exploration that 
resulted in discoveries in the Gippsland, Carnarvon, Amadeus, Coo
per, Bowen and Surat Basins. Together with the Bonaparte and 
Eromanga Basins, these basins are now Australia 's main petroleum 
producing regions. Subsequently, the Petroleum (Submerged Lands) 
Act (1967) and various State Acts were passed to manage explora
tion and production. In Australia, about 7750 million barrels of 
crude oil and condensate (1230 gigalitres) and 96 trillion cubic feet 
of gas (2720 billion cubic metres) had been identified to the end of 
1996. The Bureau of Resource Sciences (BRS) assessed that be
tween 1320 million barrels (95% probability) and 3440 million 
barrels (5%) of crude oil remain to be discovered, and between 
18 trillion cubic feet (95% probability) and 58 trillion cubic feet 

Introduction 
In the first part of this century Australia was widely considered 
to be unprospective for petroleum. This perception changed 
after the initial discovery and recovery of oil at Rough Range in 
1953. The discovery encouraged the Commonwealth to enact 
the Petroleum Search Subsidy Act in 1957, specifically to stimu
late further petroleum exploration and, ultimately, development 
in Australia. The Petroleum Search Subsidy Act related to all of 
Australia with financial incentives provided for the drilling of 
some wells, as well as geophysical surveys. Petroleum explor
ation data were made publicly available to assist and encourage 
further exploration. 

Initial discoveries of petroleum were made in a number of 
Australia's sedimentary basins under the Petroleum Search 
Subsidy Act (1957), with significant accumulations found in the 
Gippsland, Carnarvon, Amadeus, Cooper, Bowen, and Surat 
Basins. These, together with the Eromanga and Bonaparte 
Basins, where discoveries were made after 1974, are now 
Australia's main producers of oil and gas. In 1967, the Petroleum 
(Submerged Lands) Act came into place, covering Commonwealth 
interests in offshore petroleum exploration and development out
side the 3-mile Territorial Sea. The various State Acts manage 
petroleum exploration and development onshore and in State 
waters. During the 1970s, the discoveries of oil and gas contin
ued. Australia was considered more prospective for petroleum, 
but gas prone rather than oil prone. On the basis of exploration 
wells per thousand square kilometres, Australia remains one of 
the most lightly explored continents after Antarctica. The den
sity of exploration in Australia is similar to Africa with the 
Niger Delta excluded (pers. comm. Marita Bradshaw). 

The work carried out to date has identified a considerable 
volume of petroleum in a number of sedimentary basins. Infor
mation about the identified resources, together with exploration 
data, has allowed assessment of the location and extent of 
undiscovered petroleum resources which could be economic in 
the next 20-25 years. Production forecasts for oil and conden
sate have been made for the next 15 years on the basis of these 
assessed resources and company estimates of production from 
identified accumulations. The quantitative assessments of 
Australian petroleum resources were undertaken by the Petro
leum Resources Branch of BRS', previously the Petroleum 
Resource Assessment Branch of the Bureau of Mineral 
Resources (BMR) since 1976, and now part of the Australian 
Geological Survey Organisation (AGSO). 

Since this paper was finished, the Petroleum Resources Branch of 
BRS has been transferred to the Australian Geological Survey 
Organisallon. 

I Australian Geological Survey Organisation, GPO Box 378, 
Canberra, ACT 2601 

(5% probability) of sales gas remain to be discovered. Australia's 
most prospective crude oil basins, ranked in order, are assessed as 
the Carnarvon, Bonaparte, Gippsland, Browse, Perth, Otway and 
Eromanga, with speculative potential In the Perth Basin, Otway 
Basin and other basins. The most prospective basins for sales gas 
are ranked as Carnarvon, Browse, Otway, Bonaparte, Cooper, 
Gippsland and Perth Basins. Australia'S likely ultimate crude oil 
resource was assessed as being about 52% depleted and sales gas 
resource as about 10% depleted at mid-1997 (BRS 1998). How
ever, because of the relatively low level of exploration in Australia 
it is impossible to estimate how long the petroleum resource will 
last. Approximately 94% of crude oil production and 75% of gas 
production are from offshore. New production is likely to come 
mainly from already-known basins with contributIOns from 
deepwater areas and possibly the Exclusive Economic Zone. 

An essential component of these assessments has been 
regional basin studies, which have helped to identify the pres
ence of source-rock, reservoir and seal facies. These regional 
studies have been carried out by BMR, AGSO, BRS, and State 
and Territory Geological Surveys, both jointly and separately. 
Recently, Australia's Exclusive Economic Zone has been agreed 
through international convention: it includes remote, frontier 
and deepwater areas, which may in the future be explored for 
and produce petroleum. Development around Australia, how
ever, has been in shallow water. To date, the deepest water 
development in Australia is the Griffin field otfWestern Australia 
at a depth of 123 m. Development at Laminaria, off northwest
ern Australia, at a depth of 364 m, and at Blackback/Hapuku/ 
Terakiht, off Gippsland, at 370-403 m, will break this record. 
Exploration in shallow water areas, even in Australia's most 
prospective basins, such as the Carnarvon and Gippsland Basins, 
is still relatively sparse compared to that in petroleum produc
ing areas, such as the Gulf of Mexico or North Sea. Exploration 
in frontier basins has been even more limited. 

This paper reviews petroleum production history, reserves, 
resources and assessed undiscovered resources of Australia's 
sedimentary basins, and the generative capacity that underpins 
the petroleum resource. We also discuss some technological 
factors likely to impact on future discovery and production. 

Australia's petroleum resources 
Petroleum is broadly defined as a naturally occurring hydrocar
bon or mixture of hydrocarbons. As oil or gas, or in solution, it 
is widespread in Australian sedimentary rocks, but major con
centrations are generally rare. Such concentrations may include: 
conventional oil and gas accumulations; heavy oil and tar sand 
accumulations; gas in coal, in tight formations and in geopressure 
zones; and accumulations of gas hydrate. Australia has hun
dreds of conventional oil and gas accumulations and large amounts 
of gas in coal and in tight formations, but no known, major 
heavy oil or tar sand accumulations (NEAC 1981). Petroleum 
does not include oil shale, where heat is required to liberate the 
hydrocarbons. 

Petroleum resources are those parts of Australia's petro
leum endowment that may be produced profitably by currently 
feasible or near-feasible technology and for specified product 
prices: Petroleum resources are defined by AGSO's Petroleum 
Branch to include only those natural concentrations from which 
economic extraction of a part is feasible within the range of 
technology and prices likely to be seen within the next 20-
25 years. Hence, petroleum resources can change according to 
the assumed technological and economic conditions. This change 
is also discussed by (McCabe 1998). 
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This -paper uses the well-known McKelvey system of clas
sification throughout in order to achieve a"consistent basis for 
discussions. The former BMR formally adopted the McKelvey 
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Figure 1. McKelvey diagram, showing Australia's remaining recoverable resources ·of crude oil, in 
million kilolitres. Demonstrated resources are as at 31 December. 1994 and undiscovered resources 
as at June 1998. The assessment includes all resources' iii Area A 'of the Zone of Cooperation, which 

' are subject to ' production~sharing agreements between the permit holders and the (Australi'a
Indonesia) Joint Authority, and excludes resources offshdreof northeast Queensland. 
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Figure 2. ,Australia's sedimentary basins. Basement denotes areas mainiy underlain. by crystaIIinerocks. or 
metamorphosed strata. The dashed lines 'are boundaries·ofconcealed·basins. 



WHERE IS AUSTRALIA'S PETROLEUM AND HOW LONG WILL IT LAST? 37 

resources are classified in terms of economic feasibility of pro
duction and certainty of occurrence (Fig. I). 

Most petroleum originates by the action of heat on organic 
matter buried in sedimentary rocks. Australia has a large area 
onshore and offshore that contains sediments potentially capable 
of containing petroleum (Fig. 2). Exploration, essentially over 
the last 35 years, has identified petroleum resources in 14 basins 
in Western Australia, Queensland, Victoria and the Northern 
Territory. The largest discoveries in terms of energy have been 
the Bass Strait oil and gas fields in the 1960s and 70s, and the 
Carnarvon Basin oil and gas fields in the 70s and 80s. The Bayu/ 
Undan gas-condensate field in the Bonaparte Basin was the 
world 's largest field discovery in 1995. 

Although there are many small fi elds, most of Australia 's 
identified crude oil resources are in the so-called 'giant ' and 
'super-giant' fields of more than 16 gigalitres (100 million barrels) 
(Table I). They contain a large fraction suitable for production 
of motor spirit and only a small fraction suitable for production 
of lubricant, fuel oil and bitumen, which are mainly produced 
from imported crude. 

Identified resources 
Australia's cumulative initial identified resources of petroleum 
are shown plotted by year of discovery in Figure 3 (ABS 1996). 
The estimates of initial identified resources were made by BRS, 
using estimates of initial demonstrated resources (usually as at 
December 1994) plus an estimate of inferred resources where 
available. They include preliminary estimates of identified 
resources within Area A of the Zone of Cooperation, which are 
subject to a production-sharing agreement between the permit 
holders and the (Australia-Indonesia) loint Authority. The plots 
show that the major oil discoveries were made before 1970 and 
the major sales gas, condensate, and LPG discoveries were made 
before 1980. About 1230 gigalitres (7750 million barrels) of 
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Table 1. Giant aod super-giaot accumulations in Australia's 
sedimentary basins. 
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Note: A giant accumulation contains more reserves than 100 million 
barrels of oil or condensate, or more than I tnllion cubiC feet of 
gas. A super-giant accumulation contains more than 500 million 
barrels of oil or condensate, or more than 3.5 trillion cubic feet 
of gas (Beddoes 1973). 
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Figure 3. Cumulative discovery of crude oil , sales gas, condensate, and LPG. On the basis of figures for the world's 
identified resources at the beginning of 1993 (Masters et al . 1994), Australia's initial identified resources of crude oil 
make up about 0.3% of the world total, and natural gas makes up 1.8%. 
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crude oil and condensate and 2720 billion cubic metres (96 trillion 
cubic feet) of sales gas,had been identified by the end of 1996. 
These figures include increases in reserv~s in fields under devel
opm'ent as the fields became better understood, particularly 
with additional drilling. The. median increase in reserves for 
Australiap offshore fields is 83% (Wright & Ie Poidevin 1993). 

Undiscovered resources 
Australia's undiscovered petroleum resources were reassessed 
at BRS (BRS 1998; Table 3,1 ) in mid-l998. The assessment is 
a slight upgrading compared to the. previous assessment carried 
out in May 1996. For instance, there is an estimated 95% prob
ability that at least 1320 million barrels (210 gigalitres) of crude 
oil and 18 trillion cubic feet (520 billion cubic metres) of sales 
g!lsremain to be discovered and a 5% probability that at least 
3440 million barrels (550 gigalitres) of oil and 58 trillion cubic 
feet (1650 billion cubic metres) of gas remain to be discovered. 
the a~erages of these assessments, 221 0 million barrels 
(350gigalitres) of o\land 35 trillion cubic feet (1000 billion cubic 
metres) of gas, give'a: more or less central tendency to the ranges, 
but have no better-chance than any other values of being the 
final outcome. The assessments include all the undiscovered 
resources in Area A. <it-the Zone of Cooperation, which are sub
ject to a production-sljatillg agreement between the permit holders 
and the (Aushan'a·~tnQonesia:) Joint Authority, but exclude 
uo'discoyered resources offshore from northeast Queensland. 
. Figure '4 shows 95% (low), .risked average (mean), and 5% 

(high) estimates of the amount of undiscovered oil in seven of 
Australia's key sedimentary basins', ranked in order of their 
risked avera'ge estimates: These are the Carnarvon, Bonaparte, 
Browse; Gippsland, Perth, Otway, and Eromanga Basins. The 
presence of significant amounts of undiscovered oil offshore in 
the Perth and Otway Basins is unproven and must be regarded 
as speculative . 

. ' . · :;: ·M!5st of Ausi'ralia 's,undiscoveredoil is likely to occur in 
' Jur~s$id and Cretaceous reservoirs, with' lesser amounts in the 

Teltiary aridTrias~ic.Much 'uf the undiscovered oil in Triassic 
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Table 2. :A.ssessme nts of Austra lia's undiscovered 'res'ources 
of crude oil, sales gas, condensate and LPG as at mid-1998. 

Probability of exceeding value shown 

95% Av 5% 

Crude oi I bbl x 106 1320 , 2210 3440 

GL 210 350 550 
Sales gas ft:' x 1012 18 34 58 

,m3x 109 520 950 1650 

Condensate bbl x Hi' 400 850 1600 
GL 65 135 250 

LPGbbl x 1if 400 725 1200 

GL 65 115 190 

reservoirs is thought to occur in the Carnarvon 'Basin, where it is 
believed to have migrated from Jurassic source rocks. 

The Carnarvon, Otway, Browse, Bonaparte and Gippsland 
Basins (Fig. 5) have the greatest potential for further gas 
discoveries, according to the 1998 assessment. The Perth and 
Cooper Basins have less potential. . ' ' . 

. By far the greater part of Australia 's undiscovered gas 
resources is thought to occur in the Rankin Platform and the 
adjacent areas of the Exmouth Plateau and the Brigadier Trend 
of the Carnarvon Basin. The existence of a large part of this 
resource, however, is speculative, despite ' the fact that gas 
accumulations are known throughout the area. Firstly, there is 
uncertainty in the amount assessed, beca,use very few maps are 
available to accurately outline prospective structural or strati
graphic traps within the Triassic and Jurassic sequences. 
Secondly, there is uncertainty, about the economics of product
ion from smaller accumulations in these deeper water areas over 
the next 20-25 years. 

Australia's undiscovered sales gas has a different age distri
bution to that of undiscovered oil. The gas is thought to occur 
mainly in Triassic, Jurassic and Cretaceous reservoirs. 

Browse Perth Otway Eromanga 

.95% ua Risked mean ~ 5% 

Figure 4. Risked undiscovered resources of crude oil in Australia's most prospective sedimentary 
basins, at June 1998. 
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Figure 5. Risked undiscovered resources of s_ale~ gas in Australia's, most prospective , 
sei!imentary 'basins, at June 1998. ' . 
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Predictive tools to help identify undiscovered 
petroleum 

The sparsity of exploration drilling across Australia means that 
resource evaluation based on knowledge of hydrocarbon source 
rocks relies on very incomplete data. Furthermore, exploration 
drilling is targeted predominantly at traps on structural highs, 
with a consequence that the database for organic-rich rock pre
diction is further limited, as the most effective source rocks are 
likely to be in structural lows. Two analogy-based methods of 
source rock prediction allow us to address this deficiency on 
continental and local scales. The first approach is based on a 
global assessment of the geological age of the most effective 
petroleum source rocks. Figure 6 compares the global distribu
tion of effective source rocks by age (Klemme & Ulmishek 1991) 
with an assessment of Australia 's petroleum reserves as at the 
end of 1995. Klemme & Ulmishek 's evaluation has its roots in 
the idea that organic-rich rocks (ORRs) are most likely to have 
been preserved when sediment accommodation space was being 
generated at a maximum rate and that this has happened irregu
larly through geological time. They defined six stratigraphic 
intervals from which 90% of global oil reserves have been sourced 
and further assessed these rocks in terms of their areal distribu
tion, kerogen type, palaeogeographic location, and structural 
setting. Periods particularly significant for sedimentation of or
ganic-rich rocks are the Upper Jurassic, the Aptian-Turonian 
Interval of the Cretaceous and the Oligocene-Miocene. Rocks 
of these ages have yielded about 57% of all original petroleum, 
with a further 25% coming from rocks of Silurian, Upper 
Devonian and Upper Carboniferous to Lower Permian age. The 
most effective source rocks were deposited in marine regimes 

on platforms and sags on continental margins and at low 
palaeolatitudes (0-45°). The evolution and habitat of biota con
tributed to the petroleum proneness of marine sediments. Algae 
and bacteria, which produce types I and II organic matter, are 
the main sources of preserved organic carbon. More refractory 
type III organic matter arises largely from terrigenous vascular 
plant remains. The amount and character of type III organic 
matter have varied through time, mirroring the evolution ofland 
plants from Siluro-Devonian times to the conifer forests of the 
late Palaeozoic-Jurassic, through to the rise of resinous 
angiosperms towards the close of the Cretaceous. 

Comparison of the ages associated, globally and locally, with 
a tendency for sedimentation of ORRs with source hydrocar
bons shows that Australia is under-represented in petroleum of 
Palaeozoic, Cretaceous and OligocenelMiocene ages. However, 
it must be remembered that the Cretaceous potential of the 
Australian Southern Margin is largely unknown. An exploration 
strategy derived from Figure 6 could be to query a source-rock 
database (e.g. AGSO's ORGCHEM) and concentrate on maxima 
ofTOCIHI values coinciding with periods of more widespread 
marine organic-rich sediment deposition. Since the bulk of the 
hydrocarbons generated on the proven and productive North 
West Shelfhas come from the most effective interval globally
the Late Jurassic--one specific strategy for the North West 
Shelfwould be to continue to focus on this interval with refine
ments to the measurement of net effective thickness, matur
ation history, compositional kinetics, expUlsion efficiency, and 
eva luation of migration directions and trapping potential. 
Sampling to date ofORRs does not suggest that the Late Jurassic 
ones on the North West Shelf are of exceptional quality in global 
terms, although they are thick and homogeneous. Additional 
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strategies would be based on a more rigorous assessment of the 
effectiveness of source rocks from the Palaeozoic sequences 
that underlie much of the North West Shelf, including the 
Carnarvon, offshore Canning, Bonaparte, and Arafura Basins. 
However, it should also be noted that while the then Australian 
continent was at favourably low latitudes during the early 
Palaeozoic, it was at unfavourably high southerly latitudes dur
ing much of the Carboniferous and Permian. 

A second analogy-based method is the petroleum systems 
approach . Research conducted in AGSO by the Australian 
Petroleum Systems Project (APS) team and its industrial spon
sors, and managed through the Petroleum Division of the 
Australian Mineral Industry Research Association (APIRA), 
has reviewed a number of petroleum system analysis techniques 
and focused our knowledge of the petroleum supersystems and 
regi onal systems (Bradshaw 1993, Bradshaw et al. 1994). The 
APS project conducted the first synthesis of petroleum systems 
of eight prospective regions in the north and west of Australia 
and, most importantly, developed a number of databases and 
supporting information systems to provide rapid access to the 
results of a large number of wells in the region. A series of 
regional maps, including palaeogeography on a timeslice basis, 
was generated in addition to a summary of the character, timing 
and distribution of the petroleum systems in each basin. The 
project provided the regional information system through which 
data relating to biostratigraphy, physical properties, hydrocar
bon shows, depositional environments, palaeogeography, and 
petroleum systems were available. The economically signifi
cant petroleum deposits of western Australia (Western Austra
lia and Northern Territory) have been classified within the 
Gondwanan and Westralian Supersystems (Bradshaw et al. 1994) 
and are represented in all offshore basins of the North West 
Shelf. In the eastern part of the continent, the main petroleum 
accumulations are derived from Permian, Jurassic and Eocene 
coal and carbonaceous shale defined within the Gondwanan and 
Austral Supersystems. More recently, we have begun the pro
cess of re-evaluating the possibility of defining new systems on 
the North West Shelf (Loutit et al. 1996) and elsewhere. One 
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approach being used stems from the analysis of petroleum prod
ucts to aid prediction of (presently unrecognised) organic-rich 
rocks, their distnbution and character, and is founded on knowl
edge of the chemistry of oil in intact reservoirs, defunct oil 
columns and seeps. This hydrocarbon product-based evaluation, 
which might lead to the recognition of new petroleum systems, 
has commenced with a continent-wide systematic chemical 
analysis of oils and condensates from IOtact reservoirs (GeoMark 
Research-AGSO Western Australia Oils Study (1996) and the 
Oils of Australia Project, in progress). The method is based on 
measurement of23 specific characteristics of hydrocarbon com
position, including carbon stable isotopes and biological marker 
compounds. A statistIcal analysis of this multivariate data 
(Zumberge 1987) revealed that the oils can be classified into 
families based simply on chemistry and a rigorous mathematical 
assessment of shared characteristics. Successful oil family 
definition lies in careful selection and analysis of compositional 
features that reflect the nature of the original organic matter 
(e.g. carbon isotope signatures of saturated and aromatic hydro
carbons, proportions of C

21
-C

29 
steranes, indices of waxiness, 

the ratio of steranes to hopanes, and the presence or absence of 
particularly diagnostic hydrocarbons). Parameters that are sen
sitive to variation in conditions of early diagenesis and sediment 
I ithology are also very helpful (e.g. S, N i and V content, pristane/ 
phytane ratio, and relative abundance of rearranged steranes and 
hopanes). Parameters that are mainly sensitive to the effects of 
maturation and bIOdegradation should not be used for correla
tion, but rather as a means to structure statistical analysis and to 
exclude or include certain samples that might skew the outcome. 
Once the oil families have been defined by their chemistry, their 
geographic and stratigraphic distributions are studied for infor
mation about migration direction and likely extent of the hydro
carbon kitchens. 

Data gathered so far show that most commercial oils fall 
mto large, well-defined families and that these families correlate 
well with the petroleum supersystems defined by Bradshaw 
(1993). However, there are numerous ' outliers' , which can be 
attributed to mixing of sources or to previously unrecognised 

35 

30 

~ 25 
u 
~ 20 
c: 
0 

'B 15 
::l 
1j 
0 a. 10 
U> 

'" OJ 
U> 

5 ., 
'" 0 en 

1960 1965 1970 1975 1980 1985 1990 1995 

5 --------

4 

<0 

.~ 3 

'" OJ 
§ 
c: 2 
.2 
t; 
::l 
1j 
0 
Ii: 
(!) 
Cl. 0 ..J 

1960 1965 1970 1975 1980 1985 1990 1995 

Figure 7. Australian petroleum production by financial year. Source: Department of Primary Industries and Energy. 
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chemical oil types. These latter oils appear to be derived from 
source rocks that have not been considered as effective up until 
now, and the oil chemistry can be used to predict their location . 
Mapping and evaluation of these ORRs may lead to new targets 
for the exploration industry. 

Australia's petroleum production 
Oil or gas is now produced from 12 sedimentary basins. Figure 7 
(ABS 1996) shows the amounts of crude oil, sales gas, conden
sate and LPG produced in each financial year up to the end of 
June 1995. Reported LPG production declined during the late 
1980s and early 1990s, partly because of a decrease in yield 
from the Gippsland Basin and partly because some of the LPG 
resource in Western Australia was delivered to market as part of 
the sales gas stream. This had the effect of decreasing apparent 
production of LPG while increasing apparent production of 
sales gas. 

Local oil production began from the Moonie field in 1964 
and Increased significantly as Barrow Island (1967) and the 
Gippsland Basin (1970) were brought on stream. Production of 
crude oil reached 20 gigalitres a year in 1973 and has fluctuated 
between about 20 and 30 gigalitres each year since then. About 
662 gigalitres (4164 million barrels) of crude oil had been produced 
by the end of December 1996. A forecast of future production 
of crude oil and condensate (BRS 1996) suggested peak produc
tion in 1997 at between 30 and 37 gigalitres, a decline to between 
about 14 and 25 gigalitres in 2002 , an increase to between about 
14 and 32 gigalitres in 2007 or 2008, and then a decline to 
between about 13 and 29 gigalitres in 20 10. 

Gas production also commenced in the 19605 and pipelines 
were built to connect fields in the Moomba area to Adelaide 
(1969), Gippsland to Melbourne (1969), Roma to Brisbane 
(1969), Dongara to Perth ( 197 1) and Moomba to Sydney (1976). 
Since then, a 1500 km gas pipeline has been built from Palm 
Valley (central Australia) \0 Darwin, a 1600 km pipeline has 
been built from North Rankin and Goodwyn platforms (north
west Australia) to Perth, and a 1400 km pipeline from Yarraloola 
(northwest Australia) to Kalgoorlie (southwest Australia) has 
been completed. In 1998, a 157 km gas pipeline between 
Barnawatha in Victoria and Wagga Wagga in New South Wales 
was completed, linking the Victorian and New South Wales gas 
pipelines for the first time. 
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In 1996, more than 83 million cubic metres of natural gas 
was produced per day, 10% of the total energy production of 
primary fuels. About 372 billion cubic metres (13.15 trillion 
cubic feet) of sales gas had been produced by the end of December 
1996. 

During the 13 years 1982-83 to 1994-95, 332 gigalitres 
(2090 million barrels) of crude oil was produced in Australia, 
while current estimates suggest that only about 190 gigalitres 
(1200 million barrels) was discovered. All domestic consump
tion of natural gas is met by production in Australia, and signifi
cant additional amounts are exported. There are prospects for 
significantly increased production for both domestic and export 
markets. 

Sufficiency of Australia's petroleum resources 
An indicator of resource sufficiency is per cent self-sufficiency, 
last published by the Department of Primary Industries and 
Energy (DPIE 1987). Self-sufficiency was defined as: 

Crude oil and condensate production plus domestic demand for 
naturally occurring LPG 

Net domestic demand for petroleum products 

Since 1970, Australian self-sufficiency has fluctuated be
tween 60 and 90% with levels above 70% since mid 1984. It 
would have been difficult to achieve levels of self-sufficiency 
much above 90%, however, because it was necessary to import 
some heavy crude oil for fuel oil, lubricant and bitumen produc
tion. Another indicator that can be calculated is the cumulative 
amount of petroleum produced as a percentage of estimated 
ultimate production (EUR). Australia has produced an average 
of about 52% of its ultimate crude oil resources and 10% of its 
sales gas resources (including those within ZOCA) (Fig. 8; BRS 
1998). This estimate does not include any undiscovered re
sources offshore from northeast Australia. As at I January 1993 
(Masters et al. 1994), all of Australia had produced 37% onts 
crude oil, Saudi Arabia 17% , the UK 29%, Canada 29%, the 
former Soviet Union 32%, the USA 63%, and the world 29%. 
Much higher figures are obtained for these overseas countries 
using in formation from Campbell (Anon 1995). For instance, 
Campbell claims that the world has used up 43% of its ultimate 
oil resources. 
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Future exploration 
Exploration and development in the near future will concentrate 
mainly on established provinces, particularly the Carnarvon, 
Bonaparte, Gippsland and Browse Basins offshore and the 
Cooper and Eromanga Basins onshore. This will be driven largely 
by the low oil price relative to that in the 1970s and early 
1980s. New technologies are likely to make exploration and 
development more effective than in the past. For example, 3D 
seismic data, which have traditionally focused on field develop
~ent, are now increasingly being used for exploration, especially 
m mature petroleum provinces like the North Sea and Gulf of 
Mexico. This trend is likely to result in improved success rates 
in established exploratIOn areas in Australia. Furthermore, in 
the Gulf of ~exico and the North Sea, fields are being brought 
mto productIOn m water deeper than 450 m, with development 
m water deeper than a thousand metres being not uncommon 
(Wright (997). Technology for development of petroleum fields 
in these depths is becoming relatively well established and it 
can be expected that this technology will ultimately be employed 
m deep waters offshore from Australia and in remote frontier 
areas of the EEZ. The deepwater areas being mitially developed 
overseas are those adjacent to petroleum production, including 
the contmental shelf of the Gulf of Mexico, and it is likely that 
the same trend will occur in Australia with the first deepwater 
fields being developed in the Carnarvon and Gippsland Basins. 

Horizontal drilling is increasingly being used to enhance 
production, allowing economic flow rates from relatively poor 
reservoirs. Continuing development of this technology is likely 
to have the effect of providing additional reserves for future 
production in Australia. Finally, the increasing sophistication 
of aeromagnetic data is allowing more rapid assessment of struct
ural trends over large areas. This method may speed the pace of 
exploration and development in frontier areas around the 
Australian margin, as well as in remote areas of the EEZ and 
could result in the discovery of additional petroleum provinces 
for future development. 

The ultimate prospecti vity of Australia is uncertain . It 
seems about average on a worldwide scale, but lacks the anoma
~ously rich. sedimentary basins and intensity of drilling present 
m the major producing countries. In a worldwide context, 
Australi a may still carry some of the enduring legacy of its late 
start as an exploration and development arena and a lingering 
perception of poor prospectivity. If this is so, there is room to 
enhance expectations of improved prospectivity, leading to ad
ditional exploration that should lead to greater levels of discov
ery and development. Probably the single most important factor 
affecting knowledge of how long Australia's petroleum will last 
is .the relatively low level of current exploration and exploitation 
With consequent uncertainty about ultimate potential. Discovery 
of significant additional resources is possible, given the current 
success rate in the ZOCA and the vast area of unexplored con
tinental shelf of the EEZ and beyond (Symonds & Willcox 1989). 

Summary 
Australia's medium to long term liquid petroleum supply is 
sec ure, as LPG and condensate from gas production will 
increasingly substitute for crude oil. In the past, the lack of a 
market for large gas volumes has meant our largest remaining 
fields were left ulIldpped as explorers sought oil. The world
wide LNG trade has lead to development of some of these 
resources and will provide impetus to explore for more. There 
is reason to believe there is a high probability of success. 
Technology advances will allow exploration of the more remote 
offshore regions, leading to discoveries that will allow future 
generations to continue to enjoy our security of energy supply. 
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Evaluation of the undiscovered hydrocarbon resources of the Bowen and 
SuratBa~ins, southern Queensland 
R.D. Shawl, R.J. Korsch2, c.J. Boreham2, J.M. TotterdelJ2, C. Lelbach l & M.G. NicolF 

Undiscovered hydrocarbon resources of the Bowen and Surat Basins 
in southern . Queensland have been, evaluated,. on . the basis of data 
compiled by the NGMA project Sedimentary Basins of Eastern 
Australia, including reg ional-scale seismi c horizon and isopach 
maps and an ,extensive geochemical database of petroleum and 
potential source-rock samples. Estimates of the yields of liydro
carbons, calculated usi'ng the geochemical material balance' method, 
are of very significant magnitude for both oil and gas, Although six 
principal source-rock intervals are recogrIi sed, over two-thirds of 
the oi l is sourced from the Late Permian Banilaba interval. For 
gas, the Permian BuffelcBanana source ' unit contributes 31,5%, a 

Introduction 
The National Geoscience Mapping Accord (NGMA) project 
Sedimentary Basins of Eastern Australia (SBEA) was under
taken' jointly by the Geological Survey of Queensland, the 
Geological Survey of New South Wales and the Australian 

, Geological Survey Organisation to improve our understanding 
of the resource systems of the Bowen, Gunnedah 'and Surat 
-Basins. Through a study onhe geological processes involved, 
emphasis was placed on province and terrane analysis, regional 
and basin analysis, and source and maturation evaluation, the 
principal components of an integrated systematic methodology 
referred to by the acronym SABRE (Systematic Approach to 
Basin Resource Evaluation, Loutit 1996; Loutit et aI.1996). 

Asj:Jart ofa final phase ofthe SBEA project, AGSO initiated 
an evaluation of the undiscovered hydrocarbon resources in the 
Bowenand 'Surat Basins. This evaluation was to be based largely 
on the geohgiCal data, products and conclusions arising from 
the project. It was not intended to be comprehensive, but rather 
a pilot study requiring a qualitative to semi-quantitative approach 
and one different from the statistically based approaches 
routinely used by the Petroleum Resources Program of the 
Bureau of Resource Sciepces' (BRS) fo r estimating the undis
covered hydrocarbon resources of Australia's sedimentary basins 
(Forman & Hinde 1985, 1996). 

The evaluation was also conducted in order to determine the 
usefulness of the geological products of the project for such a 
hydrocarbon resource evaluation. This paper summarises aspects 
of the methodology and findings outlined in the evaluation report 
(Shaw 1996). The evaluation was restriCted to the better explored 
parts of the !Bowen and Surat Basins of southern Queensland, 
between iatitudes' of 26° and 29° and longitudes 148°Eand 151 °E 
(Fig. 1), principally because this was the area covered by a 
detalJed investigation of potential source rocks in the Bowen 
Basin (Carmichael & Borehani 1997)" 

The aowen and Surat Basins 
The tight seismic grid, the current emphasis on development 
drilling, the high percentage of seismic reprocessing, the steady 
decline in prospect size and the lack of successful new play 
development.CGarside 1995) all r:eflectthat this area is now, at 
least by Australian standards, at a mature stage of exploration. 
Withinthe Bowen and Surat Basins, over 1400 exploration wells 

Figure l . Locations of the Bowen and Surat Basins, eastern 
Australia; the box outlines the evaluation ,area. 

The Petroleum 'Resources Program was transferred from BRS to 
AGSO in October 1998. 

r ' Vanibe PtyLtd,5a Mtilbring Street, Mosman , NSW 2088 
2 Petroleum & Marine Division, Australian Geological Survey 

Organisation, GPO Box 378, Canberra, ACT 260 1 

significantly greater prop'ortion than its oil counterpart, although; 
again , the Baralaba source unit ' is the most prodigious interval, 
yielding 40% of the total gas, A break-down of the yield in terms 
of major periods reveals that the Cretaceous to presenFday win~ 
dow is by far the most ' important for both oi l and gas generation, 
with 94 .6% and 91.4 % of the respect ive tota ls, Thus, late struc
turing is more important for trap .integrity than earlier structur
ing. By demonstrating that large quanti ties of hydrocarbons are 
potentially available for ent rapment, the yield analys is should act 
as a st imulus to exploration initiatives, particularly in the search 
for s tratig raphic traps. 
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and over 850 development and apprai sa l we ll s have been drilled, 
resultin g in the di scovery of over 60 o il , condensate and gas 
f ie lds (F ig. 2) w ith co mbined initi a l reserves o f so m e 
40 MMBB LS of o il and 0. 5 TCF o f gas. Despite a long hi sto ry 
of ex pl o ra ti on ex tending back to th e late 1800s and the di scov
ery of gas at Roma in 1900 (E lli ott & Brown 1988), there a rc 
few qua li tative or quantitati ve descr ipti o ns of the reg ion 's 
hyd roca rbon potential (e.g. Th omas e t a L 1982 , Butcher 1984, 
Forman & Hinde 1996).). 

As part of the S BEA project, an extens ive geochemi cal data
base was estab li shed fo r petro leum and potenti a l source roc k 
sa mpl es wit hin the eva lu a ti o n a rea ( Boreham 1994 , 1995 , 
Boreham et a L 1996, Carmi chae l & Boreham 1997). In conjunc
tion w ith reg iona l-scale se ismic horizon and isopach maps, these 
dat a prov ided an ideal opportunit y to estimate the theoreti ca l 
vo lumes of hydroca rb o ns ge ne ra ted wit hin the so uth e rn 
Queensland porti ons o f the Bowe n and S urat Bas ins. 

The Bowen and Surat Bas ins conta in up to 10 km of te rres
tr ia l and sha ll ow marine, large ly c lasti c sedimentary rocks, a long 
with substanti a l Pe rmian depos its of black coa l. Of prime inter
es t to thi s pape r are the stratig raphi c formati ons in the Bowe n 

.~ 27° • 
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" . .'1' 
. \ 
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Bas in (F ig. 3) contai ning the main nOll-marine e ffecti ve source 
rocks (Boreham 1995 , A I Arouri 1996). The Earl y Permian rift 
fill in the Deni son Trou gh, the Re ids Dome beds, and corre
spond ing sedi mentary rocks at the base of the Taroom Trough, 
a re dominated by non-marine, a llu via l fan to lacustrine facies 
with s ignifi can t amou nts of coa l. The rocks from the Buffe l to 
Flat Top Formati ons were deposited under sha llow marine she lfa l 
conditi ons, w ith limestone being fo ll owed by muddy to sa ndy 
c last ic depos its and loca l cong lomerate. The Burunga Formation 
is dom inant ly a marine shelfa l mud stone, but the lower part 
inc ludes the coa l-bearing Scotia Coa l Membe r. The latest Permian 
Bara laba Coa l Measures cons ist of delta ic to freshw ater coa l 
measures. By this time, the entire Bowen Bas in was under non
marine conditi ons, whi ch continued through to the depos iti on 
of the yo un gest e ffec ti ve source unit , the Midd le Triass ic 
Moolayember Fo rm ati on (Boreham 1995 , A I Arouri 1996). 

Korsch & Totterde ll ( 1995, 1996) outl ined the chrono logy 
of de formati ona l events that affected the Bowen and Surat Bas ins. 
Changes in bas in architecture, burial history and heat-flow ari sing 
from th ese eve nts we re anti c ipa ted to govern not onl y the 
di stribution of source rocks, but a lso the ir t ime table of matu ra-
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Figure 2. Distr ibution of commercia l oil and gas fi e lds a nd sign ificant shows in the Bowen and Surat Basins in sou thern Queensland. Also 
shown arc th e major fau lts (so lid lines) and the li mits of Permian- Triassic sedimentary rocks of the Bowen Bas in. 



tion and, upon expulsion, the subsequent migration or drainage 
pathways of expelled fluids. For this reason, it was decided that 
the evaluation of the hydrocarbon resources should look at the 
relative source rock yields throughout the depositional histories 
of the basins, as well as the geographical distribution of the 
source rocks. As part of the project, source rocks had been 
sampled compositely over 50 m intervals, enabling continuous 
down-hole geochemical profiles to be established (Carmichael 
& Boreham 1997). Using WinBury 2.05 , a I D basin-modelling 
commercial software package (Paltech 1996), detailed matura
tion and yield estimates were obtained not only for the present 
day, but also for key periods of the Bowen and Surat basin 
histories. From an analysis of rates of deposition and structural 
evolution, these basinal histories can be divided into four major 
tectonostratigraphic intervals (Korsch & Tonerdell 1996, Green 
& McKellar 1996, Figs 3, 4). These provide convenient periods 
for analysing maturation and expulsion (yield) trends, using 
WinBury; the four periods are 285-249 Ma (Permian), 249-
205 Ma (Triassic) , 205-141 Ma (Jurassic) and 141-0 Ma 
(Cretaceous-present-day). 

Methodology 
The computatIOn of theoretical volumes of oil and gas, based on 
the geochemical analysis of potential source rocks sampled from 
the 29 wells (and inferred from another 7 wells that were not 
sampled and 10 synthetic wells that were constructed from 
seismic data; Fig. 5) involved five discrete steps, in principle 
not unlike those steps described and used, for example, by 
Bishop et al. (1983) and Foster et al. (1986). 

Step I-Calculation of average source richness and 
continuous geochemical profile at each well location, 
from which oil and gas yields were computed 
Permian coals and associated facies are the primary sources for 
oil and gas, and the Triassic, a minor contributor, in the Bowen 
and Surat Basins (Boreham 1995, Carmichael & Boreham 1997). 
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Boreham et al. (1996) described how a regional database was 
established for 29 wells throughout these basins to determine 
source-rock quantity, quality, maturity, present-day total organic 
carbon and Rock Eval data. Samples were collected as 50 m 
composites, the depths coinciding approximately with I DC 
increments of temperature increase. From these samples, a 
continuous geochemical profile was established at each well 
location. 

Scrutiny of the geochemical database enabled six effective 
source-rock units to be identified regionally. Detailed source
rock analysis indicated that oil and gas contributions within 
each source rock unit could be ascribed to both coal and mudrock 
facies. The six regional source-rock units recognised are: 
I. Reids Dome (= equivalents of the Reids Dome beds in the 

Taroom Trough) 
2. Buffel-Flat Top (= Buffel-Oxtrack-Barfield-Flat Top 

Formations) 
3. Banana (= Banana and Muggleton Formations) 
4. Burunga (= Burunga Formation, including Scotia Coal 

Member, and Black Alley Shale) 
5. Baralaba (= Baralaba Coal Measures and Bandanna 

Formation) 
6. Moolayember Formation. 

For the computation of yields, separate chemical kinetics 
were used to define potential source rocks for coals and mud
stones-siltstones on the basis of being either oil-prone (HI>200), 
wet-gas and condensate-prone (150<HI<200), or gas-prone 
(HI< 150) kerogens. Kinetic parameters were determined indi
vidually for both gas (C,-C.) and oil (CsJ and their expulsion 
was deemed to have occurred when a specified pore-saturation 
threshold had been attained. For oil this is when the volume of 
generated hydrocarbons exceeds 60% of the total pore volume, 
whereas all gas generated is assumed to be available for expul
sion, i.e. none is retained within the source-rock interval (Boreham 
et al. 1996). 

Contributions from the Buffel-Flat Top and Banana source 
units were aggregated as the Buffel-Banana source unit, and the 
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yield computed for the interval from the top of the Scotia Coal 
Member to the top of the equivalents of the Reids Dome beds 
(to utilise the mapped seismic horizons). The normalised yield 
across this interval excluded any contribution from the Scotia 
Coal Member, which was included in the Burunga yield figures. 
This meant that a total of five regional gas and oil source rock 
intervals was considered in this evaluation. 

Yie lds for each period were automatically computed by 
WinBury for oil- and gas-prone source rocks, using the deter
mined kinetics. Individual yields for the oil-prone (in barrelslkm1

) 

and gas-prone (in equivalent barrels of oillkm2) source rocks at 
each well are based on the specific source-rock thicknesses. In 
order to compare the yields between different wells (each with 
different source-rock interval thicknesses) and produce con-

toured regional yield maps, it was necessary to normalise the 
yields to a cubic measurement by diViding the WinBury yields 
by their respective source-interval thickness. Normalised oil 
and gas yields were then plotted and contoured, Figure 6 show
ing, for example, the normalised yield contours for the Baralaba 
oil prone source rocks during 141-0 Ma. 

Step II-Regional extrapolation of source-rock 
richness based on depth conversion of isopach maps 
from two-way travel time 
Maps of regional seismic marker horizons , at scales of 
I : I 000 000 to 1:250 000, had been prepared as part of the 
SBEA project. These maps are mostly counterparts to those 
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prepared for the Bowen Basin and northern Surat Basin between 
23°30'S and 26°S, and released in 1994 (Wells eta!. 1994). These 
regional seismic marker horizons generally coincide with either 
the top or base of the principal source-rock intervals, and 
frequently coincide with basinal sequence boundaries in the 
Bowen and Surat Basins (Figs 3, 4). Table 1 provides brief 

descriptions of the regional marker horizons selected to con
struct the time structure (structure contours in two-way travel 
time) and isopach maps. Isopach maps for each of the five 
regional source-rock intervals were computed from the follow
ing time structure maps: 
• Reids Dome isopach-based on the B 15-B30 time structure 

maps; 
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period. 



• Buffel-Banana isopach-based on the B30-B60 time struc
ture maps; 

• Burunga isopach-based on the B60-B65 time structure 
maps; 

Table I. Brief descriptions of the regional marker horizons 
(Figs 3 and 4) selected to construct isopach thickness maps. 
Detailed descriptions are contained in Totterdell et al. 
(1992, 1995). 

S20 Represents top of Precipice Sandstone and base of Ever
green Formation 

S 1 0 COIDcides with conspicuous regional unconformity at base 
of Precipice Sandstone and coincident with base of Surat 
Basin succession. In the eastern part of the basin, seismic 
data indicate up to 4900m of Triassic section has been 
eroded at this unconformity level (Bore ham et aI., 1996) 

B90 Coincides with base of Moolayember Formation and top 
of Showgrounds Sandstone 

B 70 Coincides with base of Rewan Group, and top of Late 
Permian coal measures 

B65 Top of Burunga Formation and base of Baralaba Coal 
Measures and equivalent Bandanna Formation; as such 
coincides with base of the Late Permian coal measures 
interval 

B60 Coincides with base of Burunga Formation and top of 
Scotia Member 

B30 Basal unconformity of the eastern Bowen Basin succes
sion, below which are basement volcanic rocks, such as 
the Camboon Volcanics, and un-named coal measures 
equivalent in age to the Relds Dome beds of the Demson 
Trough 

B 15 Base of the Reids Dome beds (half graben fill) in the 
Denison Trough and equivalent horizon in the Arbroath 
and Bogong Troughs 

Table 2. Time-interval comhinations for source rock units 
that have contributed significant oil and/or gas within the 
southern Bowen and Surat Basins. 

Moolayember Source Unit 

Oil prone source rocks 
Gas prone source rocks 

Baralaba Source Unit 
Oi I prone source rocks 
Oil prone source rocks 
Gas prone source rocks 

Gas prone source rocks 

Burunga Source Unit 

Oil prone source rocks 
Oil prone source rocks 
Oil prone source rocks 
011 prone source rocks 

Gas prone source rocks 
Gas prone source rocks 

Gas prone source rocks 

Gas prone source rocks 

Buffel-Flat Top Source Unit 

Oil prone source rocks 
Oil prone source rocks 

Gas prone source rocks 
Gas prone source rocks 

Reids Dome Source Unit 

Oil prone source rocks 
Gas prone source rocks 

0-141 Ma 
0-141 Ma 

0-141 Ma 

205-249 Ma 
0-141 Ma 

205-249 Ma 

0-141 Ma 
141-205 Ma 
205-249 Ma 

249-289 Ma 
0-141 Ma 

141-205 Ma 

205-249 Ma 
249-289 Ma 

0-141 Ma 

205-249 Ma 
0-141 Ma 

205-249 Ma 

0-141 Ma 

0-141 Ma 

• 

• 
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Baralaba isopach-based on the B65-B70 time structure 
maps; 
Moolayember isopach-based on the B90-S I a time struc
ture maps. 
These isopachs were computed and plotted in two-way 

travel time at a scale of I: I 000 000, using Petrosys mapping 
software (Petrosys 1996). Figure 7 shows, for example, the 
Baralaba isopach map. These time-based maps provide a useful 
indicator of thickness trends and, hence, associated yield trends 
on the respective source-interval yield maps. 

In order to produce the required volumetric estimates of 
hydrocarbons generated, source-rock interval-thickness maps 
had to be converted to depth from two-way travel time. To 
achieve this, it was necessary to compute velocity functions. 
Although regional velocity functions were derived as part of the 
SBEA project, new functions were required in order to honour 
source-rock thickness at each of the 29 sampled wells and 17 
non-sampled or synthetic well locations. New velocity func
tions at each well location were derived by dividing the appro
priate source-rock interval thickness, as derived from log picks, 
by the one-way seismic time estimated from the two-way time 
indicated on the isopach map at each well location. Calculated 
interval-velocity values for each well were then plotted and 
hand contoured at a scale of I :2 000 000, before being digitised 
and gridded with the Petrosys seismic mapping system (Fig. 8). 
The gridded velocity data were multiplied by gridded isopach 
time data to produce corresponding gridded isopach depth maps 
(Fig. 9). 

Step III-Selection of significant oil and gas source 
rock/time-period combinations 
Generation and expulsion of hydrocarbons had been calculated 
and recorded, using WinBury, for each source-rock unit in each 
of the major tectonostratigraphic intervals; 285-249 Ma, 249-
205 Ma, 205-141 Ma, and 141-0 Ma (Boreham et al. 1996). It 
was evident that, for the earliest source-rock periods, relative 
contributions of gas and oil from the Early Permian source-rock 
units were either zero or minimal. Contributions only became 
significant as source successions matured, which, for most of 
the Permian and Triassic source-rock units, followed the onset 
of deposition of the Surat Basin succession. Nevertheless, there 
are some contributions to the petroleum system by Early 
Permian source-rock units which are considered significant. Omit
ting those periods during which oil or gas source intervals ex
pelled either minimal or no hydrocarbons, twenty source-rock/ 
period combinations were selected as contributing significant 
oil and/or gas in the southern Bowen and Surat Basins (Table 2). 
The oil and gas yields at each sampled and synthetic wellioca
tion were calculated for each of these twenty oil and gas source
rock/period combinations (Shaw 1996). 

Step IV-Delineation of structural 'containers', 
drainage cells to which expelled hydrocarbons would 
have access 
The catchment area or drainage cell is defined by the inflection 
points in the time structure or depth contours. Hydrocarbons 
migrate in the direction of decreasing hydraulic potential, with 
fluid flow governed primarily by capillary pressure and buoy
ancy. Within each cell, negative buoyancy causes hydrocarbons 
to rise onto structural highs, either vertically through the verti
cal carriers (principally faults) or laterally through the lateral 
carriers (reservoir units). Within the drainage cells, the negative 
buoyancy petroleum flows in exactly the reverse sense of water 
flowing across a topographic surface. 

Hydrocarbon fluids mix or are captured by other drainage 
cells where there is a discontinuity in the boundaries, either 
because of faults or subcrop edges where seals and carrier beds 
are truncated. The Moonie-Goondiwindi fault system, in par
ticular, provides one such discontinuity on the eastern side of 
the Taroom Trough, whereas the pinchout edge of the Rewan 
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Figure 7. Isopach of the 865-870 interval (8aralaba Coal Measures and equivalents), with contours in two
way travel time, based on regional seismic mapping by the S8EA project. 



Group provides another on the western shelf. In total, 43 drain
age cells were defined (Fig. 10), based on the structure contours 
at the base of the Rewan Group within the depocentre (B70 
horizon) and successively higher horizons across the shallowing 
basement of the basin flanks, as deeper regional markers become 
truncated. (In addition, the surface area for each cell was calcu
lated; Table 3.) After B70, the SIO horizon and then the S20 
horizon were used on the basin flanks. In some instances, detailed 
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company maps, held on open file at the Geological Survey of 
Queensland, supplemented control in structurally complex areas, 
so there are some minor deviations from inflections observed in 
the regional I: I 000 OOO-scale mapping. We consider that the 
present-day structure is a reasonable representation of the 
geometry of the central Bowen Basin at the time of generation 
during the early Late Cretaceous. 
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Figure 8. Velocity function for the Baralaba Coal Measures and equivalents; contours in km/s. 
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Step V -Calculation of the potential volume of 
hydrocarbons available iii each drainage cell for each 
source-rock/time combination, and volumetric 
determination of hydrocarbons generated 
Drainage cell boundaries were digitised and each cell outline 
used as a 'template' to define the corresponding boundaries on 
the respective depth-converted source-rock isopach map and 

149° 

Major fault 

Limit of 8aralaba Coal Measures & eqUivalents 

o 
I 

25km 
I 

yield map. Within each cell boundary, the average yield of the 
oil and gas-prone source-rock intervals was multiplied by the 
respective average isopach thickness of that source rock, on a 
I 00 I km grid, and summed. This method was used as a cross
check for volumes calculated with Petrosys PGC3 Volumetrics 
software. Volumes of oil (Table 4) and gas (Table 5) were calcu
lated for each cell for the five source-rock intervals and four 
periods . 
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Figure 9. Isopach of the 865-870 interval (8aralaba Coal Measures and equivalents), with contours in metres. 



Oil and gas volumetrics 
Based on the above geochemically derived yields, the volumes 
of oil and gas generated in the Bowen and Surat Basins in south
ern Queensland are enormous, with over 3,452 billion barrels of 
oil and over 2,745 billion oil-equivalent barrels of gas. At a first 
glance, these volumes may appear wildly excessive. However, 
estimates of coal-seam methane (CSM) gas reserves (e.g. 
Miyazaki & Korsch 1993) and the quantity of ex solved gas and, 
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hence, dissolved gas in the overlying Great Artesian Basin aqui
fer system at present (e.g. >40,000 ppm methane measured in 
some water bores in the Surat Basin in New South Wales; 
Bamberry & Kouzmina 1995), as well as preceding aquifer flow 
cycles, make it clear that there must be a large petroleum system 
to support the likely quantity of dissolved gas, given the rela
tively short aquifer turnover time of less than 2 million years 
(M.A. Habermehl, AGSO, pers. comm.). 

Table 3. Geochemically derived oil and gas volumetrics and distribution of oil and gas reserves of known discoveries 
on a cell by cell basis. Cell numbers are shown in Figure 10. 

Cell Area Area Geochemical yield Geochemical yield Discovered Discovered 

number Volume of oil Volume of gas oil reserves gas reserves 

(sq km) (acres) (million barrels) I (million b.o. equiv.) (barrels) (barrels) 

1 1094.6 270,491 100,906 161,762 0 0 

2 1110.6 274,435 326,067 196,063 0 0 

3 3415.2 843,902 147,707 210.698 0 0 

4 998.2 246,668 477,887 526,813 0 0 

5 2931.5 724,392 116,736 249,415 0 14,210,000 

6 1440.5 355,958 341,266 457,386 25,000 0 

7 3662.4 904,999 402,998 154,854 981,000 14,117,000 

8 1182.5 292,192 344,400 242,620 0 0 

9 3549.1 877,012 245,091 110,237 3,245,000 17,160,000 

10 1928.6 476,577 316,709 108,774 0 0 

11 2943.0 727,231 110,789 40,518 12,221,000 26,776,000 

12 2901.9 717,085 140,198 57,066 113,000 0 

13 2036.4 503,200 96,458 44,556 207,000 0 

14 1063.6 262,809 57,836 35,262 0 0 

15 1299.7 321,158 107,584 93,628 0 0 

16 1965.8 485,760 71,415 47,891 0 0 

17 1287.9 318,245 4,791 2,278 0 0 

18 342.7 84,693 0 0 0 0 

19 665.2 164,365 0 0 0 0 

20 583.7 144,245 0 0 0 0 

21 707.4 174,790 0 0 0 0 

22 1819.6 449,623 0 0 0 0 

23 407.4 100,663 0 0 0 0 

24 938.9 231,997 0 0 0 0 

../25 2605.4 643,803 0 0 0 0 

26 542.8 134,116 0 0 0 0 

28 873.1 215,748 0 0 0 0 

30 437.1 108,002 34 12 0 0 

31 1107.2 273,593 0 0 3,056,000 0 

32 1182.2 292,130 0 0 0 0 

33 1314.0 324,687 0 0 0 0 

34 2091.5 516,826 0 0 0 0 

36 1991.2 492,046 3,576 2,656 24,272,000 0 

37 1458.8 360,467 0 0 113,000 459,000 

38 2332.6 576.408 9,595 2,283 157.000 0 

39 3406.1 841,661 0 0 490.000 0 

40 1560.8 385,675 9,823 93 0 0 

42 527.3 130,309 16.837 729 0 0 

43 3204.7 791,886 0 0 283,000 4,643,000 

44 1048.2 259,008 3,985 0 0 0 

45 1552.4 383,614 0 0 0 8,387,000 

46 1785.2 441,137 188 0 0 0 

Total 1 1 3,452,8731 2,745,5941 45,163,0001 85,752,000 



Table 4. Geochemically derived oil volumetrics broken down on the basis of principal source-rock intervals and main periods of basin development. All values are in millions of 
barrels; cell numbers are shown in Figure 10. 

Cell Area Reids Dome Buff'el-Banana Burunga Baralaba Moolayember Total oil illltially in place (mmbbls) Total oil 
no. (sq km) 0-141 0-141 205 - 249 0-141 141-205 205-249 249-285 0-141 205 - 249 0-141 0-141 141 - 205 205 - 249 249 - 285 in place 

I 1095 0 4 0 7,916 178 11,305 284 78,nOnt 790 1,822 88,348 178 12,095 284 100,906 
2 1111 0 44,434 0 24,656 2,825 17,714 617 2:l1 '!.~~ 3,357 482 301,554 2,825 21,070 617 326,067 
3 3415 0 7,539 0 31,905 1,579 10,502 30 96,151 0 0 135,596 1,579 10,502 30 147,707 
4 998 0 0 0 37,311 6,636 34,162 699 395,643 2,073 1,364 434,317 6,636 36,235 699 477,887 
5 2932 0 9,152 0 31,404 662 3,304 0 72,214 0 0 112,770 662 3,304 0 116,736 
6 1441 0 3,989 0 89,802 9,419 14,660 0 223,395 0 0 317,187 9,419 14,660 0 341,266 
7 3662 8,545 4,010 0 118,816 10,840 2 0 260,784 0 0 392,156 10,840 2 0 402,998 
8 1182 479 8,775 0 135,142 2,105 1,703 0 196,197 0 0 340,592 2,105 1,703 0 344,400 
9 3549 15,404 0 0 8,335 9,996 0 0 211,356 0 0 235,094 9,996 0 0 245,091 

10 1929 0 11,877 3 87,668 13,214 {) 0 203,946 0 0 303,491 13,214 3 0 316,709 
II 2943 9,486 0 0 24,655 1,414 ---0 0-' 0 75,235 0 0 109,376 1,414 0 0 110,789

1 12 2902 15,475 16,459 17,701 17,767 1,888 0 0 70,908 0 0 120,609 1,888 17,701 0 140,198 1 
13 2036 20,189 0 0 18,659 969 0 0 56,641 0 0 95,488 969 0 0 96,4581 
14 1064 14,624 I 12 9,425 880 0 0 32,893 0 0 56,943 880 12 0 57,836' 
15 1300 0 0 0 31,404 662 -3,304 0 72,214 0 0 103,618 662 3,304 0 107,584 
16 1966 42,099 0 0 5,628 182 0 0 23,507 0 0 71,233 182 0 0 71,415 
17 1288 4,290 0 0 0 0 0 0 501 0 0 4,791 0 0 0 4,791 
18 343 0 0 0 0 0 
19 665 

f--

0 0 0 0 0 
20 584 c------

0 0 0 0 0 
21 707 0 0 0 0 0 
22 1820 0 0 0 0 0 -------23 407 0 0 0 0 0 _._-->----
24 939 0 0 0 0 0 
25 2605 0 0 0 0 0 
26 543 0 0 0 0 0 
28 873 0 0 0 0 0 
30 437 0 0 0 0 0 0 0 34 0 0 34 0 0 0 34 .-- - --31 1107 0 0 0 0 0 
32 1182 0 0 0 0 0 0 o -----0 - - 0 0 0 0 0 0 0 
33 1314 0 0 0 0 0 
34 2092 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
36 1991 0 1,925 1,544 96 10 0 0 0 0 ---

0 2,022 10 1,544 0 3,576 
37 1459 0 0 0 0 0 
38 2333 0 5,794 0 3,730 71 0 0 I -- --0 0 9,525 71 0 0 9,595· 
39 3406 ----- ------ :---

0 0 0 0 0 
40 1561 0 7,916 0 1,771 134 0 0 2 -----0 -- 0 9,689 134 0 0 9,823 
42 527 0 12,263 0 4,347 144 24 0 59 0 0 16,669 144 24 0 16,837 
43 3205 0 0 0 0 0 
44 1048 0 3,219 0 707 12 34 0 13 0 ---0 :-----:0i}(i l-- 12 34 0 3,985 
45 1552 -- Ii 0 0 0 0 
46 1785 0 181 0 6 0 ' I 0 0 0 O--I~ 0 I 0 188 

Total 1 130,5921 137,5401 19,2601 691,1501 63,8211 96,7141 1,6301 2,302,280 6,2201 3,6681 3,265,2291 63,8211 122,1941 1,6301 3,452,873 
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Table 5. Geochemically derivcd g!lS volumetrics broken do\vn on the basis of principal source-rock intervals and main pcriods of basin devclopmcnt. All vllincs IIrc in millions of 
barrcls of oil equivalcnt; ccll numbers arc shown in Figure 10. 

Cell Area Reids Dome Bllffel- Banalla BunUlRa Bamlaba Moolayember Total gas illitially ill place (mmbbls oe) Towl gas 
110. (sqkm) 0-141 0-141 205 - 249 0-141 141-205 205-249 249-285 0-141 1205 - 249 0-141 0-141 141 - 205 205 - 249 249 - 285 ill place 

I 1095 0 43.699 13.877 51.062 2,206 2,568 0 4X,350 0 0 143,111 2,206 16,445 0 161.762 
2 1111 0 41,769 24,S71 19,831 2,357 2,826 0 103,936 0 473 166,008 2.357 27.697 0 IYO.063 : 
3 3415 0 XO,329 9.010 39,115 554 2,319 0 79,371 0 0 191\.815 554 11,329 0 210.69H 
4 99X 0 160.6X6 57.815 79.902 4,928 2,411 0 219,795 0 1,275 461.659 4,928 60,226 0 526.X 13 
5 2932 0 155,7R7 54 44.129 763 338 0 48,344 0 0 24X,260 763 392 () 249,415 
6 1441 0 145,464 71.835 84,204 2,261 925 0 152.697 0 0 382,365 2,261 72,759 () 457.3X6 
7 3662 6,000 3 0 72,184 1,472 0 0 75.196 0 0 153,382 1,472 () () 154.X54 
II 1182 357 20,823 24,6 II 811,717 1,919 72 0 106,120 () 0 216.017 1,919 24,683 0 242,620 
9 3549 13,071 0 0 37,989 662 0 0 58,515 0 0 109.575 662 () 0 110.237 

10 1929 11.527 1.787 142 35.133 637 0 0 59,547 0 0 107,994 637 142 0 IOX.774 
II 2943 9.068 0 0 10.558 92 0 0 20,800 0 () 40,426 92 0 0 4().51 X 
12 2902 16,267 5,763 2,834 5,407 73 0 0 26,723 0 0 54,160 73 2,X34 0 57.066 
13 2036 19,079 0 0 8,126 53 0 0 17,29X 0 0 44,503 53 0 () 44,556 
14 1064 12,470 I 0 4,060 30 0 0 111,701 0 0 35,233 30 0 0 35,202 
15 1300 0 () 54 44,129 763 338 0 48,344 0 0 92,473 703 392 0 93,02X 
16 IYOo 31,999 0 0 2,204 0 0 0 13,688 0 0 47,X91 0 0 0 47.X91 
17 12XX 2,092 () 0 0 0 0 0 186 0 0 2,2711 0 0 0 2,27X 
IX 343 0 0 0 0 0 
19 065 0 0 0 () 0 
20 5X4 0 0 0 0 0 
21 707 0 0 0 0 0 

22 IX20 0 0 0 0 0 

23 407 0 0 () () 0 

24 939 0 0 0 0 0 

25 2605 0 () 0 () 0 

26 543 0 0 0 0 0 

2X X73 0 0 () 0 () 

30 437 0 0 0 0 0 0 0 12 0 0 12 0 0 0 12 

31 1107 0 0 0 () 0 

32 11112 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

33 1314 0 0 () () 0 

34 2092 () 0 0 0 0 0 0 0 0 0 0 0 0 () 0 

36 1991 () 1,410 1,226 20 0 0 0 0 0 () 1,430 0 1,226 0 2.650 

37 1459 0 0 0 0 0 

38 2333 () 1.941 5 337 0 0 0 I 0 0 2,27X 0 5 0 2,2X3 

39 3406 0 0 0 0 () 

40 1561 0 X 0 115 0 0 0 0 () 0 93 0 0 () 93 

42 527 0 32X 2X5 XO I I 0 33 () 0 442 I 2X6 0 729 

43 3205 0 0 0 0 () 

44 1()48 0 I 2 43 0 0 0 10 0 0 53 0 2 0 55 

45 1552 0 0 0 0 0 

40 17X5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total I 121,9321 659,8(x)I 206,6191 627,3131 18,7701 II ,80d 01 1,097,6661 01 1,7481 2,508,4591 18,7701 218,4201 01 2,745,649 
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Sources of error 

Bishop (1988) suggested that volumetrics, based on geochemi
cal yield calculations, may be subject to considerable error (50% 
or more). Larger errors are considered possible in the present 
situation because there is an absence of deep well control in the 
main kitchen areas ofthe southern Queensland Bowen and Surat 
Basins. Consequently, lithostratigraphic information (including 
source attributes) has to be extrapolated from wells located on 
the shallower flanks. The accuracy of extrapolating coal and 
mudrock facies from known well locations Illto these synthetic 
wells, using seismic control, is difficult to estimate. The seismic 
horizons may be out by 20% or more and the lithological and 
kerogen composition of individual stratigraphic units may be 
dramatically different at synthetic well locations in the Taroom 
Trough to those actually penetrated in the nearest exploration 
wells. 

[n marginally mature areas, significant errors probably arise 
because of inadequate well sampling, i.e. failure to recognise 
contributions from local depocentres and gross oversimplifica
tion of velocity, structural/isopach and local gas and oil yield 
trends. Errors of the order of 50% or more could be expected. 
Lack of knowledge of temporal variation in heat flow, especially 
since 140 Ma, and the impact of post-depositional structuring, 
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tilting and subsequent erosional patterns could also result in 
significant errors in estimating basin-wide volumetrics of oil and 
gas generated. Post-depositional tilting and structuring not only 
changed drainage pathways and possibly breached earlier com
petent seals, but also changed acquifer flow rates, thermal con
ductivity, and heat flow. 

Errors arising through the assumptions and methodology 
employed in the current version of WmBury, as described by 
Boreham et a!. (1996), although important, are probably much 
less significant in the present context. 

Notwithstanding that the yield errors may even be of the 
order of several hundred per cent, the geochemical yield-derived 
volumetric analysis remains pertinent and useful, because, in a 
relative sense, it provides insights into regional prospectivity 
and the overall hydrocarbon habitat of the area not available by 
alternative methods of undiscovered resource assessment. In 
particular, fundamental volumetric assessment of prospects and 
leads (see, for example, Charpentier & Wesley 1986, Miller 
1986) is constrained by knowledge of existing play types and 
delineated traps. Statistical methods are similarly constrained, 
albeit less directly, because the log-normal distribution implies a 
well-defined and related population (distribution) of hydrocarbon 
accumulations (Forman & Hinde 1985, 1996, Forman eta!. 1993). 

cell 46 

NSW 

1500 
121A121' 

Figure 10. Drainage cells in the evaluation area (numbers refer to Tables 3-5), 



Analysis of geocbemicaUy derived volumetrics 
Geographical variations in oil and gas yields 
The amounts of oil and gas (in oil-equivalent barrels) estimated 
from the yield calculations for each of the 43 cells are shown in 
Table 3 and Figures 11 and 12. Volumes in cells 1-17 are quite 
similar in magnitude, although some trends are apparent. The 
northerly located cells, i.e. cells 1-6, are typically gas prone 
and, with the exception of cell 2, all have typically 1.5-2 times 
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more gas (in oil-equivalent barrels) than oil (compare Figures 13 
and 14). In contrast, the southerly cells (7-17) tend to be oil 
prone, typically with a ratio of twice as much oil to gas. The oil
prone nature in the south is consistent with the exploration 
history of the region. 

The most prolific cell is cell 4, where, according to the yield 
calculations, almost I trillion barrels of oil and gas equivalent 
have been expelled. The volumetrics of oil and gas derived for 
individual cells indicate that the even numbered cells, on the 

Iil Iil m, n 

3 5 7 9 11 13 15 17 19 21 23 25 28 31 33 36 38 40 43 45 
Drainage cell number 16-3/71 

Figure n. Geochemical yield-derived volumetrics for oil-prone source rocks. Cell numbering as shown on Figure 10. 
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Figure 12. Geochemical yield-derived volumetrics for gas-prone source rocks. Cell numbering as shown on Figure 10. 
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eastern side of the Taroom Trough depositional axis, persis
tently generated more oil and more gas than cells on the western 
side (Table 3; Figs 11 , 12). However, south of cells 8-9 this bias 
diminishes and similar yield quantities were calculated in cells 
on both the western and eastern sides of the depocentre. The 
three cells with the largest gas volume yields are all on the 
eastern side of the Taroom Trough (Fig. 14). 

Comparison of yield-derived volumetrics on a cell by cell 
basis suggests that the eastern side ofthe Taroom Trough gener
ated considerably more gas than its western counterparts 
(Table 3). This is contrary to conclusions otherwise reached on 
the basis of the distribution of known hydrocarbon occurrences 
(Fig. 2). Conversely, the distribution of known oil accumulations 
is consistent with the yield-derived volumetric estimates for oil 
and gas, which predict that the cells in the south should be more 
oil prone. Interestingly, these same volumetrics suggest that 
there should also be significant quantities of gas in these oil
prone cells; gas, however, is not typically associated with oil 

accumulations in this area (e.g. Fairymount and Alton oil fields). 
Volumetric calculations indicate that cells 39, 43, and 45 

have no in-situ generation and so the producing fields they en
compass must be the result of secondary migration, involving 
capture from adjacent cells and/or sourcing from other than the 
Taroom Trough. By analogy, more remote fields in cells 5 and 9 
are also considered to be migration dependent. 

Because of the shape ofthe basin, drainage cells in the south, 
towards New South Wales, become smaller (Fig. 10). These 
smaller catchment areas have to compete and have limited access 
to the subcrop edge of the Rewan Group (see Fig. 7 for south
ern limit ofB70, equivalent to the base of the Rewan Group): In 
part, this provides a basis for the lack of exploration success 
and perceived poor exploration prospects in this region. 

Source-rock contributions 

Tables 4 and 5 show tabulations, by drainage cell, of the calcu
lated yield-derived oil and gas volumetrics for each of the five 

Figure 13. Distribution of high, medium and low relative oil yields per drainage cell in the central Bowen Basin . 



principal source rock units computed for each of the four major 
basin-history periods recognised. Over two-thirds of the region 's 
oil is sourced from the Baralaba source unit. The Burunga source 
unit is the second most important oil source interval, contribut
ing approximately 25% of the region 's total. By contrast, the 
Moolayember Formation, with approximately 0.1 %, is a minor 
contributor (Fig. 15A). For gas, the Buffel- Banana source unit 
contributes proportionally more than its oil counterpart, with 
31.5%, although, again, the Baralaba is the most prodigious 
source unit, yielding 40% of the region 's total gas. As with its oil 
potential, the Moolayember Formation contributes less than 
0.01 % of the region's total gas volume (Fig. 15C). 

Relative time-interval contributions 
In terms of the relative contributions of oil and gas for each of 
the principal source-rock units, on the basis of the considered 
basin-history periods, the Cretaceous- present-day is by far the 
most important time for both oil and gas generation, with 94.6% 
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and 91.4 % of their respective totals (Fig. 15B,D). Of the earlier 
periods, only the Triassic (249- 205 Ma) appears to coincide 
with significant yields, and that is mainly for gas generated 
particularly from the Buffel- Banana source interval. 

The oil-yield data for the Burunga source interval (Table 4) 
show that, during the Triassic, the deeper portions of the Taroom 
Trough, such as represented by cells 1-4, generated and ex
pelled much of their oil. During the subsequent 141-0 Ma pe
riod, maximum generation of the Burunga appears to have been 
in the shallower portions of the trough, notably cells 6- 8. Pre
sumably, gas generated in the Taroom Trough during this later 
time (Table 5) displaced the liquid phases and assisted in long 
distance migration. A similar yield pattern is observed during 
the 141- 0 Ma period for the oil-prone Buffel- Banana source 
unit. Although this again suggests that most liquids had been 
generated and expelled from the deeper portions of the Taroom 
Trough during an earlier burial phase, the maturation data do not 
support this. Instead, well control in the Taroom Trough indi-

Figure 14. Distribution of high, medium and low relative gas yields per drainage cell in the central Bowen Basin. 
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cates lean source potential with low oil yields, so that the yield 
distribution in this case more likely reflects depositional control 
rather than that imposed by maturation history. 

Volume of discovered hydrocarbons 

One important context in which to evaluate the yield results is 
in comparison with the volume of discovered hydrocarbons. By 
considering whether the distribution of discovered hydrocar
bons reflects the geochemically derived volumetric distribution 
of oil and gas, the possibility arises for highlighting 'sweet spots' 
within the basins. That is, cells in which the level of discoveries 
or fields falls far short of that expected, given estimates of the 
volumetrics derived from geochemical yields. Such areas, at least 
superficially, are worthy of further investigation. Moreover, 
comparison of the yield-derived volumetrics versus the distri
bution of discovered reserves provides some insights into the 
likely quantities of oil and gas needed to charge the petroleum 
systems in each cell enough to produce a commercial 
accumulation. 

Based on data provided by the Queensland Department of 
Mines and Energy on proven and probable liquid and gas reserves 
at 30 June 1995, the volumes of oil and gas within the study area 
were calculated from individual field reports. Reserves broken 
down by reservoir and hydrocarbon type were, for simplicity, 
treated as either oil and gas, with condensate included in the oil 
volumes and LPG in the gas volumes (Shaw 1996). For com
parison purposes, gas was converted from cubic metres into 
barrels of oil equivalent, using the conversion I million cubic 
metres of gas equals 175.8 barrels of oil equivalent. Where the 
data indicated 'very small' as the quantity of oil or gas discov
ered, a figure of 0.01 kilolitres and 0.01 MMCM was nominally 
applied in order to recognise these discoveries and so distin
guish those cells containing at least some fields or discoveries, 
although only small, from cells which contain no fields or 
discoveries. 

A tabulation, by drainage cell, of the discovered reserves 
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compared to the geochemically derived volumetrics is given in 
Table 3. The total discovered ·oil reserves within the area of 
investigation are 45,163,000 barrels, of which the Moonie Oil 
Field contributes 24,272,000 barrels. Gas reserves total 
85,752,000 barrels equivalent or approximately 0.5 TCF of gas. 
Cell II contains the most discovered gas reserves, with more 
than 26.7 million barrels (in oil-equivalent terms). 

Whereas roughly equal amounts of liquid hydrocarbons have 
been discovered on the western and eastern flanks ofthe Taroom 
Trough, albeit with the eastern flank reserves being virtually 
represented by one field, Moonie, the distribution of discov
ered gas is particularly skewed to the west, with virtually no 
proven or probable reserves east of the Taroom Trough 
depocentre axis (other than for coal-seam methane). 

Comparison of geochemically derived volumetrics versus 
discovered reserves implies that oil reserves in cells 37, 39 and 
43 and gas reserves in cells 37, 43 and 45 are migration depen
dent, because no gas is predicted from the geochemically derived 
volumetrics. Alternatively, reserves in these cells might be 
sourced by means not encompassed by the present geochemical 
analysis of the Taroom Trough. 

Prospects & leads: estimates of trapping volume 
A straightforward way to assess regional undiscovered oil and 
gas resources is to estimate the number and size of potential 
fields in exploration plays from the number of prospects and 
leads identified. By simply multiplying the prospect count by 
the historical success ratio, an estimate of the number of risk
weighted fields is obtained. By then mUltiplying this number 
by the potential average field size, the ultimate risk-weighted 
recoverable reserves in each fairway can be also estimated. This 
type of assessment is appealing, because it deals directly with 
prospects and fields, the natural units of petroleum explor
ation, thus facilitating both geological and economic analysis. 
Ideally, any comprehensive analysis would involve aggregating 
all individual play reserve assessments. Lack of lime and data 
precluded such an approach in this study. 
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Company maps on open file at the Geological Survey of 
Queensland were used as sources for compiling a prospect and 
lead inventory. Maps were scrutinised for structural or strati
graphic closures. Calculation of closure on structures associated 
with faulting was generally confined to the fault-independent 
component, consistent with exploration results, which show 
that most fault-dependent closures in the Bowen and Surat Ba
sins do not seal; hence, volumetrics based on fault-dependent 
components do not reflect undiscovered resource potential. In 
total, 649 individual prospect and lead trapping combinations 
were identified (Fig. 16), their areas calculated, their reservoir 
objectives categorised, and theoretical volumetrics tabulated into 
a spread-sheet format (Shaw 1996). These were derived either 
by use of the fundamental volumetric equations (e.g. Webber 
1961) or by industry-accepted rules of thumb, such as barrels 
recoverable per acre-ft. Clearly, given the regional nature of this 
study, the ascribed volumetrics were somewhat generalised and 
based on nearby fields or discoveries in the same fairway. These 
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analogues were not always optimum. Rather, they were often 
constrained to fields with published petrophysical or reservoir 
parameters, notably pressure and temperature information for 
gas reservoirs. In each case, reserves were estimated for each 
reservoir horizon, taking into account known drilling results. 
No reserves were ascribed to reservoirs known to be tight or 
water flushed and non-producing. 

In focusing on individual prospects and leads, this method
ology differs from field-size analyses used, for example, by 
Forman & Hinde (1985, 1996) and Forman et al. (1993), which 
are based on an estimation of the undiscovered resource poten
tial on the log-normal size distribution of discovered fields. 

For the II cells for which data were reviewed, the total 
trapping capacity was estimated to be 295 million barrels of oil 
and ).1 TCF of gas. This compares with approximately 45 
million barrels of oil reserves and 0.5 TCF of gas found to date 
in the Bowen and Surat Basins. That is, assuming 25% and 75% 
recovery factors for oil and gas, respectively, the tabulated pros-

Figure 16. Distribution of prospects and leads in the Bowen and Surat Basins in southern Queensland. 
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pects and leads could hold 1.5 times the total 011 and condensate 
and twice the amount of gas found to date. 

By far the most trapping potential is associated with known 
prospects and leads along the western flank, a distribution 
reflecting industry's perceptions of that region's superior 
prospectivity. Because the present review of prospects and 
leads is not comprehensive, and in order to gauge what might be 
the magnitude of the trapping potential across the whole of the 
southern Queensland Bowen and Surat Basins, the calculated 
trapping volumes were extrapolated into those areas not con
sidered in detail. For the southern Queensland portions of the 
Bowen and Surat Basins, the estimated trapping potential is as 
follows for oil and gas in barrels plus oil-eqUivalent barrels: 
• Western Surat Basin 1275 million barrels; 
• Taroom Trough 850 million barrels; 
• Eastern Surat Basin 600 million barrels. 

It needs to be emphasised, however, that this trapping 
potential does not take into account the exploration risk. Many 
of the traps identified in the prospect and lead inventory remain 
undnlled because of uncertainties regarding their exploration 
integrity. For example, most prospects in cell 39 are located 
west of the known migration limits of hydrocarbons and so are 
considered relatively unprospective. Being a relatively mature 
area for petroleum exploration, there are few undrilled conven
tional, drape-related structures within those portions of the 
cells covered by production licences (PLs). In these areas, most 
of the undrilled prospects involve a stratigraphic component. 
It would be fair to say that many of the 649 prospects and 
leads identified represent: (I) stratigraphic plays of high nsk; 
(2) intra-basin plays, such as the Taroom Trough prospects and 
leads, considered to be high risk because of migration depen
dency; and (3) structures considered so geographically remote 
from perceived kitchen areas that they are unlikely to have 
access to hydrocarbon charge (e.g., western portions of cell 39). 

Although it was beyond the extent of the evaluation to con
sider those types of structures most likely to contain the great
est volumes of as yet undiscovered resources, it is clear that 
there are few remaining undrilled anticlinal, drape or fault-related 
anticlinal structures along the western margin of the Taroom 
Trough, including the Roma Shelf, and that their potential is 
very limited (Garside 1995). On the other hand, the relatively 
recent discoveries at Taylor and Parknook-Namarah in this area 
suggest that resource potential still exists for sizeable gas accu
mulations, particularly in combined structural-stratigraphic traps 
associated with·the first basement high trends stepping out of 
the Taroom Trough. There is scope for similar traps to exist in 
the north, within cells 5 and 7. Stratigraphic traps involving 
gas-prone Permian pinchout edges surrounding discovered 
conventional structures represent another play type which has 
not been fully evaluated. 

Comparison ojvolumetric and geochemical yields 
One of the advantages of the geochemically derived volumetric 
calculations is that they provide estimates for the entire system 
and are not limited to our current knowledge of play types and 
traps. In contrast, fundamental volumetric analysis can only 
provide estimates for targets, prospects and leads, and play 
types already identi fied. 

A simple comparison of the geochemical yields for each cell 
with the volume of known trapped hydrocarbons contained in 
discoveries and producing fields shows that the latter represent 
in total less than 0.00 I % of all hydrocarbons generated. The 
other 99.999% presumably represents hydrocarbons contained 
in reservoir beds, retained in source-rock successions, or lost to 
the system. Given our rudimentary knowledge of these other 
factors, it is not possible to determine a rigorous geochemical 
material balance-based assessment of the undiscovered hydro
carbon resources along the lines of, for example, Bishop et al. 
(1983), because we have little idea of the volumes dispersed and 
lost to the system. The evaluation of the overall trapping 

potential does indicate that trapping volumes are not a limiting 
factor per se, although valid traps within the mature zones of 
the basins appear to be filled to spill point, implying that within 
these zones trapping potential is at a premium. 

By comparing material balance yields with discovered 
reserves, some inSights emerge into the likely quantities of oil 
and gas needed to charge the petroleum system in each cell 
enough to create a commercial accumulation. For example, if cell 
13 is in any way representative of the petroleum systems 
operative across cells in the western portions of the Bowen and 
Surat Basins, the critical quantity needed to charge the system 
to support commercial 011 accumulations appears to be around 
100 billion barrels. For gas, the quantity appears to be less, 
approximately 50 billion barrels-equivalent, based on cell II 
results. Applying these thresholds, cells 1-13 inclusive should 
all contain substantial gas accumulations and cells 1-13 and 15 
should all contain indigenous oil accumulations. In cell II, ofthe 
110 billion barrels of oil generated, approximately 50 million 
(assuming that the 12 million barrels of reserves represent a 
25% recovery factor) have found their way into commercial 
accumulations. If cell 11 is in any way representative of the 
thresholds required to charge the system, then one might expect 
that similar or larger accumulations of oil should be supported 
in cells 2-10 and 12, each of which has larger geochemically 
derived volumetrics. Taking a less optimistic case, and assuming 
that the results of cell 13 represent an indicative threshoid, the 
level of geochemically derived volumetrics in other cells on the 
western side of the Taroom Trough indicate that at least another 
800 000 barrels of recoverable oil and condensate should be 
present; i.e. at least an additional 200 000 barrels should be 
found in each of cells I, 3, 5, and 15. An alternative and more 
optimistic scenario, based on the ratio of yield to discovered 
reserves in cell II, mdicates that another 60 million barrels of 
recoverable oil and condensate should be discovered. 

From our analysis, it is clear that most of the 24 million 
barrels of recoverable oil in the Moonie Oil Field mainly come 
from drainage cell 14 and, therefore, cells with similar geochemi
cal yields, theoretically, can source equal or greater accumu
lations of hydrocarbons, given that they require similar volumes 
to first reach the threshold for charging the system. By analogy, 
if cell 4 is the most prolific oil and gas-yielding cell, why are 
there no significant discoveries within its confines? The same 
also applies to cell 15. The geochemical yield-derived volumet
ric analysis remforces the point that reserves should, all things 
being equal, be similar for both oil and gas on either side of the 
Taroom Trough. 

Implications for prospectivity 
The above analysis opens the door for two new approaches to 
ascertaining the future undiscovered hydrocarbon resources. 
Firstly, to address what are the critical factors making the effi
ciency of cells 9 and 11 so great and, secondly, what are the 
factors which apparently cause such effective loss of hydro car
bons in the eastern cells? By demonstratmg that large quantities 
of hydrocarbons are potentially available for entrapment, the 
yield analysis should act as a stimulus to exploration initiatives, 
particularly the search for stratigraphic traps. 

As shown in Figure 10, all the cells and, hence, their con
tained fields on the western side ofthe Bowen and Surat Basins, 
except for those in the extreme south, have direct, up-dip related 
access to the central Taroom Trough. In this regard, they are to 
be distinguished from those cells east of the trough, which, 
again, except in the extreme south, have no such access, because 
cells in the mature Taroom Trough are separated from those 
further east by the north-south-trending fault systems (Burunga, 
Miles, Leichhardt, Moonie,Tingan and Goondiwindi Faults). 
Consequently, hydrocarbons migrating into cells encompassing 
the shallow basement regions on the eastern side of the Surat 
Basin must cross the fault systems. 



It appears, from exploration results, that these fault sys
tems act as a major impediment to up-dip easterly migration, 
with most hydrocarbons apparently migrating up the fault plane 
and into overlying active acquifers of the Surat Basin before 
being dispersed and lost to the system. There are, however, 
several segments of the eastern margin, known from regional 
mapping by the SBEA project, where this fault system is not 
extensively developed, and along these segments the basin 
margins may be charged by simple up-dip migration. Three such 
areas are recognised. One is the so-called Cabawin Embayment, 
between the Leichhardt and Moonie Faults (Fig. 2). The others 
are accommodation zones farther north along strike . One is be
tween the Burunga and Miles Faults, wher~ the fault system 
changes polarity from a west-dipping thrust fault in the north 
to an east-dipping thrust fault in the south (cell 6). The other is 
the zone between the Miles and Leichhardt Faults in the south
ern part of cell 8 and the northern part of cell 10 (Figs 2, 10). 
Enhanced prospectivity is also anticipated in cell 4, because 
this cell is totally enclosed within the kitchen area on the eastern 
flank of the Taroom Trough, down-dip and independent of the 
eastern fault systems. 

If the fault systems act as impediments to migration onto 
the shallower shelf to the east, then those parts 01 the margin 
coincident with strike-related breaks in the fault systems, asso
ciated with offsets or changes in polarity of the fault zone, 
represent potential areas for increased exploration effort. In this 
regard, the Cabawin Embayment area becomes a prime site for 
up-dip sourcing from the adjacent trough. As shown in Figures 
2, 10 and 13, hydrocarbon accumulations along the Undulla 
Nose (southern part of cell 38, which contains the Leichhardt 
and Bennett oil fields, Fig. 13) may reflect this greater access to 
migrating hydrocarbons. Areas such as the former ATP 367P are 
also sites of interest. 

Garside (1993) reviewed a large Permian structure delin
eated on previous seismic coverage between the Burunga and 
Miles Faults and clarified that it was not closed against the 
eastern fault system. In this area, the structure is manifest not 
by faulting, but as a monocline in the relay zone. Although the 
area was relinquished and no closures recognised in it, this 
monocline provides excellent up-dip migration access to shal
lower easterly located prospects and leads. The Cameby I well, 
on the eastern edge of cell 42 (Fig. 10), encountered gas, which 
was unusual for a well so far from the main fault system, and 
this may reflect enhanced access by hydrocarbons across this 
monocline and into strata overlying the shallow eastern flank of 
the Surat Basin. 

Overall, the distribution of hydrocarbons in drainage cells is 
poorly understood. For example, many of the fields on the west
ern side of the Taroom Trough and on the Roma Shelflie adjacent 
to cell boundaries which often coincide with minor faults. Faults 
appear to provide both lateral and vertical migration control. 

)They are often invoked as having both conduit and seal at
tributes somewhat arbitrarily, and there appears to have been 
little systematic study of this. Recent studies of the fluoride 
content of groundwater have shown the presence oflinear fluo
ride anomalies coincident with the Burunga to Goondiwindi fault 
systems (Evans 1996). Basin-wide studies of fluoride concen
tration may provide a useful tool for identifying fault systems 
which have been actively involved in the vertical migration of 
ground waters since the Cretaceous. 

Geochemically derived volumetric analysis also suggests that 
the exploration emphasis on drilling targets that have 
palaeoclosures appears to be somewhat overrated. Ifmore than 
90% of all oil and gas has been generated since the beginning of 
the Cretaceous, and particularly after the attainment of maxi
mum temperatures and burial in the early Late Cretaceous 
(Boreham et al. 1996; Korsch et al. 1996), then it would appear 
that late structuring plays more of a role in trap integrity than 
do the palaeo-components. Only in the deeper portions of the 
trough are earlier formed structures likely to be important for 
trap validity. 

BOWEN AND SURA T BASlNS, QLD 63 

Note that the geochemical sampling conducted by the SBEA 
project was not sufficiently detailed to adequately characterise 
and identify all the possible kitchen areas in the basin system. 
For example, the Permian is identified as containing the princi
pal source intervals, yet the sampling does not provide control 
for potential kitchen areas identified by Cosgrove & Mogg (1985), 
such as faulted remnants of Permian sequences preserved on the 
western side of the Surat Basin west of the Hutton-Wallumbilla 
Fault (Fig. 2). 

The potential importance of these areas in providing 
additional kitchens to that of the Taroom Trough has yet to be 
integrated into the regional geochemical analysis. Although small 
in comparison, their contribution, even locally, adds an extra 
level of complexity to the regional hydrocarbon habitat. Failure 
to recognise their contribution may lead to false conclusions, 
particularly in regard to the extent of lateral migration and 
prospectivity of prospects and leads beyond the first structural 
barriers stepping out of the main Taroom depocentre. 

Implications for geochemical material balance 
yield estimates 
A detailed geochemical material balance requires not only the 
evaluation of source yields, but also evaluation of the quantity 
of hydrocarbons retained in the source and reservoir succes
sions and the quantity lost to the system during primary or 
secondary migration (e.g., by dissolution and diffusion). 
Although source yields can be relatively precisely ascertained 
using WinBury at any given well location, estimates of hydro
carbons retained in the carrier beds and lost to the system are, 
by comparison, vague and poorly constrained. 

For this reason, no attempt was made to undertake a com
prehensive rigorous material balance approach. The quantities 
and nature of fluid losses are poorly constrained. Bamberry & 
Kouzmina (1995) showed that in the Surat Basin in NSW, in the 
21 wells sampled for exsolved gases, methane comprises between 
7 and 41 ,022 ppm (the latter equivalent to 4.1 % methane by 
volume), mostly several thousand ppm. By comparison, 6 wells 
from the Eromanga Basin had 38,000 to 149,400 ppm methane. 
Dissolved concentrations of 0.5% methane by volume in the 
artesian carrier beds of the Surat Basin being flushed on average 
every 200 000-750 000 years provides an effective means for 
removing vast quantities of generated hydrocarbons, providing 
vertical access exists. Habermehl (1987) reported that gas 
samples taken at the surface from flowing artesian water wells 
in the Great Artesian Basin west of the study area contain up to 
510 000 microlitres per litre of methane. Groundwater in con
tact with source rocks or oil and gas in reservoirs will accumu
late soluble hydrocarbons and organic compounds. Habermehl 
(1987) found hydrocarbons in the Great Artesian Basin in 
Cretaceous aquifers associated with immature source rocks as 
well as in Lower Cretaceous and Jurassic sequences considered 
to contain mature source rocks. These concentrations appear to 
be very widespread and suggest the importance of considering 
other possible sources of gas when undertaking material balance
based assessments in the Bowen and Surat Basins. 

M.A. Habermehl (AGSO, pers. comm.) indicated that, in the 
Great Artesian Basin, the typical flow rate is 1-5 m per year and 
that the longest flow paths represented about 2 million years of 
travel time. Given that there is, in the Surat Basin, some 300-
500 m thickness of artesian reservoirs, with an average porosity 
of 20-25%, then even with modest estimates at 0.5% gas con
tent, these reservoirs could contain several hundred TCF of gas. 

A material balance approach also requires quantification of 
the volume of oil and gas retained in the carrier beds. Up to 80% 
of oil and gas generated is expelled from the source rocks. 
Estimates of gas retained in coal facies can be derived indepen
dently from reserve estimates of coal-seam methane. However, 
from a material balance viewpoint, contributions both to coal
seam methane and to artesian waters from shallower coal 
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sequences need to be considered, specifically those of the 
Walloons Coal Measures (Scott 1995, 1996). WinBwy yields 
for gas assume no retention, which is contrary to field observa
tion, and, in this sense, computed yields will be overestimated 
by perhaps 20% or more. Thus, any useful material balance 
calculations require a holistic approach, one involving an over
all , integrated, resource management assessment of reservoired 
oil and gas, coal-seam methane, artesian water, and biogenic 
products . 

Conclusions 
Estimates of the yields of hydrocarbons in the Bowen and Surat 
Basins calculated using the geochemical material balance method 
are of a very significant magnitude for both oil and gas. By 
acknowledging that generated and expelled hydrocarbons migrate 
under the influence of negative buoyancy across subsurface struc
tures, we were able to define drainage cells which delineate 
'closed ' systems of hydrocarbon generation. Forty-three such 
drainage cells were identified in the study area and yields for 
each were computed by modelling the maturation of the five 
regionally recognised source-rock intervals at discrete periods 
during the development ofthe Bowen and Surat Basins. 

Although six principal source-rock intervals are recognised, 
over two-thirds of the oil is sourced from the Late Permian 
Baralaba source interval. The Burunga is the second most 
important oil source interval, contributing approximately 25:0 
of the total. For gas, the Permian Buffel- Banana source umt, 
with 31.5%, contributes a significantly greater proportion than 
its oil counterpart, although, again, the Baralaba source unit is 
the most prodigious source interval, yielding 40% of the total 
gas. The Triassic Moolayember Formation is not a significant 
oil or gas source. 

The oil-yield maps for the Burunga source interval show 
that, dunng the Triassic, the deeper portions of the Taroom 
Trough, such as represented by cells 1-4, generated and expelled 
most of their oil yield. During the subsequent 141-0 Ma period, 
maximum generation of the Burunga unit appears to have been 
in the shallower portions of the trough, notably cells 6-8. Gas 
generated during this later time in the Taroom Trough displaced 
the liquid phases and assisted in long-distance migration. 

A breakdown of the yield in terms of major time intervals 
reveals that the Cretaceous-pre sent-day window is by far the 
most important period for both oil and gas generation, with 
94.6% and 91.4 % of their respective totals. Thus, it would 
appear that late structuring plays more of a role in trap integrity 
than earlier structuring. Therefore, more emphasis needs to be 
placed on the relative timing oflate structuring, including regional 
tilting. 

The yield analysis, by demonstrating that large quantities 
of hydrocarbons are potentially available for entrapment, should 
act as a stimulus to exploration, particularly the search for strati
graphic traps. In summary, the present evaluation, although not 
definitive, complements those which are statistically based, in 
that our yield analyses imply scope for much greater volumes 
of undiscovered hydrocarbons because they are not restricted 
to known play concepts and volumetrics of known discoveries. 
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The problem of inconsistency between thermal maturity indicators used for 
petroleum exploration in Australian basins 
Ronald W. T. Wilkins l 

A major frustration in thermal maturation modelling for petro
leum exploration in Australian sedimentary basins is the inconsis
tency between the values of different thermal maturity indicators. 
Vitrinite reflectance (VR), Rock-Eval T max' spore colouration in
dex (SCI) and fluorescence alteration of multiple macerals (FAMM) 
for wells from three Australian basins show inconsistencies due to 

Introduction 
The driving force for modem thermal maturity (TM) studies is 
the demand for high- quality data to constrain thermal history 
models. Because no known TM indicator is universally reliable 
(Whelan & Thompson-Rizer 1993), new approaches are being 
continually devised to cope with the known problems of widely 
used techniques. The normal progression of a new technique is 
through testing against an established TM indicator, usually 
vitrinite reflectance (VR), on sediments of different age, geo
graphical distribution and depositional environment, as well as 
contrasting structural settings and thermal regimes. Depending 
on the apparent range of application determined in this demon
stration period, the technique will become established among 
the pantheon ofTM indicators in common use or it will eventu
ally become replaced by new thermal maturity tools. 

Burnham & Sweeney (1989) commented that a major im
pediment to improving their model of vitrinite maturation for 
global application was the inconsistency between various VR 
data sets. The problem extends to relationships with values 
from other TM techniques. Even among results for well-estab
lished TM indicators, there may be a surprising degree of incon
sistency. This is perhaps a particular problem for petroleum 
exploration in Australia, because the region may have been out
side the range of initial testing of a technique. Indeed, for Aus
tralian wells, it is commonplace for TM indicators to be in 
partial or even gross disagreement. Because there are few gener
ally accepted criteria for the assessment of inconsistent results, 
the ultimate choice of data on which to base models may be 
quite subjective. In this paper an attempt is made to resolve the 
inconsistencies in some results from three of the most com
monly applied TM indicators (VR, Rock-Eval T max and spore 
colouration index-SCI) and the recently developed fluores
cence alteration of multiple macerals (FAMM) technique, using 
some North West Shelf wells as examples. 

Relationships between TM parameters 
Vitrinite reflectance 
McCulloch & Naesser (1989), among others, have commented 
on the unique place of vitrinite reflectance among petrographic 
and geochemical techniques for the study of the thermal history 
of sedimentary rocks. Indeed, VR is widely regarded as the 
primary TM indicator (Whelan & Thompson-Rizer 1993) against 
which all others are assessed. As kinetic models for VR (Burnham 
& Sweeney 1989, Sweeney & Burnham 1990, Suzuki et al. 
1993) are now well established and widely tested with commer
cial thermal maturation modelling programs, such as BasinMod, 
it is common for TM data from other indicators to be trans
formed into equivalent YR. 

VR measurements on Australian North West Shelf samples 
have been carried out in a number of independent laboratories 
both in Australia and overseas. Two laboratories that have made 
outstanding contributions to North West Shelf TM studies are 
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technical, methodological and conceptual problems inherent in 
each technique. When the differences between the concepts of 
rank and thermal maturity are considered, it can be shown that 
some inconsistencies are more apparent than real. It is important 
to consider this distinction when selecting data against which to 
model burial and thermal histories. 

Keiraville Konsultants (KK)' and Robertson Research Interna
tional (RRI). For many North West Shelf wells, depth vs VR 
profiles determined by these laboratories are the same within 
experimental error. For some wells, however, there are clear 
discrepancies in the VR results, which may ultimately have 
originated in the different methods of sample preparation used, 
that is according to whether the mounts were prepared as whole 
rock samples (KK) or as kerogen concentrates (RRI). For rocks 
containing sparse organic matter, kerogen concentrates have the 
advantage of enabling statistically adequate numbers of vitrinite 
grains to be more readily measured. However, this advantage is 
balanced by the fact that contaminant organic matter and pyrite 
are also concentrated by this preparation process. The main 
advantage of using whole rock samples is that the indigenous or 
first generation vitrinite can be distinguished with much greater 
confidence. Where discrepancies exist in VR measured by dif
ferent laboratories it is likely that difficulty in the identification 
of the indigenous vitrinite population is the major source of 
error. 

Apart from technical matters, there are some important theo
retical questions on the VR technique which are not, as yet, 
answered satisfactorily. It has not been proved that vitrinites 
with the same reflectance from sediments of different age have 
the same rank. Ting & Sitler (1989), in a comparative study of 
North American Carboniferous and Cretaceous coal, presented 
evidence that vitrinite in these coals does not have the same rank 
at the same value of reflectance. On the other hand, it is well 
known that serial samples through coal seams commonly dis
playa range ofVR, although they have the same thermal history 
and are, therefore, of the same rank (e.g. Diessel1992, Newman 
et al. 1994, Quick 1994). Van Krevelen (1993), in a comparison 
of chemical and VR data on coals from different continents and 
ranging in age from Carboniferous to Tertiary, concluded that 
while VR is an excellent parameter of relative rank, it is neither 
universal nor absolute. 

A related question is the effect of inherited composition of 
the vitrinite precursors from the time of diagenesis on the reflec
tance oftelovitrinites, even of the same age. This gives rise to 
the problem of vitrinite reflectance suppression for hydrogen
rich vitrinite (perhydrous) compositions (Hao & Chen 1992). 
The main problem in assessing the importance of this phenom
enon has been the lack of any easy method to quantify the effect 
by direct measurements on individual vitrinite grains. It has long 
been known (Stach et al. 1975) that high fluorescence intensity 
is a characteristic of perhydrous vitrinites, and that these 
vitrinites have an anomalously low reflectance; but it is only 
since the recent introduction of the FAMM technique (Wilkins 
et al. 1992b, 1995) that quantitative assessment has been rou
tinely possible. Although the importance of the problem was 
flagged by Price & Barker in 1985, largely on the basis ofreflec
tance anomalies in certain data sets, it is only now becoming 
clear from FAMM studies (Ellacott et al. 1994, Wilkins et al. 
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1992a, 1994b, 1995, and CSIRO unpublished reports) that the 
magnitude of the problem has been seriously underestimated, 
especially for Jurassic and Cretaceous source rocks. As a result 
of considerations such as these, McCullough & Naesser (1989) 
commented in their essay that VR, as the preeminent standard 
in normal use, seems to be on shaky ground. If this assessment 
is correct, it would appear to pose a very serious problem in
deed, potentially affecting all other techniques which have been 
calibrated against YR. 

Vitrinite reflectance and spore colouration index 
There is no doubt of the value of the colour of palynomorphs as 
a TM indicator (Staplin 1977, 1982). Haseldonckx (1977) has 
discussed the correlation of different palynomorph colour index 
scales, of which the thermal alteration index (TAl) and SCI are 
the most commonly used. Some of the disadvantages of the 
method are the subjectivity in identifying the indigenous 
palynomorph population in kerogen concentrates (although the 
possibility of dating the palynomorphs may aSSISt in identify
ing those that are reworked), variable exine thickness, bleaching 
and staining effects, and the low resolution ofthe method in the 
zone of petroleum generation (Jones & Edison 1978, Senftle et 
al. 1993, Petersen & Hickey 1985). Because of these factors, 
and especially the last, it is difficult to ascertain by how much 
the method is affected by changes in organic facies. 

Schwab et al.( 1994) have argued that the TAl technique has 
the considerable advantage over VR that, since it is based on the 
hue and intensity of hydrogen-rich organic constituents in 
transmitted light, the results are not, like vitrinite reflectance, 
affected by a suppression effect. He found that spore colour 
did not reflect important organic facies changes in sections 
including Pennsylvanian black shales with elevated hydrogen 
index (HI) values relative to the adjacent sediments. There is 
also evidence from North West Shelf wells (see sectIOn on 
Bowers-I) that the spore colour is not affected in major zones 
in which the vitrinite reflectance is suppressed. On the other 
hand, if spore colour is insensitive to factors causing the sup
pression effect in vitrinite, a very scattered relationship be
tween VR and SCI would be expected for North West Shelf 
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organic matter. This is because there is strong evidence (Wilkins 
et al. 1994b) that vitrinite reflectance suppression is extremely 
common in the marine and especially the marginal marine Creta
ceous and Jurassic rocks of the North West Shelf. In fact, in RRI 
results on the Carnarvon Basin samples, there is a close rela
tionship between VR and SCI (see section on Flamingo-I), 
which could imply that the two parameters determined from 
kerogen concentrates are not independently obtained, but, rather, 
that each result is influenced by the other. It may be argued that 
the results from both techniques benefit from this internal com
parison. In any case, it is important to bear this question of 
methodology In mind when VR results from different laborato
ries are compared. 

Although some effort has been put into establishing appro
priate kinetic, for spore colouration (Peters et al. 1977), they 
are not well enough known for SCI data to be used directly and 
confidently in thermal maturation modelling. Furthermore, the 
problem of transforming SCI into equivalent VR is consider
able. Cooper (1977) discussed the relationship between SCI 
and VR and showed that it is not unIversal, but depends at least 
upon the age of the organic matter and the thermal history ofthe 
basin. Cooper's SCI to VR transformation curves for several 
groups of samples are shown in Figure 1 together with the RRI 
calibration curve for the North West Shelf, Western Australia 
(Robertson Research Australia 1988). It should be remembered 
that at the time these calibrations were determined, the impor
tance of the vitrinite reflectance suppression effect was not 
widely recognised and it is likely that the differences between 
the calibrations are partly due to this factor. 

Vitrinite reflectance and fluorescence alteration of 
multiple macerals 
The fluorescence alteration of mUltiple macerals (FAMM) tech
nique (Wilkins et al. 1992b, 1995) is a powerful new TM tech
nique designed to cope with the phenomenon of suppression of 
vitrinite reflectance and the problems posed by organic matter 
in which the identification of vitrinite is equivocal. Because of 
the suppression effect, the values of measured VR and equiva
lent VR from FAMM (which is internally corrected for sup-
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Figure 1. Relationship between spore colouration index and vitrinite reflectance for rocks of different sample 
groups: 1, Cretaceous-Tertiary; 2, Triassic-Oligocene; 3, Carboniferous coals; 4, Late Tetiary with high initial 
temperature gradient; 5, North West Shelf Australia (modified from Cooper 1977 and Robertson Research Australia 
1988). 



pression) commonly differ by as much as 50% for Jurassic and 
Cretaceous rocks of the North West Shelf, and differences of 
100% are known. 

One of the most powerful features of the FAMM technique 
is the systematic relationship between YR and FAMM data. 
This provides a test of consistency for YR and equivalent YR 
values, which is illustrated in Figure 2. Individual macerals may 
be plotted on this diagram using parameters derived from their 
curves of fluorescence intensity against time (Wilkins et al. 
1992b, 1995). The sub-vertical lines represent maturation path
ways for telovitrinites of different hydrogen-richness and mag
nitude of YR suppression . Horizontal lines on the diagram are 
iso-rank lines. The diagram indicates that YR and FAMM equiva
lent YR are numerically the same only if the composition of the 
vitrinite is 'normal' (orthohydrous). For all other vitrinite com
positions, perhydrous and subhydrous, a correction factor is 
required to be respectively added to or subtracted from the 
measured YR. 

For example, in Figure 2, a vitrinite plotting at 'B' has a 
measured reflectance of 0.50%, and a FAMM equivalent YR of 
0.70%. The suppression iso-correction curves indicate that a 
suppression correction of + 0.20% should be applied to the 
measured YR which brings the value into equivalence with the 
FAMM equivalent YR. If the corrected YR and the FAMM 
equivalent YR values are not the same within O. I %, this usually 
indicates that the vitrinite population has not been accurately 
defined in one, or both, methods and the determinations should 
be repeated with this possibility in mind. This test is routinely 
applied in TM studies involving FAMM and VR carried out in 
the CSIRO DivIsion of Petroleum Resources and a near equal
ity of corrected measured YR and FAMM equivalent YR values 
is regarded as strong evidence that both techniques are perform
ing well and are not affected by oxidation, for example. For 
organic matter from the Jurassic and Cretaceous rocks of the 
North West Shelf, although the measured and FAMM equiva
lent YRs are commonly numerically different, they are consis
tent with one another by reason of the suppression correction. 
FAMM and YR results for Triassic samples are more com-
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monly numerically similar, indicating compositions which are 
close to orthohydrous, except where the environment has been 
marine influenced such as that represented by the Late Triassic 
Brigadier Formation. 

Vitrinite Reflectance and T tnDX 

Rock-Eval pyrolysis results are available for some North West 
Shelf wells for which YR has not been determined. T max' the 
temperature at maximum rate of hydrocarbon generation during 
artificial pyrolysis, is an important TM parameter, but its use 
is critically dependent upon the correct identification of kero
gen type (Espitalie et al. 1985). In the Rock-Eval technique, 
kerogen typing is mainly accomplished through the hydrogen 
index (HI) parameter, given by 100 S, / TOC in mg g-I TOC, 
where S, is the hydrocarbon generated by pyrolysis and TOC is 
the total organic carbon in wt%. Horstman (1994) has pointed 
out that the oil potential of source rocks containing organic 
matter with a high inertinite content is systematically underes
timated by Rock-Eval pyrolysis. This is because inertinite con
tributes little to the hydrocarbons released on pyrolysis, yet it 
is measured in the TOC. An adjusted hydrogen index HI. which 
is more appropriate for the assessment of such organic matter is 
given by the relationship 

HI, = 100 (S, - 0.26R) 1 TOe - R, where R = TOe 00 %1/100 

and %1 is the volume % inertinite in the organic matter' . 
Recasting HI values may result in what appears to be a change 
in the identification of the kerogen type. Furthermore, organic 
matter with a high inertinite content will have its T max value 
controlled by the liptinite and vitrinite components because of 
their high volatile content relative to inertinite. T rna. values will, 
therefore, be lower than expected on the basis of the uncor
rected HI values of the organic matter. It is important that thIS 
possibility is kept in mind in North West Shelf TM studies, 
because inertinite-rich organic matter is very common, espe
cially in the important marine sequences. 

2 ThiS equation is misprinted in Horstman (1994). 
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Figure 2. A FAMM fluorescence alteration diagram on which the ratio of the final (700 s) to the initial fluorescence 
intensity is plotted against the final fluorescence intensity derind from maceral fluorescence alteration curves. The 
diagram shows the maturation pathway for orthohydrous telovitrinites (the 'normal' vitrinite line) and generalised 
suppression iso-correction curves indicating the correction to be added to measured VR for the suppression effect. A and 
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Figure 3. Plot of T vs VR for Type III organic matter of 
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Figure 4. Relationship between VR and T mn for serial plies 
from several New Zealand Tertiary coal seams, showing 
the effect of perhydrous vitrinite compositions (with VR 
suppression) on T m .. of iso-rank samples. Samples from the 
same coal seam are linked (after Newman et al. 1994). 

Normally, maturation modelling of Rock-Eval data is car
ried out directly, using pyrolysis kinetics (Tissot & Espitalie 
1975). The alternative of transforming T max to equivalent VR 
can only be done with much uncertainty and great caution 
(Whelan & Thompson-Rizer 1993). Even among samples ofa 
defined type-for example, type III vitrinite-rich coals--changes 
of maceral composition with age and geographical occurrence 
have an important effect on equivalent VR (Powell et a!. 1991). 
This is illustrated in Figure 3, where a T max of 430°C for a Ter
tiary perhydrous Indonesian coal corresponds to an equivalent 
VR of little more than 0.5% and the same T max value for an 
orthohydrous Netherlands Carboniferous coal gives an equiva
lent VR of 0.75%. 

Regarding the question of the effect on T mo< of samples 
showing VR suppression, Newman et a!. (1994) found in a 
study of serial plies of coal seams that there was a general 
lowenng of T max by up to 15°C in samples with the lowest 
reflectance (Fig. 4) Similarly, the T max values of Canadian Creta
ceous coals with high HI values have been noted to be anoma
lously low and the effect has been termed 'suppression ofT max' 

(Snowdon 1995). It should also be noted that contamination by 
cavings and reworked organic matter cause anomalies which are 
difficult to resolve without visual examination of samples. 

North West Shelf wells 
TM data from published and unpublished sources for three 
wells from the North West Shelf of Australia (Bowers-I , 
Carnarvon Basin; Flamingo-I, Bonaparte Basin; Kalyptea-I , 
Browse Basin) are discussed in this section. 

Bowers-} 

Figure SA shows depth vs VR and FAMM equivalent VR pro
files for Bowers-I based on CSIRO data. In Figure 5B these 
data are compared with depth vs VR and SCI equivalent VR 
profiles based on RRl results. The results from all three tech
niques and both laboratories are broadly equivalent below the 
major unconformity at 3700 m, which separates the marine 
Middle Jurassic and fluviodeltaic Triassic sediments . Above the 
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Figure 5. Profiles for the Carnarvon Basin well Bowers- I of (A) depth vs VR and FAMM equivalent VR, based on 
CSIRO data from Ellacott et al. (1992b), and (B) depth vs VR and SCI equivalentVR, based on data from Robertson 
Research Australia (1988). 
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unconfonnity, FAMM and SCI equivalent VRs, and VRs from 
RRI are in broad agreement, but they are in clear disagreement 
with the CSIRO VR results. It is also worth recording that the 
CSIRO VR and FAMM studies were carried out independently 
by different workers using the same materials. 
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The discrepancy between the two sets ofVR results can be 
investigated using the systematic relationships known to exist 
between VR and FAMM (Fig. 2). Perhydrous vitrinite 
populations were revealed in the fluorescence alteration diagrams 
of all samples above the major unconfonnity. Figure 6 shows 
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Figure 6. Fluorescence alteration diagrams for two samples from the Flacourt Formation of Bowers-l 
(data from Ellacott et al. 1992b). Filled circles, vitrinite; unfilled circles, inertinite and liptinite. 
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Figure 8. Plot ofVR vs SCI, showing results on the Bonaparte Basin 
well Flamingo-l compared with a selection of data from 24 
Carnarvon Basin wells (Robertson Research Australia, I 9!!!i). 
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fluorescence alteration diagrams oftwo samples from the Early 
Cretaceous F1acourt F ormation in Bowers-I. For both samples, 
a VR suppression of approximately 0.4% absolute is predicted. 
This is close to the observed differences between measured VR 
and FAMM equivalent VR for both samples. Thus, although 
the CSIRO FAMM and VR results are numerically different, 
the values are nevertheless broadly consistent. Although the 
same test cannot strictly be applied to the RRI VR results be
.cause samples from the same depths have not been studied by 
the F AMM technique, it seems most unlikely that all the samples 
above the unconformity could have contained orthohydrous 
vitrinites, given that vitrinites with perhydrous compositions 
were found in all CSIRO samples from this section ofthe well. 
It is concluded that the RRI VR results on Bowers-l are almost 
certainly in error, despite the fact they are in approximate 

numerical agreement with the FAMM equivalent VR values. 
This may be a result of the difficulty in identifying the indig
enous vitrinite population in kerogen concentrates. It is pos
sible that a population of reflectance-suppressed inertinite 
(Wilkins et al. I 994a) was followed in successive samples down 
the well. The SCI results on Bowers-l support the observation 
of Schwab et al.(l994) that spore colouration is not influenced 
by the factors causing suppression of reflectance in vitrinite. 

Flamingo-l 
As for Bowers-I, there exist VR results from two laboratories 
(RRI and KK), as well as equivalent VR data from SCI (RRI) 
and FAMM (CSIRO). Both sets of measured VR results give 
what is effectively the same profile on the depth vs VR plot 
(Fig. 7) and in this diagram, the combined measured VR data 
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Figure 9. Fluorescence alteration diagrams for two samples from Flamingo-I. 
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have been fitted with one line. Transforming the SCI data to YR 
equivalent , using the RRI North West Shelf calibration 
(Robertson Research Australia 1988), it is seen that the SCI 
equivalent YRs are systematically displaced to lower values 
than measured YR on this diagram. On the other hand, the 
FAMM equivalent YRs have systematically higher values than 
the measured YRs. 

On a YR vs SCI cross plot (Fig. 8), the RRJ Flamingo-I data 
are compared with a selection of data from 24 Carnarvon Basin 
wells (Robertson Research Australia 1988). For this basin, YR 
and SCI are highly correlated. Most of the Flamingo-I data for 
YR < 0.7%, however, plot off the trend of this line towards 
lower values of SCI for a given YR. The apparent inconsistency 
between the YR and SCI results for Flamingo-I , suggests that 
different calibration curves relating these parameters may be 
required for the Carnarvon and Bonaparte Basins. 

It is next necessary to investigate whether the FAMM 
equivalent VRs are consistent with the measured VR results . 
With the exception of the core sample al 3631 .08 m, which 
contains vitrinite bands. all samples are core or cuttings contain
ing only dispersed org<Jnlc matter (DOM). Two lines of evi
dence show that VR and FAMM results are broadly consistent. 
Firstly, where the fluorescence alteration diagrams contain tightly 
constrained populations of vitrinite as in the examples of 
Figure 9, they correctly predict the magnitude of VR suppres
sion. For core 5-1 (3329.3 m) the predicted difference (0.35%) 
between measured VR (RRJ and KK data; 0.6%) and FAMM 
equivalent YR (0.95%) is the same as the actual value. Core 6-2 
(3631.08 m) is of particular interest, because the coaly bands 
allow unequivocal identification of vitrinite. The reflectance of 
the vitrinite in this sample has been verified in CSIRO and other 
laboratories and the value is always close to 1.0% (Wilkins et a\. 
I 992a). FAMM equivalent VR for this sample is 1.2% and the 
predicted suppression ofVR is about 0.2%, which is in agree
ment with the measured YR. Both sets of measured VRs and 
FAMM equivalent VRs are broadly consistent, though the YR 
and FAMM results differ numerically, but all are inconsistent 
with the SCI equivalent VRs, either by reason of errors in the 
SCI measurements or in their transformation to equivalent YR. 

Kalyptea-l 

Three sets of maturity data for Kalyptea-I; YR, FAMM and 
T are shown in Figure 10. The FAMM and VR studies were 
c;;;ied out on the same samples by CSIRO and KK respec
tively. A preliminary examination of the VR, Tmax and HI data 
suggests that the organic matter has not reached peak matunty 
for oil generation at maximum depth (VR < 0.7%; T max < 44SOC). 
In addition, HI values, which are all be low 200 mg / g TOC are 
disappointing in terms of petroleum prospectivity. 

However, the maceral analyses (Fig. II) show that the or
ganic matter is mainly composed of inertinite (40-80%) and 
liptinite (10-65%), whereas the vitrinite in most of the samples 
is <20%. The result of adjusting the HI values for the high 
inertinite content by Horstman's (1994) method is shown in 
Figure 12. This 'upgrades' the assessment of generative poten
tial of the organic matter so that much of it has the aspect of 
Type II-III. As the classification of the organic matter is modi
fied from Type III towards Type II, with strong marine affinity 
to the source of the liptinite, the expected T max values would be 
lower (Tissot et a\. 1987). The T max value of marine Type II 
organic matter is approximately 450°C at peak generation 
(Espitalie et a\. 1985), which is close to the values recorded 
from about 4000 m in the well; thus the apparent inconsistency 
between the FAMM equivalent VR and T ma.. is largely resolved. 
Further support for the FAMM equivalent VR value is pro
vided from chemical maturity parameters based on sterane iso
mers (Peters & Moldowan 1993) . These have reached 
equilibrium at 4250 m, suggesting equivalent VR values> 0.9% 
(C. Boreham, AGSO, pers. comm. 1996). 
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The high liplinite content of the Kalyptea-I samples and 
their high liptinite to vitrinite ratios suggests that these samples 
are likely to exhibit VR suppression, and this is confirmed by 
the high fluorescence of the vitrinite throughout the depth of the 
wei\' Although the suppression correction is variable, an aver
age suppression of about 0.3% is suggested by the FAMM data 
and this is in fair agreement with the observed differences be
tween the VR and FAMM results. In summary, the results from 
all three techniques are reasonably consistent. 

Discussion and conclusions 
Some inconsistencies between different sets of TM data are 
caused by technical errors in one or more of the techniques, 
such as the inaccurate identification of the indigenous vitrinite 
population for VR, difficulties in recognising oxidised samples 
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Figure 12. HI-OI plots of Rock-Eval data for Kalyptea-l (Analabs 
data in Ellacott 1992a). A, raw data. B, HI adjusted for high 
inertinite content by the method of Horstman (1994). 

in FAMM analysis, or drilling mud contamination of cuttings 
and sidewall core samples in Rock-Eval pyrolysis. Such errors 
are difficult to identify unless duplicate determinations by the 
same technique from different laboratories or, al least, by dif
ferent operators in the same laboratory are in di sagreement. 

At the methodological level, each of the 1M indicators dis
cussed in the examples above has its problems. Curiale et al. 
(1989) noted that all kerogen-based maturation parameters de
pend for their efficacy on the degree to which the type of or
ganic matter being studied can be calibrated and allowed for. 
This comment is especially apposite to Rock-Eval Tmax, which 
has little value as a maturity indicator unless the maceral com
position can be identified with one ofthe organic matter types 
(I , II or III) defined by Espitalie et al. (1977). Maceral analyses 
provide some of the most significant information for the assess
ment of source rocks. Yet, for North West Shelf wells, only the 
relatively few samples submitted for petrographic examination 
will have had their maceral composition estimated. If no direct 
information on the maceral composition is available, attempts 
can be made to estimate it from other geochemical data. The 
difficulty of successfully carrying out this type of indirect de
termination is well illustrated by the example of Kalyptea-l 
described above. Some North West Shelf organic matter, nota
bly the common association of inertinite and liptinite in marine 
sediments, does not compare well with any of the classic types, 
and methods of treating Rock-Eval data on such materials for 
organic matter typing and thermal maturity estimation are still 
being explored (e.g. Horstman 1994). 

Both SCI and VR techniques attempt to overcome the prob
lems of organic matter type by restricting measurements to spe
cific macerals. Some methodological problems of both approaches 
have already been mentioned. Spore colouration appears to have 
the important advantage over VR in that it is unaffected by 
factors giving rise to reflectance suppression of vitrinite, though 
more evidence needs to be accumulated on this point. On the 
other hand, the low resolution of the method and the consider
able uncertainties in transforming SCI to equivalent VR lessen 
its value for thennal maturity modelling. The FAMM technique 
accomodates changes In maceral composition because the si
multaneous acquIsitIOn of both maturity and compositional in
formation enables the effects to be separated. Nevertheless, it 
too has methodological problems such as the restricted range 
(equivalent VR = 0.4-1 .2%), and errors of ± 0.1 % absolute can 
easily occur near the limits of this range (Lo et al. 1996). Such 
disadvantages are balanced by the highly systematic relation
ship between VR and FAMM equivalent VR, which accommo
dates the VR suppression effect. As has been shown for the 
three North West Shelfwell examples, this can be used to check 
that the indigenous vitrinite population in both the FAMM and 
VR methods has been accurately identified, and it increases the 
confidence in both results. 

Although the technical and methodological problems of each 
TM indicator can give rise to errors, many of the more interest
ing and systematic inconsistencies, however, may be only ap
parent. The terms rank and thermal maturity are used, 
respectively, to refer to the degree of coalification of coals and 
the level of organic metamorphism of source rocks, but insofar 
as some coals may also be source rocks, the terms are often used 
interchangeably. However, Suggate (1990) pointed out that the 
concepts of rank and maturity are not synonymous for coals if 
their initial chemistry is different. Suggate's (1959) parameter 
Rank(S) is an attempt to cope with problems produced by dif
ferences in the chemistry of coals due to type, which originate 
in differences in original plant material and degree ofhumifica
tion and gelification from the peat stage. The problem has been 
further discussed by Sykes et al. (1992). Newman et al. (1994) 
succinctly described the relationship by distinguishing coal 'rank' 
as relating specifically to thermal history, whereas 'maturity' 
refers to the chemical state achieved in response to both depo
sitional and burial history. 

Rank(S) is derived from routine coal analyses and the method 
is not readily applied to source rocks containing DOM; never
theless, such materials present the same problems as Suggate 
(1959) addressed for coals. The differences between the con
cepts of ' rank' and 'thermal maturity ' are well illustrated by the 
relationship between FAMM and VR in Figure 2, which is based 
largely on data obtained from North West Shelf samples. The 
figure shows the average values of two vitrinite populations 
with the same equivalent VR values, but with different mea
sured VR values. For the population plotting on the 'normal' 
vitrinite line, the VR and equivalent VR values are the same, 
whereas for the second population, the values differ. Both popu
lations have the same rank, expressed by the equivalent VR 
results, but they have a different degree of thermal maturity 
expressed by the different VR results. FAMM is primarily a 
rank indicator because, within the general limits of Type II and 
Type III organic matter, It is insensitive to the hydrogen content 
of vitrinite. The effectiveness of FAMM in extracting rank in
fo rmation from Indonesian coals with a wide range of 
perhydrous and subhydrous compositions (Teerman et al. 1995) 
gives confidence in this approach to rank determination. By 
contrast, while VR always functions as a TM indicator, it is 
only a rank indicator when vitrinite has an orthohydrous com
position. 

The modelling ofVR by the method of Bum ham & Sweeney 
(1989) is best described as rank-based, because the Carbonifer
ous coals providing most of the chemical data linking the py
rolysis equations to VR are likely to be close to orthohydrous m 
composition. Thus, thermal maturation modelling by this method 
is only strictly valid when the vitrinites from a modelled well 
are also orthohydrous. For sequences containing perhydrous or 
subhydrous vitrinite compositions, FAMM equivalent VRs 
approximate VR values for orthohydrous vltrinites of the same 
rank. Until appropriate thermal maturation kinetics for 
perhydrous vitrinite compositions are available, better agree
ment between measured and calculated VRs in maturation mod
elling is likely to be obtained using the FAMM equivalent VR 
values rather than the measured VRs (Wilkins et al. 1994b). 
Regarding discrepancies from simple constant heat flow matu
ration models, the possibility must also be kept in mind that 
many North West Shelf wells are drilled close to faults which 
have been significant conduits for fluids from depth over signifi
cant periods oftime (O'Brien 1995), and the effect of such fluid 
flow on the thermal maturation of the organic matter is poorly 
known at present. 

Two final comments may be made. Firstly, the often quoted 
opinion-that the more independent TM parameters that agree, 
the greater the likelihood that the indication of thermal maturity 
is correct-could be misleading. If, as Price & Barker (1985) 
maintain, all maturation indices are retarded for hydrogen-rich 
kerogens, care must be taken not to confuse the strong indica-



tion ofthennal maturity with rank. Secondly, it should be stressed 
that TM indicators do not have to agree. This is an mevllable 
consequence of the range of activation energies amongst the 
wide variety of reactions on which the indicators are based and 
the differing thennal histories of sedimentary basins. Thus, it 
can not be expected that there will be any simple scheme of 
correlation between TM indicators (Heroux et al. 1979, Tissot 
et al. 1987). 
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Sequence stratigraphy: a review of fundamental concepts and their 
application to petroleum exploration and development in Australia 
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Sequence stratigraphic concepts and techniques provide a power
ful tool to analyse and predict stratal architecture and facies 
pallerns within sedimentary basins, The concepts are based on an 
analysis of cyclic sedimentation pallerns in terms of changes in 
sediment accommodation and sediment supply. Sediment accom
modation , the potential space available for sediments to 
accumulate, is controlled by the combined effects of eustasy and 
tectonic subsidence or uplift. Sequence stratigraphy involves the 
analysis of these sediment accommodation cycles within a time
stratigraphic framework, and subdivides sedimentary successions 
on the basis of key surfaces (unconformities, flooding surfaces) 
into a systematic and predictable distribution of depositional units 
or system tracts. 

The distribution of petroleum systems and key petroleum play 
elements (e.g., sand-shale ratio, reservoir type and connectivity, 
organic-rich shales and coals, marine shale seals etc.) can also be 
shown to be largely controlled by changes in sediment accommo
dation and sediment supply. Thus, sequence stratigraphic tech
niques provide a powerful tool to analyse petroleum systems and 
to predict the distribution of potential reservoirs, sources and 
seals for hydrocarbon accumulations. 

Introduction 
Since their introduction more than a decade ago, the concepts 
and techniques of sequence stratigraphy have proved extremely 
useful for analysing and predicting the distribution of reservoirs, 
sources and seals within a basin. During the past several years, 
these techniques have become generally accepted by the geo
logical community and numerous papers have discussed their 
application (e.g. Galloway 1989, Einsele et al. 1991, MacDonald 
1991, Posamentier et al. 1993, Posamentier & Allen 1993a, 
Dalrymple et al. 1994, Weimer & Posamentier 1993, Howell & 
Aitken 1996, etc.). Sequence stratigraphy has also provided the 
basis for the development of new types of play concepts, such 
as incised-valley fills and lowstand coastal sand deposits. These 
have led to a number of exploration successes in numerous basins 
(Weimer 1984, Reinson et al. 1988, Plint 1988, Van Wagoner et 
al. 1990,Allen & Posamentier 1993, Dalrymple et al. 1994). 

This paper reviews the fundamental concepts of sequence 
stratigraphy and illustrates, with recent examples from Australian 
basins, how these concepts can be used to predict the temporal 
and spatial distribution of key play elements critical to explor
ation success. 

Sequence stratigraphic concepts 
Sequence stratigraphy was originally defined as the study of 
'rock relationships within a time-stratigraphic framework, of 
genetically related strata bounded by surfaces of erosion or 
non-deposition, or their correlative conformities' (Posamentier 
et al. 1988, Van Wagoner et al. 1988). In practical terms, sequence 
stratigraphy involves the construction of a time-stratigraphic 
framework in which cyclic sedimentation patterns can be 
analysed in terms of the space available for sediment to accumu
late and sediment supply. Contrary to the more traditional 
approach of lithostratigraphy, which focuses primarily on the 
physical properties of sediments and subdivides stratigraphic 
successions on the basis of mappable units, sequence 
stratigraphy subdivides sediments on the basis of key surfaces 
formed by significant geological events (i.e. unconformities and 
transgressions), and interprets the sedimentary stacking patterns 
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The basic principles of sequence stratigraphy are independent 
of time and scale, such that large-scale sequences can be succes
sively divided into progressively smaller scale or higher order 
sequences. This notion of sequence hierarchy has important 
implications for hydrocarbon exploration, since the relative degree 
of development or dominance of depositional systems tracts (and 
their constituent play elements) is determined by the position of 
a panicular sequence within a lower order sequence. These lower 
order sequences thereby determine source-prone or reservoir-prone 
fairways . 

Sequence stratigraphic concepts are now routinely applied to 
hydrocarbon exploration in Australia, including: the prediction of 
regional hydrocarbon systems, the search for specific depositional 
systems and reservoir-seal plays, and the high-resolution analysis 
of reservoirs for field development purposes. A review of recent 
applications to regional and specific hydrocarbon systems in the 
onshore Canning and offshore Carnarvon Basins highlights the 
potential of these techniques to Influence future exploration strat
egy and millgate exploration risk in Australia 's onshore and off
shore basins. 

between these surfaces. This type of stratigraphic approach 
leads to a better understanding of the relation between sedimen
tation patterns and changes in relative sea level, sediment supply, 
and tectonic uplift or subsidence in the hinterland. 

The fundamental notion of sequence stratigraphy is that the 
vertical and regional patterns of sediment stacking and facies 
distribution in sedimentary basins are related to two major 
parameters: I) changes in accommodatIOn, and 2) the rate of 
sediment supply (including carbonate production). The notion 
of sediment accommodation, which defines the potential space 
in which sediments can accumulate, is one of the key concepts 
of sequence stratigraphy and was formalised by Jervey (1988). 
Changes in sediment accommodation are related to changes in 
relative sea level (i.e. the combination of eustasy and subsidence 
or uplift) and fluvial base level. Because these variations are 
commonly cyclic, sediments accumulate as discrete cycles of 
transgression and regression. Analysis and interpretation of these 
cycles forms the basis of sequence stratigraphy. 

Sedimentary sequences are common, at a variety of scales, 
in most siliciclastic and carbonate shelf deposits (Fig. I). Each 
sequence is bounded and punctuated by two key stratigraphic 
surface: I) the sequence boundary, a basal bounding surface, 
and 2) the maximum flooding surface, a surface formed at the 
time of maximum transgression . 

There are two types of sequence boundary. A type J sequence 
boundary (Fig. 2, lower half) is characterised by subaerial 
exposure and erosion associated with stream rejuvenation, a 
basinward facies shift, a downward shift in coastal on lap, and 
on lap of overlying strata (Van Wagoner & others 1988). It 
represents an unconformity surface which grades seaward into 
a conformable surface. A type I sequence boundary is inter
preted to form when the rate of eustatic fall exceeds the rate of 
basin subsidence at the depositional shoreline break (i.e., during 
an episode of relative sea level fall, or fluvial base-level fall). If 
there is no relative sea-level fall at this shoreline position, but 
only a period of minimum rate of sea-level rise, then the sequence 
boundary marks the time of maximum regression at the relative 
sea-level inflection point (a type 2 sequence boundary; Fig 2 
upper part). A type 2 sequence boundary lacks both the sub
aerial erosion associated with stream rejuvenation and a basinward 
shift in facies (i.e. it does not represent an unconformity surface). 

Although the sequence boundary and maximum flooding 
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surface are each usually physically continuous, they may be 
diachronous on a regional scale, owing to regIOnal variations in 
the rate of tectonic subsidence (e.g., Lawrence 1993). 

Based on the recognition of these key surfaces and the 

A 

o GR 150 R 

Ml 

~~~~~~~~~M~21 One t 
deltaic 
cycle 

[:m 

M3 
M4 

M5 

M6 

M7 

11fWAJ52 

c 

REGRESSION 

different types of sedimentary stacking patterns that occur 
between them, a sequence can generally be subdivided into several 
systems tracts (Posamentier & Vail 1988). Each systems tract is 
deposited during a specific part ofa relative sea-level cycle and 
forms a distinct sedimentary stacking pattern. All the sediments 
deposited during a relative sea-level fall and at the onset of a 
relative sea-level rise, as long as sediment accumulation is greater 
than the rate of relative sea-level rise, constitute the lowstand 
systems tract (Figure 2). The lowstand systems tract forms a 
regressive (upward-shallowing) sedimentary unit, which onlaps 
landward onto an unconformable sequence boundary, and 
progrades seaward over a conformable boundary surface. When 
the rate of relative sea-level rise exceeds the rate of sediment 
accumulation, a transgressive sedimentary unit is formed, defined 
as the transgressive systems tract. The surface separating the 
lowstand and transgressive systems tracts has been defined as 
the transgressive surface (Van Wagoner et al 1988). When the 
rate of relative sea-level rise decreases and sediment accumu
lation outpaces the rate of increase of accommodation, a 
regressive sedimentary unit, the highstand systems tract, is 
formed. The limit between the transgressive and highstand 
systems tract is marked by the maximum flooding surface, the 
sediment surface formed at the time of maximum landward 
position of the shoreline. In basinal settings, this surface occurs 
in a condensed sedimentary section and IS downlapped by the 
overlying highstand deposits. 

The term 'parasequence' (Van Wagoner 1985, Van Wagoner 
et al. 1988 1990) must not be confused with 'sequence'. 
Parasequence is a descriptive term that describes regressive 
(shallowing upward) successions bounded by marine flooding 
surfaces. Parasequences are commonly equated with indiVidual 
cycles of deltaic, coastal or platformal progradation, prevIOusly 
referred to by other terms such as 'cyclothems', 'punctuated 
aggradational cycles' (Busch 1983, Goodwin & Anderson 1985) 
or 'genetic increment of strata' (Busch 1971). Parasequences 
stack to form progradational, aggradational or retrogradational 
parasequence sets, and these stacking patterns in part define the 
various systems tracts. Parasequences are the fundamental build
ing blocks of sequences regardless of the size or time scale of the 
sequence. 

From these defimtions, it is clear that the boundaries between 
systems tracts within a sequence depend on sediment supply 
as well as chang.:, 111 relative sea level. Therefore, in many cases, 
these boundlllg surfaces will not be isochronous in all parts ofa 
basin, but rather the time of onset of the different systems 
tracts will vary regionally with subsidence rates, sediment 
supply etc. (e.g. Wehr 1993). 

Sequence stratigraphy, more so than most other types of 
geological analysis, requires an integration of all available 
geological datasets, including biostratigraphy, facies analysis, 
seismic interpretation and geochemistry. Biostratigraphic data, 
in particular, is of crucial importance for sequence stratigraphic 
analysis, and sequence stratigraphy has helped to re-establish 
the importance of palaeontology and biostratigraphy in basin 
studies and hydrocarbon exploration. 

The basic principles of sequence stratigraphy are indepen
dent of time and scale and can be applied to a Wide range of 
scales, from regional basin-fill studies to detailed analysis of 
individual reservoirs (Posamentier et al. 1992). This indepen
dence of scale has led to the notion of a hierarchy of sequence 

Figure 1 (left). Examples of cyclic sedimentation patterns 
in siliciclastic fluvial and shelf depositional environments. 
These transgressive-regressive cycles occur at various 
scales, ranging from individual deltaic deposits several tens 
of metres thick (A) to larger scale cycles comprising a 
succession of deltaic or coastal cycles (B & C). Example B 
illustrates Cretaceous sedimentary cycles in British 
Columbia (Hayes 1988) formed hy eustatic sea-level 
changes, whereas the very large-scale cycle in C was formed 
in response to variations in rate of tectonic subsidence in a 
fault-block basin. 
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orders, in,which large-scale sequences can be successively sub
divided into' progressively smaller sc'ale,o,r, higher order 
sequences, Thus, the largest recognised firsf'order'sequt5nces 

(meg~sequences ofHubbardet aL 1985,Baq et aL 1988, Vail et 
aLT991; duration of about 50+ m:y.) can be divided into a 
nUrhpe16f smalier scale, second~otder sequences (supersequences 
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Figure 2; Schematic illustrations of type 1 and 2 depositional sequences. Top: a type 2 sequence formed during a cycle of 
varying nite' of relative sea-level r'ise,withou't any' relative se:Hevel fail at the shoreline. In this case, it is generally 
difficuit to pick the sequence' boundary, as there' is tiounconfo'fIitity and no lowstand deposits accumulate: the SB is 
picked 'at the transition from regressive to trilDsgressive .stacking patterns~'Bottom: a type 1 sequence, characterised by 
an episode oFrelative sea-level fall at the shoreline;5uchsequences are punctuated by unconformable sequence 
boundaries '(see 'discussion in text). HST'-highstand systems tract; TST-transgressive systems tract; LST-Iowstand 
systems tract. ' . . 
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of Haq'et al. 1988, andVai let al. 1991 ;' about3~ 50m.y:dliration); 
each ofwhici), in turn, comprises several third-order sequences 
(about 0.5"':3 m.y. duration), ~hich constitute the basic 
'depositional sequences' of the EXXON group. At a finer scafe; 
each third-order sequence may be further subdivided Into fourth-
and fifth-order sequences, etc. ' ' 

Figure 3 isa modified portion of the coastal onlap chart 
(Haqet al 1987, 1988) whichdescilbes interpreted eustatic 
cycles intheTertiary. It was,built by calibrating seismic coastal 
onlap,geometry frommanybasins around the world (Vail 1988)". 
Note the schematic fourth-order eustatic cydeswithin the Early 
MIocene, which sum to give the third-order cycles. It is possible 
to aggregate the third-order cycles into second-order cyCles as 
indIcated. The slowly varying first-order eustatic cycle is also 
evident in Figure 3. This cycle may be related to regional plate 
niovements arid has a period ofsoll1~ 300 million years: World
wl'pe sea~levellows in the Precambrian and the Permian/Triassic 
correlate with little mid-ocean ridge: activity and amalgamated 
supercontinents, while sea-level highs in the Cambro-Ordovician 
arid Cretaceous correlate with the production of large amounts 
of basalt at the mid-ocean ridges' and considerable mobility of 
'srnall' isolated continental plates( e.g. Vail eta!. 1991 , fig 11, 
Loutit et al. i 991). Second and higher order eustatic cycles are 
,generally believed to be controlled by global climatic variations 
governed by Earth's orbital parameters and consequentchanges 
in the ext¢nt ofpolai and glacial ice. ' 

, In any" sedimentary basin, global, regional and local tectonic 
events; together with variations in sediment supply, interact 
with global eustaii2cycles to produce the observed hierarchy of 
accommodation cycles and depositional sequences 
(megasequences, supersequences and sequences). In many 
instances, regional arid local tectonic controls may mask eustatic 
events; in other instances, the e\jstatic events will overprint and 
either accentuate of diminish local ' controls oil depositional 
seql,l'ences, ' Generally, the larger the sC<tle ofasequence, the 
ll}oreitis controlled by variations in rates of regional tectonic 
subsidence 'and uplift: ' ' 
" Th~ notion of sequence hierarcl1Y has important implications 
for 'hydrocarbon exploration, because the" relative degree of 
developin"ent or dominance of depositional systems tracts wit~in 
a/arycular sequence will be ?eteimiriedby the position ofthe 

,A<;;~ " " 

Figure 3. Relative change of coastal ' on lap chart. Note scale 
of first:, second-, third- and fourth-order eustatic cycles 
(scl1ematic, within e3rly Miocene s~quence).Diagram shows 
appro);imately, two~thirds of the .Tertiary~Quaterl)arY 'Teja~', 

megasequence (modified from Haq ,et al. , 1987)., 

sequence within a larger scale sequence .. For example, third
oider sequences within the transgressive systems tract of a 
seco'nd"order sequence will , generally . be characterised by 
enhan'ced transgressive systems tracts, and diminished lowstand 
or highstand systems tracts. Conversely, third-order sequences 
within the lowstand and highstand systems tracts of a second
ordersequencewill have wellcdeveloped lowstand and highstand 
systems tracts, whereas the transgressive systems tracts, will be 
dimmished, ' . 

This relative enhancement or diininishmentofspecifit 
depositional , systems tracts within, larger scale sequences has 
important implications for hydrocarbon exploration, since these 
'nested' depositional systems determine the probable temporal 
and spatial distribution ofregional source-, reserVoir~and seal
prone fairways in a basin (see examples in later section). These 
conc(;!pts :have also led to . the identification of specific ,large
scale cycies of sequence patterns related to secondcorder eustatic 
cycles:.Thus, .VaiI et al. (1991,p.644) defined. the 'Neogene 
cycle' (Fig. 3)in which three large-scale (second-order) Late 
Oligocene to Pliocene eustatic cycles form it distinct succession 
of third-order sequences: Late Oligocene lowstand progradation; 
basal Miocene flooding; early Early Miocene highstand 
aggradation, commonly ending with lowstand deposits; late Early 
Miocene highstand aggradation, also corrirnonly ending with major 
lowstand deposits; early Middle Miocene flooding and major 
highstand progradation; end of Middle Miocene major down
ward ·shift of onlap and lowstand deposits; Upper Miocene 
highstand aggradation, . commonly ending with lowstand 
deposits; earliest Pliocene flooding; Pliocene~lower Pleistocene 
highstand aggradation with multiple lowstand deposits; and, 

' firially, late Pleistocene high-frequency sequences. These large
SCale cycles generally result in aiternatingepisodes ofra:pid 
shelf progradation and transgression or aggradation. ,~. 

A relatively. recent development of sequence stratigraphy 
has been. its application to relatively small scale res'ervoir ~nd 
field development problems, This 'high-resolution" 'sequence 
stratigraphy is based on an integration ofsequericestratigraphy 
with conventional facies and electrofaciesanalysis, and pro duc
tiondata'. 'This scale of application is rapidly becoming a. key 
technique for. planning field-development strategies and enhanced 
oil-recovery projects,. and, in many; cases has led to improved 
hydrocarbon recovery and increased reserves (Reinson et al. 1988, 
Po sam en tier & Chamberlain 1993, Bowen 'et al. '1993; etc.). 

Historicaldevelopm~nt ,of seqtie,nce 
stratigraphy 
Many of the concepts of sequence stratigraphy datefroin the 

, tum of the century, when the role of cyclic variations of sea 
level was recognised (Gilbert 1895" Suess 1904) and the sub
division of stratigraphic successions by 'unconformitysurfaces 
was introduced by European stratigraphers. Several decades 
later, Wh~eler (1958) and Sloss (1963) further developed and 
refilled the concept. of unconformity-bounded units, or se-
quences: . . 

The late 1970s saw the introduction of selsinic stratigraphy, 
based on the stratigraphic interpretation of ,seismic reflection 
data, Thi's technique, based on the work of Peter Vail and his 

. colleagues at Exxon Production Research Co. (Vail eta\. i 977), 
sug'gestedthat a distinct cyclicity was present in inost marine 
successions. The cyclicity was tlienilsed to subdivide strati
g~ai>hic successions into sequences' bounded by l.lnconformities 
and their com;lative conforrriities', The apparent global 
synchroneity of these sequences was related' tothe effects of 
'eustasy,and the first seismic~basedeustatic c\lrves were pub" 
lished (Vail et al. 1977), . . ' . 

The: more general application of these cOl1cepts to geolog" 
ical data; i.e. sequence stratigraphy, was il1troduced a decade 
latel< with publication oftheS,EPMSpecialPublication 42 
(Wilgus et a1. 1988). These papers analysed the relation be-



tween depositional sequences, systems tracts and relative sea 
level in siliciclastIc and carbonate deposits (Cross 1988, 
Posamentier et al 1988, Posamentier & Vail 1988, Sarg 1988). 
The key concepts of sediment accommodation (Jervey 1988), 
depositional systems tracts (Posamentier & Vail 1988), and 
specific types of depositional systems such as lowstand de
posits (Plint 1988) were refined and analysed. The fundamental 
contribution of these papers was that sequence stratigraphic 
concepts, built on the key notion of sediment supply, relative 
sea level (or fluvial base level) and accommodation changes, 
applies not only to large-scale seismic data, but also to smaller 
scale outcrop and borehole data. The practical applicability of 
sequence concepts to siliciclastic borehole data and cores was 
subsequently demonstrated by Van Wagoner et al. (1990). 

In these initial publications, emphasis was placed on 
siliciclastic systems in passive margin settings. Subsequently, 
these concepts have been shown to be equally applicable to 
carbonate sediments (Sarg 1988, Jacquin et al. 1991, Handford 
& Loucks 1994), mixed carbonate-siliciclastic sediments 
(Garcia-Mondejar & Fernandez-Mendiola 1993), carbonate
evaporite sediments (Tucker 1991, Handford & Loucks 1994) 
and coal deposits (Cross 1988, Arditto 1991 , Aitken 1994). Not 
only have these concepts been applied to a variety of sediment 
types and depositional environments, but they have also been 
applied to a variety of basin types, including those in active 
tectonic settings, such as foreland basins (Posamentier & Allen 
1993b, Van Wagoner & Bertram 1995), forearc basins (Tye et al 
1993, Hewlett & Jordon 1993), extensional basins (Prosser 1993, 
Gawthorpe et al. 1994, Howell & Flint 1996), and intracratonic 
basins (Lindsay et al. 1993). To a more limited extent, sequence 
stratigraphic concepts have also been applied to lacustrine (Liro 
1993) and aeolian (Yang & Nio 1993) sediments. These and 
numerous other studies have shown that the basic concepts of 
sequence stratigraphy can be applied to all sedimentary basins, 
regardless oftectomc setting, age and sedimentary environment 
(Weimer & Posamentier 1993). 

Other approaches have also been proposed to subdivide 
lithologic successions into 'sequences'. Among these is that of 
Galloway (1989), who subdivided genetic sequences at the maxi
mum flooding surfaces rather than unconformities and corre
lative conformities. Although the two approaches result in a 
different sequence packaging, their basic premises (accommo
dation and sediment supply) are similar. Unfortunately, the past 
several years have also witnessed a proliferation of confusing 
jargon and terminology, and several sequence stratigraphy 
'schools', each with its own set of terms and definitions, have 
emerged. The polarisation of views between these schools has 
tended to focus attention on relatively differences in interpreta
tion and terminology, rather than commonality between them, 
and has undoubtedly served to discredit and hamper the wider 
general acceptance of the concepts of sequence stratigraphy. 

A number of misconceptions have also appeared during the 
past few years concerning the use of the eustatic cycle chart and 
various published sequence stratigraphic schema as geological 
models. Thus, numerous geologists tend to equate sequence 
stratigraphy primarily with the use of the eustatic sea-level 
chart published by Vail et aI., (1977) and Haq et al. (1988), and 
in certain cases, this chart is used to date stratigraphic events 
within a given section. Also, there has been a tendency to apply 
the so-called sequence stratigraphic models published by vari
ous authors (e.g., Posamentier et al. 1988) without taking into 
account local geological conditions, such as tectonism and sedi
ment supply. These developments tend to oversimplify the 
concepts and applications of sequence stratigraphy and, more 
Importantly, they overemphasise the effects of eustasy and 
underestimate the role of tectonism. These pitfalls can lead to 
erroneous results in basin analysis, exploration studies and 
reservoir prediction (Posamentier & Allen 1993a). 
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Practical applications of sequence stratigraphy 
to hydrocarbon exploration 
The advent of sequence stratigraphy has affected hydrocarbon 
exploration and production in several ways. Not only have these 
concepts furnished techniques to analyse and predict stratal 
architecture and facies patterns in a basin, but they have also 
provided an insight into previously little-known sandstone 
deposits, which can provide significant new exploration plays. 
Sequence stratigraphy is useful in both mature basins, where 
the primary focus is on structural and stratigraphic trapping, 
and in frontier areas, where it can help establish realistic geo
logical models to predict source rocks, reservoirs and seals. 
Finally, sequence stratigraphy is becoming an essential tech
nique for field and reservoir development studies, where it 
enables a better insight into reservoir interconnections and seals. 

The identification of sequences at various scales is import
ant for hydrocarbon exploration, because the type and contin
uity of reservoirs, seals and source rocks are largely determined 
by their position in a sequence. Thus, for a given rate of sedi
ment supply, the sand-shale ratio and reservoir connectivity in 
a stratigraphic succession are inversely proportional to the rate 
of increase of accommodation (i .e. relative sea-level or base
level rise). Studies of fluvial deposits by Allen (1978) and Bridge 
& Leeder (1979) showed that channel clustering and sand-shale 
ratio in fluvial successions are directly proportional to the rate 
of sediment supply and inversely proportional to the rate of 
fluvial aggradation (Fig. 4). The same type of relationship 
between sand abundance and accommodation rate is observed in 
shelf deposits (Allen & Mercier 1988; Fig. 5) where, for a given 
rate of sediment influx, the relative abundance of sand is inversely 
proportional to the rate of relative sea-level rise and shelf 
aggradation . 

Because the sand-shale ratio in a sequence varies inversely 
as the rate of relative sea-level rise, reservoir connectivity and 
trapping potential will vary in a predictable manner within a 
sequence (Fig. 6). The presence of organic-rich shales and coals 
is also a function of the rate of accommodation (Cross 1988), so 
that organic-prone intervals may occur mainly in the phases of 
maximum rate of relative sea-level rise, i.e. the transgressive and 
early highstand systems tracts. 

Similarly, Sarg (1988) demonstrated that the rate of change 
of relative sea level, and consequent changes in carbonate pro
ductivity, controls the distribution of platform, slope and basinal 
carbonate facies and the likely distnbution of specIfic reservoir
prone and source-prone deposits (e.g. karst porosity develop
ment in carbonate platform facies) . This concept has since been 
extended to mixed carbonate-siliciclastic and carbonate-evaporite 
systems (Dolan 1989, Tucker 1991 , Handford & Loucks 1994), 
each of which is characterised by systematic and predictable 
changes in carbonate/shale, carbonate/sand and carbonate/evapor
ite ratios. Within each such sedimentary system, the analysis of 
sedimentary facies and their stacking patterns at various scales 
is the basis for the application of sequence stratigraphy to 
hydrocarbon exploration. 

In practical terms, the application of sequence stratigraphic 
concepts to hydrocarbon exploration and production can be 
grouped into three broad categories: I) the prediction of regional, 
basin-scale hydrocarbon systems; 2) the search for specific 
depositional systems and reservoir-seal plays, and 3) the analysis 
of reservoir-scale systems for field development projects. 

Prediction of regional hydrocarbon systems 
Sequence stratigraphic analysis of regional well logs and seismic 
reflection data can help establish basin-wide geological models 
to help predict the probable location of sources, reservoirs and 
seals. This application of sequence stratigraphy is useful mainly 
in frontier basins or basins with relatively sparse well data, and 
is based on the analysis oflarge-scale sediment stacking patterns 
on well logs and stratal geometries on regional seismic sections 
(eg., Hubbard et al. 1985). 
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By applying, sequence stratigraphic concepts, it is possible 
to; identify key stratigraphic 'surfaces on w.ell logs and seismic 
sections that mark major changes i,n accommodation rates and 
sequenc;e .architecture. These surfaces and , theiracc;ompanying 
sedimentary stacking patterns can then be ·used to predict 
potential source-rocks, sand abundance, probable reservoir types 
and , continuity, and sealing potential. The key factor for this 
type of r(;:gional analysis is to subdiv:ide the succession into 
large-scale.sequences. ' 

In most basins, the ' largest-scale sequences (first-order 
megasequencesof Hubbard ,et al 1988, Haq et al. \988) are 
formed by basin-wide tectonic events (e.g., extension, thermal 
co'oling, flexural loading), which control basin subsidence (Vail 
et al. 1991). These megasequences largely determine the basin
wide distribution of sand- and shale-prone intervals and, thus, 

Constant sediment supply 

A # 

; . 

the likely ' distribution of majorsource-ros:k intervals ,and the 
basins' petroleum systems (Bradshaw 1993, Bradshaw et al. 
1994, Magoori &;DowI994: Loutitet al. 1996); The tectonic 
events ·that initiate and terminate each new phase of subsidence 
create new traps and migration pathways and may modify 
existing ones. 

At a more .detailed regional scale, the combined effects of 
eustasy and changes.in the rate of tectonic subsidence and regional 
sediment supply control second-order supersequences'. The 
supersequences are bounded by major relative' lowstands, often 
related to eustatic falls, and generally:define regional exploration 
plays, such as shelfal and deep-water sands, transgressive shelf 
sands, reefal buildups and dolomitised carbonate platforms, etc. 
However, the rate of subsidence. of a basin can modify the relative 
order of the sequences that control the major exploration targets 
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Figure 4. Illustration of the effects <if increasing rates of.: 
alluvial accommodation on fluvial stacking patterns (from 
Allen et al. 1996).· Top: It is assumed that sediment supply 
is constant and fluvial accommodation ·is 'created by tectonic 
subsidence. , When subsidence rate , isl!nv, ;. th'e fluvia( 
cha"nels terM to form amalgamated sand deposits (;\. and 

.B).The high't;rthe rate of accommodl\.t'ion increase (Le. · 
subsidence rate), the more 'isolilted ' are the' fluvial channels' 
within flood:plaiD'shales (q. When tiienite oflricreaseof 
accommjidation ·-exceed,s .. the rat~ of "s"dirnentsupply, ' a 
lacustdne ,system 'is formed on the alluvial plain (D). 80'ltom: 
Subsurface' example from' Miocene fluvial deposits in 
offshore Thailand, l\lustrating an abrupt change in fluvial 
stacking 'patterns from ' isolated ' channels to coalesced 
braided channel deposits. This transition is related to an 
abrupt decrease in the rate of, Jluvialaccommodation, 
b(ought about by eustatic, sea-level variations . . The surface 
separating t~e two types of ,fluvial patterns represents a 
type 1 sequence boundary ,' (see discussion in ~text}; 
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and hydr~carbon ·systems. 'Thus, in slowlY'Silb~idirig bas'ins 
(e.g. the North Sea Jurassic ),the lower order sequehces primarily 
determine the hydrocarbon systems, whereas in more rapidly 
subsiding basins (e.g. the US Gulf Coast, and the Mahakam 
Basin in Indonesia); the higher. order sequences control the 
hydrocarbon systems. 

The global :organic-rich, marine sourcecrock intervals 
recognised .by Klemme & Ulmishek (I 991) are thought to be 
largely controlled by second-order eustatic cycles. Based on the 
observation by Pasley et al. (1993) that organic carbon is con
centrated in the condensed section ofsequerices, Kirk (I 994a) 
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. p6stulaied.that,many of the globalmarinesource~rockjntervals 
recogn'ised by Klemme & Ulmishek coincide with condensed 
sectiOris developed at or near the maximum flooding surfaces of 
secondcorder eustatic cycles (supersequences). Although source 
rocks are commonly associated with these major maximum 
flooding events, the presence of source-rock intervals. in a 
particular basin largely depends on' whether the eustatic trans" 
gressive events are accentuated or diminished by regional and 
local tectonic subsidence of the basin. Thus,. in rapidly subsid
ing basins; eustatic sea-level rises will be enhanced, generally 
with a corresponding extensive and more organic-rich condensed 
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Figure 5: ·Schematic ilIustr'ation of the effects of varying accommodation and rate of relative' sea-Ievel.rise on coastal and 
shelf sediment stacking p~tterns. Top: Variations in coastal stacking patterns and' sand abundance during a cyclic 
change j'ntherate~:of relatiVe sea-level rise.-BtHtom: effects of relative sea-level rise on shelf arid slope patterns. The 
maximum abundance of sand on the shelf will occur during intervals of 'decreased relative sea-level rise. . , "-
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sectiori. If subsidence is slow, however, the local effect ofa 
eustatic sea-leveirise will be diminished. 

An example of 'hierarchical cycle stacking'isshown in 
Figure 7, where a succession of third-order-sequences stacks to 
form a second-order supersequence (the 'Neogene cycle' of 
Vail et al. 1991; Fig 7). Lowstand, transgressive and highstand 
systems tracts 'can be identified in each third-order sequence, 
but their development is determined by 'the position of a 
particular third-order sequence in the second-order 
supersequence. For example, the earliest third-order sequences 
generally have better developed lowstand sandstones, whereas 
the uppermost.third-order sequences commonly exhibit better 
developed highstand deposits. In the qasal third-order sequences, 
the development of lowstand deposits is enhanced by the 
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'second-order lowstand, whereas the development of lowstand 
deposits is subdued in the uppermost third-order sequences by 
the effects of thesecondcorderhighstand. Similarly, organic
rich, potential source-rock facies may be preferentially deve1-
oped in the distal toes of the third-order sequences at or near the 
second-order max"imum flooding surface and associated con
densed section (Creaney & Passey 1993). 

Recent workin the Malay Basin (Kirk 1994a) has identified 
a Tertiary sequence stacking pattern similar to that of Vail et al. 
(1991; Fig. 7). The well section shown in Figure 8 is located in 
a relatively proximal setting with respect to the second-order 
sequence and penetrates dominantly lower coastal plain clastics. 
The most continuous arid best quality reserVoirs are in upward
coarsening deltaic units ofsequences2, 3 and 5, deposited during 
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Figure 6. Schematic log and facies stacking patterns .ina shelf depositional sequence (from Allen 1996). Note the 
amalgam;ltion of sand dep <:\s its at the sequence boundary.and the more isolated sand deposits on ~ither side of the 
maximum flooding surface (MFS). . -
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Figtire7;Second-order stratigraphic signature <If Neogene sequences in South East Asia (modified from Vail et al. 1991). 
Note stacking of third-order sequences· into second-order supersequence: Marine organic carbon may become· concentrated 
around the second-order flooding surface. "" , 



the second-order transgression and early highstand, whereas 
reservoir continuity and quality are diininished.in the fluvial
dominated se-quences( sequences 13 and 14J deposited during 
the second-order highstand; 

The model illustrated in Figure 7 can be used to predict the 
possibility of a'.new' marine source rock associated with the 
second-order maximum flooding surface recognised in Figure 8 
(i .e. in the vicinity of sequences 2 and 3). This would represent 
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an addi\ional source to the previously established, non-marine, 
lower coastal plain coaly facies deposited during third-order 
traqsgressions (Kirk J994a). As shown in Figure 8, the trans
gressive third-order marine shales as~ociatedwith the second
order maximum flooding surface have lower density and sonic 
values, and subsequent analysis confirmed they are enriched in 
organic carb.on and are potential source rocks. Furthermore, 
sequence stratigraphic -concepts predict that these third-order 
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Figure· 8. Second-order clastic cycle from the Malay Basin (after Kirk , 1994a). A possible. second~order n;a·~imumAlooding 
surface· is· associated ,vith third-order seq.uence 2. Low density and ' s'onic .values are due' to high organic carbon content. 
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Fi·gure 9. Strat!!1 patterns associated with a depositional sequence on the shelf and slope (from .Allen 1996). Thesequence 
boundary (SB) represents a shelf onlap surface separating highstand deposits of an underlying ~equence from overlying 
lowstand. deposits. The SB surface landward of the most distal ··coastal onlap is an unconformity, while the seaward 
correlative 'surface is conformable. The lowstand prograding .wedge is generally characterised by, a rapidly prograding 
topple geometry (see discussion ·.in text). T~'e coastal onlaps on the· slope are generally visible · on seismi.c se,ctions; 
however, they are difficult to observe on the shelf. . . 
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shale units may amalgamat~ basinward·of the. well location' to 
form a second-order condensed marine section ofhighersource
quality shales (correspondi,ngto' the cross~hatchedTOCc 
enriched zone in Fig. 7), a facies that may have generated lIquId 
hydrocarboQs and would thereby explain the. mixed marine/non, 
marine character of the oil recovered from the well. " 

One ofthernostefficient methods for sequence stratigraphic 
analysis of regional seismic data is to search for evidence of 
abrupt changes,in relative sea leveL in a stratigraphic i,nterval. .As 
mentioned previously, an abrupt change in the rate of relatIve 
sea-leVel rise will generallyresult in,a change in the sand-,shale 
ratio in a shelf succession{Fig. 5). Changes in relative sea level 
also ~esu'lt in 'modifications in seismic stratal patterns, which 
ca~then. be interpreted in terms of sand abundance and reservoir 
connectivity. The existence ofonlar surfaces on the outer shelf 
and upper slope can indicate the occurrence of a relative sea
level fall; ,and may be ,used to predict sand-prone lowstand 
deposits on the outer shelf and upper slope. Furthermore, the 
detection of a potentially_ sand-prone area on the outer shelf can 
lead to the do~ndip identification of prospective, sand-prone, 
sL~pe and basin floor fans . This type of approach is particularly 
useful in basins with awe\l-defined shelf-to-slope phYSIography 
(e.g. the Carnarvon Basin, WesternAustralia; Barber 1994, Kirk 
1994b)., , . ," I, " • 

Analysis of sediment\lry stacking patte,ms in cores and well 
logs can also help identify. significant changes in relative sea 
level and associated 'regional sand-prone intervals. An abrupt 
superposition of fluvial or coastaLsands above ~eepermarine 
shales suggests either an,abrupt and slgmficant Jncrease m- the 
r~te of sediment infl.ux or:arelative sea-level fall {Fig. 9): Inthe . 
~~al11Ple i!lustr~ted from the l)S.GulfCoast,s.ediment supply is 
believed to'have been relatively constant; therefore, the, sudden 
v~I1ical.charige in sediment facies and stacking pattems.(from 
marine slope shales to ,coastal sand deposits) was p~obably 
broughtabo,ut by a relative sea-levelfall, further suggestIng that 
the shale-sand contact represents a sequence· boundary. The 
~oastal sands, therefore, represent a lowstand sheLf deposit which , 
forms a widespread amalgamated sandstone.reservoir. CaLibration 
ofthe well logs wi,th seisQli<:;sections indicates that t\1e shale
sa~d·-~ontact. coincides with a seismic toplap geometry whi.ch 
marks a sudde~ acceleration of ~helfprogradation .. A.relative 
s~a-level riseafte~ this episode of rapid progradation resulted in 
transgression of the shelf and the widespread deposition of 
marine shale which forms a regional seal across the lowstand , , 

shelf sands .. ' ' 

The search for specific depositional systems 
Third-orderdepositi~nal ~ysteins comin~nly represent the fun
dame'ritalstratigraphic unit for hydrocarbon exploration, and 
the original Exxon seql!ence model (Vail 19~7; together WIth 
subsequent t)1odifications and variations) has proved a pow~r
ful tool to help predict the distribution of a range of potentIal 
reservoir typeS and exploration targets. It is important to note, 
however, that high and low rates of basin subsidence and/or 
sediment supply can result in either lower order sequences (slow 
subsidence imdlor low' sediment supply) or higher order sequences 
(high subsidence and/or high se'diment supply) assuming prime 
exploration focus. Ex'amples of this later scer-ario are the 
(?)fourth-order sequences .in the Barrow Group whIch .record 
very high sedimentation rates (these sequences are descnbed In 
following, section on the Camarv,on Basin). , .. ,' , . ' 

A significant success o,f sequence stratigraphy,h;;ts been ~o 
focus attention on specific types of sedimentary systems wlthm 
a sequence, such as incisedjluvial valleys, lowstand coastal 
sand deposits, submarine fans , etc. These frequently oc.cur In 

distal areas of basins which were not previously conSIdered 
sand-prone. Although some of these (e.g. incisedvalle~s and 
submarine fan 's) were known prior to the, introductIOn of 
sequence stratigraphy, their reservoir and play significance ,;as 
not fully realised and practical guidelines for theirexploratl.on 
were not developed, This type,of application of sequence stratIg
raphy is particulli"rlyfruitful in mature basins wh~re subsurface 
data are abundant. For example,. significant additional reserves 
were discovered inthe Stratfjord Field as a resultofasequence 
str~tigraphicstudy which , identified a series of (ncised' valleys 
(Van Wagoner et.aJ: 1991). S:veral r~cent case ,hlstones .have 
shown the value of deliberately searchmg for these depOSItIOnal 
systems, particularly in areas such as distal shelf environments 
previously thought to lack sand potential (e.g: the re.gresslve. 
lowstand sands described by Posamentier et aLl 992). In mature 
basins such as the'US Gulf Coast, the US Western Interior basin 
and the Cretaceous foreland basin of western Canada, these 
applications have led to significant exploration successesifl rece.fit 
years; , ' " , ,' c ' "" ' . :' ~ 

Incised valley systems in particular have been t~e focus of 
intense interest since the intr,oduction of sequence stratigti:iphic 
concepts,and several publications have, doc~mented: ex~lor. 
ation successes in these types of deposits, partIcularly III dIstal 
(muddy) shelf settings (e.g. Bowen et aL 1993, Archer et al. 
1994, Dalrymple et aL 1994, Kvale & Bamh11l1994, Thomas & 
Anderson 1994, Reinson, et al. 1988, Van Wagoner et aL 1990 
etc.): Thebest criteri6ntoi~entify fluvial incisedvalley-fil\ ~)ll . . . ~ - . 

Fi ure 10. Example of shelf-edge sand-pron~ .10wstand. t!eposHs, in the Gu\f .!If Me~ico . .Th.e abru~tappearance of massive ' 
s~!don the, o'nlap surfac'e on the outer,shelf..indicatesa lQwstandshelf-edge depOSIt assOCIated WIth a .se~u,ence boundary. 
The s~~d" occurs at the toplap surfac,e of the , rapidly. prograding wedge of .slope muds. The ' two sa.nd umts In the .Iower. part 
of ,the well , on the r.igMrepresentturbidites which have acc,umullited within intraslope depresslO,ns. These are !!ssoclated 
with older SBs on the shelf. .. " ' . '. -,' 



the shelf is the abrupt appearance of,fluvial channelcfill deposits 
eroding offshore shelf mudstones (Fig, 10), This type of con
tact is abnormal, in the sense that the direct~sup<:rpo'sitioqof a 
fluvial channel on shelf muds can oqly occur if there has been a 
relative sea-level falL Therefore,the base oftheincised valley 
represents an uriconformable sequence boundary, These vaJley
fill deposits can develop sand belts isolated wjthin shelf muds 

Figur:e 11. Isolated incised fluvial valley in offshore shelf 
mudstones. The valley fill is about 2 km wide and comprises 
coarse-grained, cross-stratified, fluvial sandstone. If only 
log data are available, the .sequence boundary is' v,ery 
difficult to identify in the interfluves outside the valley. 
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(Fig, 11) and foOO excellent stratigraphically sealed reservoir 
systems. By mapping changes in channel orientation on a regional 
mot19cl.ine, zpnes of hydrocarbon trapping can be located (e,g" 
Bowen et aL1993, fig, 11), " , 

Isolated lowstand coastal sand deposits form anothertype 
of reservoir play that is now better understood as a "result· of 
sequence stratigraphic conceptS. When sediment supply is 
discontinuous during a relative sea~level fall, lowstand coastal 
deposits can form isolated sand bodies on the shelf as the shelf 
is gradually exposed (Fig, 12; Plint 1988, Posamentier & 
Chamberlain 1993, Walker & Plint 1992), In certain cases;these 
isolated shoreface sand deposits can form ' reservoirs 'up to 
100 km long and 2-7 km wide, with sands up to 8 m 'thick: 
These deposits had been previously' interpreted as mid~shelf 
bars, At present, these types of play are being actively explored 
in the Cretaceous Western Interior b'asin of the USA and tHe 
Western Alberta basin in Canada (Posamentier& Chamberlain 
1993), 

Deepwater clastic reservoirs have als() attracted renewed 
exploration interest since the ,introduction of sequence stratig-' 
raphic concepts, inasmuch as they ·have been shown to be 
prevalent in lowstand deposits (e,g, basin'floor and slope fans) 
that onlap the basal sequence boundary of sequences· with a 
wellcdeveloped shelf-to-slope geometry, These deposits have 
been the focus of considerable recent study: and thorough 
discussions of the applied aspects of turbidite sequence stratig
raphy have been presented by Perkins (1990),'Weimer & Link 
(1991) and Weimer et aL (1996), 

There are; howev'er,' many pitfalls in exploring for, sUDrnari ne 
fans: for example, highstand shale slump 'mounds' ; collapsed: 
lowstand prograding complexes, and lowstanderosioniil features' 
with an externarmound form.haveall been mistaken for fans and 
tested,' unsuccessfully (Sangtee, 1995), Australia-II examples 
include the Montebello-l well in the Dampier Sub"basln, which, 
tested a well-developedbasina:l mound form thafappeared otic 
seismic to be similar to the Frigg Fan in the North.Sea; but which 
comprised slope shales with very thin siltstone'ihterbeds, and 
the Rowan-I weJl in tlieTimor Sea, which testea'a Cretaceous 
mound that proved to be a highstand;' pro-'delti{slope,slurrip 
deposit. . :, 

Economic production. iI1 Australia from 'submarine fan 

, Re IaliVe sea' 
""~~-V:~""""'::-_--"~~"'--"'-"-A-',-",-",-,,-,,-,,,-,,-,,-L,-,,,-:.:Ie::v,el fall 

RELATIVE SEA LEVEL FALL WITH 
CONTiNLJOUS SEDIMENT SU'PPI:Y 

Sequence 
boundary , 

Prograding and downward-stepping 
lowstand shoreline dep'osits 

11/WN60 

Figure 12. Top: Schematic: illustration of shelf lowstand deposits formed asa result of continuous sediment. supply 
during a relative sea-level fall (from Allen 1996). The resulting lowstand 'forms a continuous regressive-coastal deposit 
which" progrades very rapidly across the shelf. Bottom: Isolated lowstand deltaic deposits forllled when sediment supply 
to the· shelf is· discontinuous. The resulting lowstand "and deposits are ' defached from the, highstand and' oIilap onto the 
sequence boundary ul1conformity. . 
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reservoirs is mainly restricted to the Carnarvon Basin: for 
example, Early Cretaceous basin floor fans (Scarborough-I, and 
Harriet and surrounding fields) and Late 1urassic shingled 
turbidites in a lowstand prograding complex (Wanaea/Cossack 
Fields; Barber 1994). Lowstand slump units may contain some 
reserves in the southwest Barrow Sub-basin in the Macedon 
Field area. The Late Cretaceous thin oil-bearing sands in Puffin-2 
in the Timor Sea represent highstand pro-delta slope turbidites, 
whereas the underlying thick massive basin floor fan sands are 
water saturated in most wells in the area. 

The various fan models proposed by Walker (1978), Mutti 
(1985) and others often need to be modified to apply to other 
areas. For example, deepwater fans in some of the transtensional 
basins in California (e.g. Ridge, San Diego and Sutton Basins) 
cannot be readily ascribed to lowstand deposits in accord with 
the popular EXXON sequence model, and Abbott (\ 993) has 
presented convincing evidence for 'mid-cycle' (intra-highstand) 
submarine fans in these types of basin. Successful exploration 
for deepwater fans depends on the integratIOn of seismic, bio
stratigraphic, geochemical and well-log data, using sequence 
stratigraphic concepts, and must take heed of local conditions. 

Analysis of reservoir-scale systems 

Understanding and predicting reservoir geometry, heterogeneities 
and seals is one of the most important areas for the application 
of sequence stratigraphic concepts. This type of analysis, 
referred to as high-resolutIOn sequence stratigraphy, requires 
the mtegration of well log, core and production data, as well as 
good-quality seismic sections (e.g. 3D data). This type of 
application represents a relatively more recent development of 
sequence stratigraphy (late 1980s) and, as better and more high
resolution subsurface data become available, it is becoming an 
essential part of reservoir geology techniques for field studies 
and production projects (Cross et al. 1993, Duval et al. 1995: 
Aitken & Howell 1996). 

High-resolution sequence stratigraphy has proved a power
ful technique for defining the detailed geometry, stacking pat
terns and continuity of reservoir sands in fluvial, shallow marine 
and deep marine systems (e.g. Van Wagoner et al. 1990). Within 
incised valley systems, precise correlation of sequence bound
aries and flooding surfaces between valley fill and flanking inter
fluve deposits is critical for understanding fluid continuity in 
reservoir sands and seal distribution, and generally requires 
integration of detailed log and core, or outcrop, data (e.g. Bowen 
et al. 1993, Aitkin & Flint 1996, O'Byrne & Flint 1996). 
Similarly, high-resolution sequence stratigraphy can shed new 
light on reservoir geometry, permeability anisotropy and reser
voir performance in nearshore depositional systems (e.g. 1ennette 
& Riley 1996, Wehr & Brasher 1996). Deep water reservoirs 
have also recently been the focus of high-resolution sequence 
analysis, particularly in the US Gulf Coast (see Weimer et al. 
1994). Considerable effort is currently being expended in study
ing modem and ancient turbidite fan outcrops to generate 3D 
analogue models for flow simulation of deep-marine fan reservoirs. 

Application to exploration in Australia 
In Australia, and elsewhere in well-explored basins, there has 
been a recent steady shift away from traditional structural pros
pects to those with a partial or complete stratigraphic trapping 
aspect. Current exploration is increasingly focussing on evalu
ating leads with stratigraphic components or complex imJgIng/ 
structuring problems. as well as moving into areas wIlh un
proven source-rock potential. In order to mitigate exploration 
risks, sequence stratigraphic concepts are now routinely applIed 
to integrate seismic, stratIgrJphic, biostratIgraphic, geochemical 
and petroleum systems dJtJ Additional hydrocarbons are being 
discovered and/or recovered from existing fields by the appli
cation of sequence stratigraphic concepts to detailed analysis of 
porosity-permeability continuity in a reservoir section. 

Integrated sequence analysis can be adopted in all aspects of 
basin or prospect appraisal-the earlier it is applied and the 
more data types it integrates, the greater the likelihood of reducing 
exploration risk. 

Applications of sequence stratigraphic concepts to explor
ation in Australia were first published in the mid 1980s (eg. Kirk 
1985, Blake 1986,Arditto 1987, Erskine & Vail 1987, Middleton 
1987), largely focussing on offshore basins. Since then, the con
cepts have been widely applied to a varIety of both relatively 
well-explored and frontier basins, and at a range of scales 
(Table I). Most recently, sequence stratigraphic concepts have 
been used to help understand the origin of mineral systems and 
strata-bound base-metal deposits (Jackson et al. 1996, Loutit & 
Southgate 1996, Southgate et al. 1996). 

The following examples highlight the application of sequence 
stratigraphic concepts to regional exploration of hydrocarbon 
systems in the Canning and Carnarvon Basins. 

Regional hydrocarbon systems of the Canning Basin 
This example demonstrates how large and small-scale 
depositional sequences interact with each other to determine 
the most likely stratigraphic distribution of petroleum systems 
and key play elements (source, seal and reservoir facies) in the 
basin. The distribution of the play elements is primarily con
trolled by changes in rates of accommodation. As accommoda
tion rates increase, transgression occurs, the proportion of shale 
increases, and source and seal-prone facies can be expected. As 
accommodation rates decrease, regression occurs, the propor
tion of shale decreases, and sandstone or shelfal carbonate 
reservoir-prone facies can be expected. The model thus pro
vides a predictable framework within which elements of the 
petroleum systems can be placed. 

Three large-scale Palaeozoic megasequences have been iden
tified in the Canning Basin, each about 70-90 m.y.long (Fig. 13; 
Kennard et al. I 994a). They are bounded by major angular 
unconformities and, typically, comprise a lower coarse-grained 
clastic succession dominated by terrestrial (fluviatile, aeolian 
and playa) deposits, overlain by a thick transgressive marine 
succession, and culminate in regressive shallow marine to 
terrestrial deposits. The megasequences represent separate 
tectonic subsidence phases initiated by crustal extension and 
subsequent thermal cooling, and are terminated by regional 
compressional and uplift events (Fig. 14; Kennard et al. 1994b). 

Each mega sequence comprises a number of second-order 
supersequences with a duration of about 10-20 m.y. Thirteen 
supersequences, each bounded by an unconformity surface or 
its basinward correlative surface, have been defined and mapped 
on the basis of seismic and/or well-log character (Supersequences 
AO-1, Fig. 13). Each supersequence is generally characterised 
by a marked basin ward shift offacies above the basal sequence 
boundary. Basal progradational deposits constitute a lowstand 
systems tract and are overlain by transgressive marine deposits 
(transgressive systems tract) and regressive marine and/or 
terrestrial deposits (highstand systems tract). These super
sequences represent depositional responses to accommodation 
cycles created by the interaction of eustasy and basin subsidence. 

Each supersequence comprises a number of smaller scale, 
third-order sequences of about 1-3 m.y. duration. In some areas 
these sequences can be subdivided into their component 
lowstand, transgressive and highstand systems tracts based on 
diagnostic seismic geometry, well-log stacking patterns or out
crop facies geometry (Jackson et al. 1992, Kennard et al. 1992, 
Southgate et al. 1993, Romine et al. 1994, Whittam et al. 1994). 
The sequences are thought to represent predominantly eustatic 
cycles. 

As discussed earlier, the fundamental control of all sequences, 
regardless of scale, is the rate of change of accommodation, 
resulting from the interaction of tectonic subsidence, sediment 
loading and eustasy. In the Canning Basin, as in many other 
thick basin successions, the amount of accommodation related 
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Table I. Examples of the application of sequence stratigraphic concepts to hydrocarbon exploration in Australia. 

Basin, age 

AJnadeus,~brian 

AJnadeus, Ordovician 

AJnadeus, Prot.-Cambrian 

Australia-wide, Triassic 

Barrow, Cretaceous 

Barrow, Triassic-Cretaceous 

Barrow, Jurassic 

Application 

Stratigraphic framework 

Stratigraphic framework 

Stratigraphic framework 

Stratigraphic framework, play concepts 

Stratigraphic framework, play concepts 

Large-scale stratigraphic cycles 

Stratigraphic framework, basin floor fans 

Barrow-Dampier, Jurassic Stratigraphic framework, basin floor fans 

Barrow-Exmouth, Cretaceous. Straigraphic framework 

Barrow-Exmouth, Cretaceous Simulation modelling 

Bonaparte, Jurassic-Cretaceous LST fans, HST Sst, incised valley-fill 

Bonaparte, Jurassic-Cretaceous Stratigraphic framework, hardground, source 

Bonaparte, Jurassic 

Bonaparte, Jurassic 

Bonaparte, Jurassic 

Bonaparte, Triassic.-Tertiary 

Bowen, Permian-Triassic 

Browse, Cretaceous 

Canning, Devonian 

CannlOg, Devonian 

Canning, Devonian 

Canmng, Devonian 

Canmng, Ord-Permian 

Canning, Ord-Silurian 

Camarvon. Cambrian-Silurian 

Carnarvon, Jurassic 

Carnarvon, Tnassic 

Dampier, Cretaceous 

Dampier, Jurassic-Cretaceous 

Eromanga Cretaceous 

Exmouth, Cretaceous 

Exmouth, Triassic-Cenozoic 

Exmouth, Triassic-Cenozoic 

Georgina, Cambrian 

Gippsland, Tertiary 

Gippsland, Tertiary 

Stratigraphic framework, reservoir distribution 

Reservoir correlation, syst. tract facies 

Shale seals, source rocks 

Stratigraphic framework 

Stratigraphic framework 

Basin floor fans 

Stratigraphic framework, reef plays 

Play concepts, LST fans, TST reefs 

Stratigraphic framework, play concepts 

Stratigraphic framework, TST reefs, LST fans 

Stratigraphic framework, petrol. systems 

Stratigraphic framework, petrol. systems 

Regional source/reservOir 

Biostratigraphic correlation 

Biostratigraphic correlatIon 

Stratigraphic framework 

LST fans, seals 

Stratigraphic framework, IVF & TST sands, 
source 

Stratigraphic framework 

Stratigraphic framework 

Stratigraphic framework 

Stratigraphic framework, TST 
source/phosphates 

Reservoir simulation, production 

Stratigraphic framework 

Gippsland, Cretaceous-Tertiary Stratigraphic framework 

GIppsland, Cretaceous-Tertiary Reservoir continuity. seismic modelling 

Gippsland. Cretaceous-Tertiary Simulation modelling 

NW Shelf Regional stratigraphy. framework 

Officer, Proterozoic 

Officer, Cambrian 

Stratigraphic framework, incised canyon 

Stratigraphic. framework 

Otway & Exmouth, Cretaceous Stratigraphic. framework, sequence hierarchy 

Otway, Tertiary Stratigraphic framework 

Perth, Cretaceous StratIgraphic framework 

Main datasets 

Outcrop. wells, seismic 

Wells, cores, biostratigraphy 

Seismic, wells. outcrop 

Wells, biostratigraphy 

Seismic, wells, cores, 
biostratigraphy 

Seismic, wells. 

Seismic. wells, cores, biostrat. 

Seismic, wells, biostratigraphy 

Seismic, wells, cores, biostrat. 

Seismic, wells 

Wells, seismic, biostratigraphy 

Wells, biostratigraphy 

Wells, cores, biostratigraphy 

Wells, cores, biostratigraphy 

Seisnuc, wells 

Seismic, wells 

SeismIC, wells 

Seismic 

Seismic 

Seismic, wells 

SeIsmic, wells 

Outcrop 

Seismic, wells, biostratigraphy 

SeismIC, wells, biostratigraphy 

Wells, cores, biostratigraphy 

BIOstratIgraphy, wells, cores, 
cuttings 

Biostratigraphy, wells 

SeIsmic, wells 

Wells, bIOstratigraphy, 
seismIC, cores 

Wells, cores, biostratigraphy 

Seismic, wells, biostratigraphy 

Seismic 

Seismic, wells, 

Outcrop, cores, biostratigraphy 

3D seismic, wells, cores 

Seismic 

Seismic 

3D Seismic, wells 

Seismic, wells 

BiostratIgraphy, wells, seismic 

Seismic, wells, outcrops 

Seismic, wells, outcrop 

Reference 

Kennard & Lindsay 1991 

Gorter 1991 

Li ndsay et aI. 1993 

Gorter 1994a 

Ehrhard et al. 1992 

Boote & Kirk 1989 

Wulff 1992 

Wulff & Barber 1995 

Arditto 1993 

Keyu Liu et aI., I 994 

Robinson et al. 1994 

Gorter & Kirk 1995 

Arditto 1996 

Smith et al. 1996 

Messent et aI. 1994 

Whittam et al. 1996 

Totterdell et al. 1995 

Miller & Stuart 1992 

Middleton 1987 

Jackson el:11. 1992 

Southgate et al. 1993 

Whittam et a!. 1994 

Kennard et al 1994 

Romine et a!. 1994 

Gorter et a!. 1994 

Gorter et a!. 1995 

Gorter 1994b 

Rasidi 1995 

Barber 1994 

Gorter 1994c 

Ross & Vail 1994 

Erskine & Vail 1988 

Boyd et al. 1993 

Southgate & Shergold 
1991 

Hinton et al. 1994 

Blake 1986 

Duffetal.1991 

Gross 1993 

Keyu Liu et al. 1994 

Labutis 1994 

Sukanta et al. 1991 

Gravestock & Hibbut 
1991 

Seismic, wells, geohistory Ross 1995 

Seismic, wells, biostratig., outcrop Arditto 1995 

Seismic, wells, cores, Spring & Newell 1993 
biostratigraphy 

to tectonic subsidence is generally an order of magnitude greater 
than that generated by eustasy, and these tectonic effects are of 
longer duration than third and second-order eustatic cycles. Thus, 
(FIg 15) the major phases of basin subsidence control the 

development of the first-order megasequences and, to a large 
extent, the distribution of petroleum systems and key play ele
ment 'temporal-fairways' (that is, source-prone, reservoir-prone 
or seal-prone intervals; the term temporal-fairway is used to 
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Figure 13. Canning Basin stratigraphic chart, showing lithostratigraphy, supersequences and megasequences, main 
tectonic events and petroleum systems (modified after Kennard et al. 1994a). 
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Figure 14. Tectonic subsidence curves for selected wells 
modelled in the Canning Basin , showing major tectonic 
events, subsidence-sag phases (curved arrows) and 
mega seq uences. 

emphasise a temporal, rather than geographic, distribution of 
play elements) . On a smaller scale, the combined effects of 
eustasy and tectonic subSidence control the development of the 
second-order supersequences (AD-F, Figs 15 , 16) and the 
partitioning of play elements in specific portions of the 
tectonically defined temporal-fairways. The supersequences 
define regional exploration fairways , whereas the detailed 
distribution of play elements within the fairways is controlled 
or fine-tuned by third-order sequences (Fig. 16). Identification 
of specific exploration targets requires an informed understand
ing of the local palaeogeographic distribution of facies in 
individual third-order sequences. 

Within the older Ordovician-Silurian megasequence, poten
tial source rocks preferentially occur in the lower, rapidly 
subsiding portion (the transgressive 'mega' -systems tract, com
prising supersequence A I and the lower part of supersequence 
A2 ; Figs 15, 16). However, the richest source intervals (upper 
Goldwyer Formation, supersequence A2 ; and Bongabinni 
Formation algal coals, supersequence BI ) apparently occur 
where the effects of subsidence are enhanced by a major eustatic 
rise in the later stages of this source-prone interval (see eustatic 
curve, Fig. 15). In contrast, the only moderately rich source 
interval in the upper portion of the overlying Devonian-Early 
Carboniferous megasequence (lower Laurel Shale, supersequence 
F; Fig. 15) is apparently pnmarily controlled by a major Early 
Carboniferous eustatic rise during the later, slow subsidence 
portion of this tectonic phase; that is, the eustatic and tectonic 



accomrnodation peaks are not in phase. Xt is also apparent 
(Fig. 15) that the richest source intervals in: the basin (upper 
Goldwyer Formation, supersequence 1\2; an,.d Gqgo Formation, , 
supersequence D) occur where the eustatic and tectonic com-po
nents of accbmmodation are in phase and thus enhance each 
other; that is, in those, transgressive systems tracts that rec-ord 
the fastest rate of increase of accommodation. 

Productive reservoir facies are also preferentially partitioned 
in the hierarchy of sequence orders, Oil produCtion occurs at 
two intervals in the Devonian-Early Carboniferous mega
sequence (Fig. 15)-shallow marine and deltaic sandstOne res
ervoirs in the Anderson Formation (supersequence F; -Lloyd 
and West Kora Fields) and peritidal carbonates in the Nullara 
reef complex (supersequence D; Blina Field). The best quality 
reservoirs in the Anderson Formation occur in progradational 
highstand deltaic units deposited during the slow subsidence 
phase oftheDevonian-Early Carboniferous rnegasequence; that 
is, at a time of minimal first- and third-order accommodation. 
Similarly, potential lowstand basin-floor and slope-fan sand
stone reservoirs are well developed at times of minimal accom
modation in the regressive Nullara reef complex (supersequence 
E), imd are apparently absent or poorly developed in the under
lying transgressive Pillara complex (supersequence D; Jackson' 
et aL 1992). 

In contrast, carbonate reservoirs are better developed in the 
transgressive Pillara reef complex (e,g., porous coral
stromatoporoid reef and backreef facies), rather than the regres
sive NuHarareef complex, which is dominated by cyanobacterial 
reefs(Kennard et aI1994a). Furthermore, Greenlee & Lehmann 
(1993) showed that the vast majority of known productive 
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carbonate buildups' occur in the basaHransgressive portion of 
thick 'T"R sedimentwedges' (second-order supersequences sensu 
Vail-et al. 1991); and that buildups deposited during the over
lying regressive (highstand) phase -carry higher exploration risk: 
owing to leaky top and lateral seals, and generally smaller trap 
size, They suggested that the rasal' transgressive, portions ,of 
such cycles are optimum for trap development, since they are 
overlain and sealed by deep marine fine-grained sediments, and 

- also that the increasing rates of accommodation enable the growth 
Of thick isolated buildups of reservoir-prone, carbonate .facies, 
Thus, in this' instance, in-situ biological carbonate production 
has generated an additional reservoir-prone fairway inthelower 
tran?gressive portioQ of super sequence D, a fairway that is not 
present in siliciclastic systems, 

Sandstone and non-reefal carbonate reservoirs in the 
Ordovician-Silurian megasequence are preferentially developed 
in peak regressional facies either immediately above oi-below, 
supersequence boundaries (Fig, 16); that is, in the late highstand 
or lowstand 'super' -systems tracts, respectively For example, 
well-sorted lowstand shoreface sandstones (' Acacia Sandstone') 
are regionally well developed at the base of supersequ~nce Al 
(Romine et al. 1994), and porous dolomitised supra-tidal and 
inter-tidal ca'rbonates (Nita Formation) are extensively devel
oped at the A2/B I -supersequence boundary' (Kennard et aL 
1994a), Similarly, carbonate reservoirs with enhancedkarstic 

- porosity are locally developed in the Willara limestone beneath 
the A2 supersequence boundary (Kennard et al.1.994a), 

An instance where the observed play element- temporal
fairway differs from that predicted by accomrnodationconcepts 
alone and 'standard' sequence models is evident iwFigure 16,' 
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Thick regional evaporite seals (Mallowa Salt, Carribuddy Group) 
occur in the lowstand of supersequence B2 in the regressive, 
upper portion of the Ordovician-Silurian megasequence, where 
reservoir-prone facies might otherwise be expected. A major 
controlling factor of these evaporites was the development of 
an arid climate and a reduced clastic sediment supply. Thus, 
specific climatic conditions altered the nature and type of sed i
ment influx and, consequently, the distribution of play elements 
that might otherwise be expected from consideration ofaccom
modation rates alone. 

Finally, the major tectonic events that initiated and termin
ated each megasequence have created specific suites of structural 
traps (tilted horst block, fault roll-overs, compressional anti
clines), which are characteristic of that megasequence. Like
wise, the tectonic events have successively created new migration 
pathways, or modified existing pathways, in each megasequence. 

In summary, the distribution of key play elements in the 
Canning Basin succession is not random; rather, they tend to 
occur in specific temporal-fairways, which are primarily gov
erned by the accommodation patterns resulting from the inter
action oflong-term (first- and second-order) eustatic variations 
with the subsidence regime operating during each phase of basin 
evolution. Thus source-prone fairways tend to occur at the time 
of maximum flooding (late transgressive and early highstand 
systems tracts), during and at the end of a phase of rapid tectonic 
subsidence and increasing accommodation. Clastic and non-reefal 
carbonate reservoir-prone fairways tend to occur in the regres
sive lowstand and highstand systems tracts, during periods when 
reduced rates of subsidence diminish the rate of accommodation. 
In contrast, reefal carbonate reservoir-prone fairways occur early 
in the transgressive systems tracts, at times when increasing 
subsidence rates accelerate accommodation increase. At a smaller 
scale, the distribution of individual play elements in these fair
ways is controlled by higher order relative sea-level cycles, which 
enhance or diminish the longer term tectonic controls, as well as 
by climatic and palaeogeographic factors, which affect sediment 
supply. 

The concepts of accommodation history and play element 
temporal-fairways provide an effective means to guide future 
exploration of the Canning Basin. The challenge for future 
exploration is to integrate these concepts with detailed local 
geological knowledge and exploration experience. 

Regional hydrocarbon systems of the Carnarvon Basin 
Several aspects of the application of sequence stratigraphy to 
well and seismic data in the Barrow and Exmouth sub-basins of 
the Carnarvon Basin (Fig. 17) will be examined: I) the effects of 
third-order sequence stacking in larger scale, second-order 
sequences; 2) the prediction of a potentially new local source 
rock in the Barrow Sub-basin; 3) the evaluation of potential 
seals in the Carnarvon Basin to assess the risk of hydrocarbon 
leakage over a deeper prospect; and 4) the prediction ofsubma
rine fan reservoirs in the Barrow Sub-basin. 

Effects of sequence hierarchy and stacking patterns. An 
example of third-order sequence stacking patterns in a second
order supersequence is seen in Figure 18. This cycle is the young· 
est of five second-order supersequences (tectonic ' wedge 
cycles ' ) recognised by Boote & Kirk (1989) . An Early 
Cretaceous, basal transgressive glauconitic facies is present in 
all five basins along the western margin of Australia, variously 
referred to as the Dandaragon, Yarraloola, Callawa and Greensand 
facies). Detailed biostratigraphic, seismic and sedimentological 
work indicates that this facies is diachronous and represents 
shallow marine units of three, third-order sequences; the 
Zeepaard, Birdrong and Muderong sequences, respectively. Each 
third-order sequence comprises lowstand, transgressive and 
highstand systems tracts, which control the likely distribution 
of reservoirs. In the Exmouth Sub-basin the glauconitic Zeepaard 
and Birdrong sequences each consist of a basal transgressive 
sand and a wave-dominated deltaic highstand (Fig. 18b, Arditto 
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1993; the Zeepaard sequence also has a locally well-developed 
lowstand fan called the Flag Sandstone; see Tryal Rocks-I, 
Fig. 19). The Muderong sequence comprises a basal transgres
sive sand (Mardie Greensand), followed by a thick transgres
sive and highstand shale facies. The dominance of transgressive 
glauconitic marine facies in these third-order sequences is 
apparently controlled by the location of these sequences in the 
lower transgressive portion of the encompassing second-order 
supersequence; the high rate of relative sea-level rise has trapped 
clastics in shoreface facies on the inner portion of the shel f to 
the east. 

Figure 19 is a dip cross-section controlled by a 20 seismic 
grid and well data in the Barrow Sub-basin. Note the high
frequency packaging of sequences in the Barrow Group. There 
are at least nine of these seismically mappable packages of 
duration less than I m.y. These are probably fourth-order rather 
than third-order sequences (Erskine & Vail 1988), and are 
unusually thick, owing to the high rate of Barrow deposition 
associated with the erosion of the uplifted Indian craton. The 
shelf edge of the overlying Zeepaard sequence lies immediately 
basinward of the shelf edge of the youngest Barrow sequence 
(Fig. 20). Figure 21 shows the same coeval stratigraphy on a dip 
line 120 km to the west, in the Exmouth Sub-basin. Here the 
Zeepaard shel f edge has stepped back some 70 km landward of 
the underlying Barrow shelf edge, owing to the second-order 
transgression depicted in Figure 18 (see relative position of 
Zeepaard and Barrow shel f edges in Figure 17). One would 
expect such a pronounced transgression to be relatively wide
spread and consistently evident in the sequence stacking patterns 
throughout the region, but it is clearly not the case. It is pro
posed that the major transgression evident in the Exmouth Sub
basin was counteracted in the Barrow Sub-basin by local tectonic 
uplift which reduced accommodation space, and that a con
comitant increase in clastic sediment supply forced the Zeepaard 
deltas basinward of the Barrow shelf edge. Thus, when apply
ing sequence models, local tectonic effects must be considered, 
since they may alter regional sequence stacking patterns- be
ware of forcing the eustatic-only models. 

A similar situation is evident in the early Tertiary of the 
Otway and Gippsland Basins, some 400 km apart on the south
ern margin of Australia. Whereas the early Tertiary third-order 
sequences of the Otway Basin show a successively pro
gradational (i .e. regressive) stacking pattern (Arditto 1995), the 
coeval Gippsland Basin sequences have a retrogradational (i .e. 
transgressive) stacking pattern (Bodard et al 1986, fig. 10). Again, 
the contrasting stacking patterns and accommodation history 
can only be explained by the interplay of local sediment supply 
and tectonic subsidence rates with eustatic sea-level changes. 

Source rock prediction. In the northern Barrow Sub-basin, 
seismic geometry indicates three distal Barrow packages (prob
ably fourth-order sequences, numbered 50, 60 and 70; Fig. 19). 
These packages are intersected in the Flores-I well, and relevant 
well-log, sedimentological, biofacies and geochemical data, 
together with sequence interpretations, are summarised in 
Figure 22. Package 60 may be a lowstand (basin-floor fan) deposit, 
and the shales of package 70 represent tIansgressivelhighstand 
distal slope facies. Package 70 has a low sonic . low density, high 
total organic carbon content and high hydrogen index peak at 
about 1900 m below KB; it is a potential source unit and is 
interpreted to represent the condensed section of the youngest 
Barrow Group sequence. On the basis of this interpretation, a 
new model can be proposed for a swathe of organic-rich facies 
at the distal condensed toes of the prograding highstand slope. 
This swathe, if buried to around 2400 m subsea (near top oil 
window, Zaunbrecher 1994), may locally provide a different 
source to the conventional Late Jurassic Dingo Claystone. 

Figure 23 (upper part) shows the cyclicity of total organic 
carbon in Flores-I and three other distal Barrow wells. The local 
sand at Flag-I and the inadequate sampling in both Flag-I and 
Spar-I do not enable reliable determination of the regional extent 
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Figure 17. Simplified tectonic elements of the Carnarvon Basin,showing location of Figures 19-27. 
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Figure 19 (foldout). Well cross-sec'tion across the Barrow Sub-basin, showing play types in both 'detached' basin-floor 
fans and. 'attached' slope turbidites (location of section shown in Fig. 17). Sequence interpretation based on well data and 
interpreted seismic grid (sequences arbitrarily numbered 2, 5, 10, 20, 30, etc.). Note that seismic interpretation is 
inconsistent with well-well correlations based solely on available dinoflagellate data; this suggests significant reworking 
and/or con-tamination of, dinoflagellate samples. 260 m high building for scale. 
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of the Flores-I organi c-rich sha le. However, a se ism ic fac ies 
map for the Barrow ' 70' pac kage (F ig. 23 , lower part ) can be 
used to predi ct the likely di stribution of thi s source fac ies. A 
systematic three-d imensional assessment th roughout th e basin 
may indi ca te loca l so urce 'sweet spots' (rath er th an th e 
ubiquitous sheets that appea r to occur in the Dingo Claystone). 
In exceptional circum stances the low density, low sonic, rock 
propel1ies of ca rbon-enri ched claystones can give a di stincti ve 
hi gh-amplitude, low-frequency seismi c fac ies, as seen in the 
Kimmeridge Shale in the North Sea (Kirk I 994a) and the Echuca 
Shoa ls Formation in the Timor Sea of northern Australi a (Gorter 
& Kirk 1995). The Barrow '70 ' potenti al source unit , however. 
may not be sufficiently organi c-rich to give ri se to a disti nc ti ve 
seismi c fac ies in the Barrow Sub-basin . 

S eal predictio11. This example addresses the potenti al of 
the early Cretaceous section to sea l an older reservo ir section in 
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HILDA-1A 
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th e Ca rn arvon Bas in (see seismi c secti on Fig. 24). Prev ious 
'straight-line' cO ITelati ons of biostrati graphic data between we ll s 
A and B failed to apprec iate the compl ex progradati onal geometry, 
and assoc iated potenti al reservo ir-sea l di stri bution, ev iden t on 
the sequence strati graphic interpretati on. Numero us play types 
were identifi ed on the se ismic section (e.g. horst block, mounds, 
stratigraphic pinchouts), but the sea l potential across the Triassic 
horst at the centre of the section needed assessment to va li da te 
thi s play. 

Fi ve unco nfo rmity-bounded sequ ences were identified on 
the secti on (F ig. 24 , sequences A- E,), and indi vidual lowstand 
and hi ghstand systems trac ts mapped fo r each seq uence. Thi s 
interpretati on predicted a thi ck, lowstand prograding com pl ex 
across the Tri ass ic hors!. Sequence strati graphic models were 
applied to predi ct that the dow nl apping, lowstand seismic fac ies 
compri ses di stal toe-or-s lope shales with good sea l potent ia l. A 
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Figure 20. Dip sei smic lin e across the Barrow Sub-basin. The Zeepaard sequ e nce ' shelf edge ' is some 5- 10 km bas inwa rd 
from that of th e youngest Barrow Group sequence . 
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Figure 22. Flores-l well chart, integrating electric logs, accessory mineral, grain size, biofacies, biodiversity, geochemical and sequence 
stratigraphy data (modified from Armentrout 1993; location of well shown in Fig. 17). Sequence interpretation is based on 500 km of 2D 
seismic data and 10 well ties; biofacies and geochemical data are based on sidewall cores. Note the inner neritic biofacies interpretation; 
this is incorrect, since seismic geometry indicates palaeowater depths >200 m, indicating transport of near shore biota into deeper 
settings. 

suite of seismic facies maps was constructed for each potential 
seal unit, and 'calibrated' with the available well data to construct 
palaeogeographic maps. These were overlain on the reservoir 
structure maps to assess the possible extent of sealed reservoir 
in the closure. In this way, the risk of an inadequate seal across 
the prospect was assessed, and dismissed. Subsequent drilling 
of the horst confirmed that the predicted seal was present. 

Reservoir prediction. Many sequence stratigraphic studies 
have been undertaken to assess reservoir distribution in the 
Carnarvon Basin (e.g. Ehrhard et al. 1992, Erskine & Vail 1988, 
Wulff 1992). Figure 19 shows a typical sequence stratigraphic 
interpretation of a dip section across the centre of the Barrow 
Sub-basin. Nine Barrow Group packages (?fourth-order 
sequences) are shown, together with the Zeepaard and Birdrong 
sequences discussed earlier. This section is based on integration 
of well, seismic and biostratigraphic datasets. Several potential 
plays are indicated where basinal sands pinch out up-slope to 
the south. Basin-floor fans and shingled prograding complex 
turbidites occur in these packages. Ehrhard et al. (1992) inter
pret these data in a similar manner. 

Simplified seismic facies maps of Barrow packages 2 and 10 
(Fig. 26) show that the shelf edge steps out into the basin to the 
northeast. The basinal mound and high-amplitude facies may 
represent turbidite sand deposits. Similar examples of seismic 
facies maps often occur in the literature, but invariably they 
only use sparse well data, unallied to seismic data. It is only 
when all data are thoroughly integrated early on in the study, 
rather than a 'shotgun marriage' at the end of a project, that 

explorers are able to extract maximum value from the available 
datasets. 

Large amounts of sand enter the Barrow and Exmouth Sub
basins from the time ofthe Barrow 20 package onwards, owing 
to a marked base-level change and subsequent shelf erosion and 
clastic bypass. Several canyons up to 100 m deep have been 
incised into the underlying unit (Fig. 25; see also Erskine & Vail 
1988). The Haq et al. (1987, 1988) coastal onlap chart indicates 
several significant eustatic drops around this time, but owing to 
problems with the local biostratigraphic zonation schemes (Wulff 
1992), there is an uncertainty in age of up to 10 m.y. This makes 
direct comparison with the global sea-level chart very difficult 
and indicates that local charts need to be constructed. 

The base-level drop led to significant flushing of clastics 
from the south, which were deposited far out in the basin as 
submarine fans. The resulting isolated Scarborough submarine 
fan is located on this sequence boundary some 60 km basinward 
of its feeder canyon. This has regional exploration implications, 
since similar detached fans may occur elsewhere at this sequence 
boundary, tens of kilometres basinward from the underlying 
palaeoshelf edge; for example, in front of the youngest Barrow 
shelf edge in the Spar region (Fig. 17). 

Carnarvon summary. A common theme of the above 
examples is the combination of all datasets as early as possible 
in a study, and maintenance of cooperative contact between all 
disciplines. Sequence stratigraphic concepts provide an effective 
methodology to best realise this integration. An important aspect 
of each example is the utilisation of appropriate geological mod-
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els; the saying that 'I never would have seen it unless I believed 
it, or were looking for it' is very apt. Models are useful for 
interpreting imperfect datasets, and if these models are inad
equate (or inflexible), the interpretations will be misleading. For 
example, Abbott (1993) modified the original Exxon sequence 
model to include significant highstand turbidites, whereas Barber 
(1994) developed a model with sandy lowstand prograding com
plexes with effectively no highstands (that is , large volumes of 
'shingled ' turbidites). 

Considerable oil and gas are trapped in transgressive facies 
of the Zeepaard and Birdrong sequences in Western Australia. 
The model of third-order stacking patterns in larger scale, second
order supersequences may help predict the regional distribution 
of these reservoir facies, but the seismic stratigrapher needs 
biostratigraphic data along with considerable sedimentological 
and petrological input, since these transgressive sands may also 
be thief zones. Integrated seismic and geochemical analysis has 
resulted in a model for a new Barrow source rock, which will 
have exploration implications if viable. Another integrated 
approach teamed the structural geophysicist with the seismic 
stratigrapher to help mitigate potential seal problems for horst 
plays in the basin. 

Figure 23. (a)--electric logs and total organic carbon distribution 
within the youngest Barrow sequence of four distal Barrow Sub
basin wells. Note organic carbon enrichment in Withnell-} and 
Flores-} around the maximum flooding surface of Barrow package 
'70'. (b)--distribution of organic-rich facies on a seismic facies map. 

Conclusion 
A review of the fundamental concepts of sequence stratigraphy 
(analysis of the cyclic patterns of sedimentation in relation to 
changes in sediment supply and accommodation) highlights 
the power of the technique to analyse and predict stratal 
architecture and facies patterns in sedimentary basins. More 
recently, these same concepts have been shown to also control 
the distribution of petroleum systems and key petroleum play 
elements. Sequence stratigraphy has thus become a widespread 
exploration tool and is now routinely applied to all stages of 
hydrocarbon exploration and development in Australia, ranging 
from regional basin analysis, to the search for specific reservoir
seal plays and drill targets, to high-resolution analysis of reservoir 
geometry, connectivity and heterogeneity for production 
purposes. 

Sequence stratigraphy requires the integration of a spectrum 
of geological data, including seismic interpretation, facies analy
sis and biostratigraphy, and provides an effective framework to 
integrate other datasets critical to the evaluation of petroleum 
systems and exploration potential (source rock geochemistry, 
relative timing of maturation, expulsion, migration and trap 
development, and migration pathways) . 

The notion of sequence hierarchy, in particular, has impor
tant implications for hydrocarbon exploration. This notion stems 
from the fact that the basic principles of sequence stratigraphy 
are independent of scale and time and that large-scale sequences 
can be successively subdivided into progressively smaller scale, 
higher order sequences. An important consequence of this 
hierarchy is that the relative degree of development or dominance 
of depositional systems tracts (and thus their constituent play 
elements) is largely determined by their position in higher order 
sequences. These higher order sequences can thus define source
prone or reservoir-prone fairways. For example, organic-rich 
rocks, which preferentially occur in transgressive deposits, have 
enhanced quality in third-order sequences that were deposited 
during the maximum transgressive phase of second-order 
supersequences. Similarly, lowstand sandstone reservoirs, such 
as incised valleys, isolated coastal sands, basin-floor fans and 
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Figure 25. Dip line across the Exmouth Sub-basin between Investigator-l and Scarborough-I. Blue-coloured 'last Barrow 
package' marks the onset of significant sand input. The basin-floor fan in the latter well is an isolated gas-bearing unit 
some 70 km from the incised Barrow shelf-edge from where it was derived. Note the incised valleys on the sequence 
boundary 40 km landward from Investigator-I. 

deltaic sands, preferentially occur in third-order sequences that 
were deposited during the maximum regressive phase (late 
highstand to early lowstand phase) of second-order super
sequences . Identification of these fairways is particularly 
instructive during evaluation of frontier basins or basins with 
relatively sparse data. At a more detailed scale, the distribution 
of individual plays in these fairways is controlled by local 
tectonic, sediment supply and palaeogeographic parameters, and 
requires integration of detailed geological knowledge in well
explored basins. 

Recent application of sequence stratigraphic techniques to 
the onshore Canning Basin and offshore Carnarvon Basin 
demonstrates the potential of this technique to influence future 
exploration strategy and mitigate exploration risk. 
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Quaternary Antarctic ice-sheet fluctuations and Southern Ocean 
palaeoceanography: natural variability studies at the Antarctic CRC 
P.T. Harris l), W. HowardI' P.E. O'Brien l ,2, P.N. Sedwickl & E.L. Sikes l,2 

In its first three years, the Anlarclic CRC's Natural Variability 
Program has focussed research effort on understanding changes in 
the extent of the East Antarctic ice sheet, the sedimentary 
processes and biogeochemical cycles affecting shelf sedimentation, 
and the palaeoceanography of the Southern Ocean. Seismic data 
from the Prydz lrough·mouth fan indicate lhal it contains a high
resolution time series of the Plio-Pleistocene activity of the 
Lambert Glacier system. The fan has been prograding from the 
eastern side of Prydz Bay at least since the Miocene and it con
tains Plio-Pleistocene sediments, which are 0.8-1.2 s TWT thick 
beneath the current shelf break. Radiocarbon dating of shelf 
sediments indicates that deposition of a Holocene siliceous mud 
and ooze layer was initiated at about 10 ka BP on the Mac. 
Robertson Shelf, which is interpreted as coinciding with the retreat 
of an expanded ice sheet from the shelf break. Geochemical analyses 
of sediment cores from the Mac. Robertson Shelf suggest signifi
cant differences In sediment accumulation between the inner and 

Introduction 
Computer models of ocean-atmosphere circulation, sea-ice 
distribution and continental ice-sheet variations rely on 
palaeoenvironmental information provided by Quaternary earth 
scientists. Furthermore, the successful management of Australia's 
Ocean Territory (AOT) in the Antarctic and Southern Ocean 
can only be achieved by means of developing management tools 
based on a detailed understanding of physical, chemical and 
biological processes in these regions. At the Cooperative Research 
Centre for the Antarctic and Southern Ocean Environment 
(Antarctic CRC), an integrated, multidisciplinary approach has 
been adopted, such that glaciologists, biologists, oceanographers 
and marine geologists are working to address climate change and 
other environmental issues related to sustainable human 
activities. The Antarctic CRC's Natural Variability Program is 
studying the Antarctic and Southern Ocean sedimentary record 
for evid~nce of East Antarctic ice sheet advance and retreat and 
its extent onto the shelf during the last glacial maximum, and 
glacial-interglacial excursions of the SUbtropical convergence, 
the polar front and associated changes in oceanic productivity, 
circulation and biogeochemical cycling. In this paper, we present 
the results of recent work and outline the key problems faced 
by marine geoscientists working on Quaternary records of 
environmental change in Antarctica and the Southern Ocean. 

Plio-Pleistocene glacial history of the 
Antarctic margin 
Models of sea-level change since the last glacial maximum (LGM) 
have used the CLIMAP estimate, which shows grounded ice 
extending to the Antarctic continental shelf edge (Denton & 
Hughes 1986). These estimates were supported by observa
tions of sediment clinoforms at the shelf edge interpreted as 
sediments transported to the shelf edge by grounded ice (Stagg 
et al. 1985, Cooper et al. 1992). However, this picture of ice
sheet extent has been questioned by work on Antarctic coastal 
oases such as the Vestfold Hills, Bunger Hills (Colhoun et al. 
1992), Windmill Islands (Goodwin 1993) and the Transantarctic 
and Prince Charles Mountains. Raised beaches, moraines and 
other features near the coast suggest only a few hundred metres 
of ice over these oases, implying ice-sheet advances of only a 
few kilometres during the LGM (Colhoun et al. 1992). Moraines 
in the Prince Charles Mountains suggest only a small rise in the 
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outer shelf during the Holocene. A core from the outer shelf suggests 
three episodes of intense diatom production separated by periods 
of around 1500 years, although long-term average sediment 
accumulation rates appear to be rather uniform for this location 
during the middle and late Holocene. In contrast, results for a core 
from the inner shelf suggest an approximately 7-fold increase in 
average sediment accumulation rate from the mid to late Holocene, 
with roughly comparable increases in the accumulation of both 
biogenic and lithogenic material. Palaeoceanographic studies of 
the Southern Ocean, using planktonic foraminifera, diatoms and 
alkenone unsaruration ratios, indicate larger sea surface temperature 
amplitudes over wider areas of the Southern Ocean during the last 
glacial maximum than previously suggested by CLIMAP. Our studies 
offer the possibility of improvements to reconstructed glacial 
boundary conditions, with wider areal coverage, greater reliability 
of estimates, and the opportunity for estimation of seasonal 
dynamics. 

surface of the Lambert Glacier during the LGM, although exposure 
ages are not yet available. Colhoun et al. (1992) infer that only 
about 5 m of sea level rise may have come from the Antarctic ice 
sheet. 

The second major question is that of the stability of the 
Antarctic ice sheets, particularly those parts which are grounded 
below sea level. Modelling of the retreat of marine-based ice 
sheets has raised the possibility of rapid collapse resulting in a 
rapid, episodic, sea-level rise (Anderson & Thomas 1991). Cores 
from the Ross Sea commonly show open-water facies directly 
overlying subglacial till (Anderson et al. 1984), leading to an 
interpretation of very rapid retreat of the ice shelf in the past 
and raising the possibility that a similar rapid retreat may occur 
again in response to anthropogenic greenhouse warming. 

Over longer time spans (i.e. the last 5 m.y.), evidence from 
the Transantarctic Mountains has led some workers to infer 
major deglaciation during the early Pliocene (Webb et al. 1990), 
a view not supported by deep-sea sediment workers (Kennett 
& Hodell 1993) and other Antarctic investigations (Burkle 1996). 

To address these key issues, we have collected seismic data 
from the Prydz Channel fan, which we believe contains a high
resolution record of the behaviour of the East Antarctic ice sheet 
throughout the Pliocene and Quaternary. 

Prydz channel fan 

Trough-mouth fans are formed where major ice streams deliver 
large quantities of debris to the top of the continental slope, 
thereby potentially preserving records of glacial episodes which 
leave only erosion surfaces on the shelf. The fan built by the 
western ice stream of the Lambert Glacier on the continental 
slope offshore from Prydz Bay is 148 km wide and extends 
93 km out to sea. It has surface slopes of 1.2-2°. In 1995, the 
Antarctic CRC and AGSO conducted a seismic survey over the 
fan and across to ODP holes 739 and 741 to provide stratigraphic 
control using a 230 cubic inch GI gun and a 25 m, 4-channel, 
high-resolution streamer (O'Brien et al. 1995). This was only 
the second marine geophysical survey ever carried out by 
Australia in its history of AntarClic research (the first was in 
1982; Stagg 1985). Twenty-two gravity cores up to 4.5 m long 
were also collected in 1995 for Investigation of Holocene facies 
and dating the last advance of the Lambert Glacier-Amery Ice 
Shelf to the continental shelf edge. 

Processed seismic data (Fig. 2) demonstrate the higher reso
lution provided by the GI gun compared to previous surveys. 
The new data allow a clear recognition of velocity changes in the 
ODP holes (Cooper et al. 1989). Correlation of major surfaces 
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across the shelf from the ODP holes to the trough-mouth fan 
indicates that the fan has been prograding from the eastern side 
ofPrydz Bay at least since the Miocene. Plio-Pleistocene sedi
ments are 0.8-1.2 s two-way-time (TWT) thick beneath the 
present shelfbreak. The position of former shelf breaks is indi
cated by continuous foreset to topset reflectors, some of which 
are of high amplitude. These high-amplitude events are thought 
to result from grounding of the ice at the onset of shelf 
progradation. 

The modem fan surface displays some small slump scars 
and iceberg plough marks near the shelfbreak, 400-450 m water 
depth, but otherwise is relatively featureless. A few shallow 
submarine channels were the only surface features observed on 
the mid and lower fan surface. Other Antarctic trough-mouth 
fans exhibit large slump scars and submarine channels. The Prydz 
fan may preserve a more complete sedimentation record than 
other fans because it lacks such evidence of reworking. This is 
supported by the internal reflection geometry, which largely 
consists of parallel reflectors, lacking internal erosion surfaces. 

Cores from the shelf at the top of the fan penetrated stiff 
dark-grey to black poorly sorted sandy clay with scattered 
pebbles, overlain by diatomaceous sand, containing deformed 
fragments ofthe underlying clay (Fig. 2). The lower compacted 
silty sand is identical to glaciomarine sediments deposited near 
the Amery Ice Shelf grounding line in the Amery Depression. 
The sand overlying it is an ice-keel turbate. The grey to black 
glaciomarine muds continue beneath the upper slope and are 
overlain by proximal , sandy, gravity-flow sediments . 

1. Chatham Rise 
2. South Tasman Rise 
3. SE Indian Ridge 
4. Kerguelen Plateau 
5. Ross Sea 

Ice-Sheet Changes 
6. Mac. Robertson Shelf 
7. Prydz Trough Mouth Fan 
8. Prydz Bay Moraines 

Glaciomarine facies on the slope feature bedded intervals and 
contain foraminifera. Sediment gravity flows also contain 
foraminifera. More distal cores from the fan comprise fmer 
turbidites and hemipelagic muds. 

The glaciomarine sediments of the fan were probably 
deposited by rain out beneath a floating ice shelf or from melt
water plumes coming from the grounded ice front. Dating of 
foraminifera from the glaciomarine muds and the overlying 
sediment gravity flows should allow estimates ofthe maximum 
and minimum ages for the last time the Lambert Glacier reached 
the shelf edge. The lack of major erosional features and the 
preservation of interglacial muds on the fan suggest that it 
preserves a near-continuous record ofthe natural variability of 
the world's largest glacier, which drains 20% of East Antarctica. 

Sedimentary processes and Holocene facies 
on the Antarctic shelf 
The sedimentary record found on the continental shelf of 
Antarctica provides an opportunity to derive high-resolution 
time series of glacial and climatic events, as represented by 
down-core changes in, for example, biogenic silica (opal) content, 
total organic carbon (TOC) content, or other geochemical prop
erties (e.g. Domack et al. 1993). A prerequisite to the interpreta
tion ofthe sedimentary record, however, is an understanding of 
the physical processes that have controlled sedimentation at a 
given site. Physical processes that are of particular importance 
on the Antarctic shelf include iceberg ploughing (forming ice-keel 

9. Vestfold Hills & fjords) 

Bathymetry 

• >3000m 

• 2000-3000 

• 1000-2000 

• 500-1000 o 200-500 
o 
• 

100km 
• 

o <200 

Figure 1. Bathymetry of the Prydz Bay-Mac. Robertson Shelf area. The locations of ODP holes 739 and 741 are shown. 
Inset: location of areas studied by the Antarctic CRC Natural Variability Program between 1993 and 1996. 
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turbates), iceberg rafting, sedimentation via buoyant glacial 
meltwater plumes, turbidity currents and sediment reworking 
by bottom currents (Jacobs 1989). These processes are of 
regional significance and give rise to facies models for different 
shelf environments (Anderson & Molnia 1989). Recognition of 
facies successions down-core can then be applied to interpret 
changes in environmental parameters , linked to ice-sheet 
proximity, shelf current activity and sediment input. 

Methods 

Physical process studies have so far have focussed on sediment 
reworking by bottom currents on the Mac. Robertson Shelf 
(Fig. I). Sidescan sonar swath mapping, bathymetric mapping, 
3.S kHz profiling and sediment sampling have been employed 
for systematic seafloor exploration and characterisation. Bottom 
photography has also been used in some areas. Analysis of core 
samples for grain size, composition and age (based on 14C dating) 
provides a sedimentological framework for the studies. Supple
mentary information on iceberg source areas and drift paths, 
shelf currents and shelfwater masses is also important. In many 
cases, data sets collected by physical oceanographers and marine 
biologists can be used, which significantly lowers the overall 
cost of data gathering. However, the most useful observatIOns 
are those in which physical oceanographic measurements are 
made in direct connection with observations of seafloor response 
and sediment transport. This kind of observation is facilitated 
by using a combined current meter-transmissometer assembly 
that is moored in one location for up to a year. Environmental 
data sets must generally span a one-year period to resolve sea
sonal variations in processes (e .g. sea-ice extent and bottom 
water formation). 

Progress to date 

Seismic and sidescan sonar studies have shown that the Mac. 
Robertson Shelf was deeply eroded by glaciers and currents 
during the Quaternary, exposing the underlying basement and 
resulting in a 'scalped shelf' (Harris & O'Brien 1996). Major 
geomorphic zones are: (1) high-relief, ridge and valley topography 
(200-1400 m); (2) smooth seafloors associated with low-energy, 
depositional shelf valleys and basins (400-800 m); (3) low
relief, planated bank-tops (100-200 m); and (4) iceberg-gouged 
and current-reworked seaward-bank margins and upper slope 
(200-<630 m). About 90% of the shelf's surface has net erosional 
conditions and about 10% is net depositional (Harris & O'Brien 
1996). 

Gravity cores document variations In sedimentary facies 
along the axis of the valley joining the Nielsen Basin to the shelf 
break (Fig. 3). Diatom-rich, siliceous mud and ooze (SMO) form 
a surface layer at least 3 m thick in the deepest parts of the 
basin, becoming thinner (O.S-I .Sm) and more poorly sorted 
(greater sand and gravel content) with increasing distance sea
wards. Sediments on the outer shelf are slightly gravelly sands, 
and probably reworked by grounded icebergs (ice-keel turbate) 
and strong currents, judging from sidescan sonographs and current 
meter data obtained in the area (Harris & O'Brien 1996). 
Carbonate content on the outer shelf and shallow bank top 
stations is S-3S%, but sediments in the deeper shelfvalJeys and 
basins below about SOO m water depth contain no measurable 
calcIUm carbonate. 

All the cores along the shelf valley transect, apart from 
06GC07, (Fig. 3) contained an upper layer ofSMO, comprising 
10-60% angular, fine sand to coarse silt quartz and 20- S0% 
biogenic silica. 14C dates indicate that initiation ofSMO deposi
tion (and hence fully open-marine conditions on the shelf) was 
about II ka BP (e.g. core 12GC12; Fig. 4). Sand content is 
around 10% for inner shelf SMO deposits (e.g. 0lGC02 and 
KROCK GC2), becoming greater sea wards (Fig. 4). The ice
keel turbate seen In outer shelf cores (core 06GC07, Fig. 3) is 
60-90% sand and generally becomes more muddy down-core, 
suggestive of current winnowing of the mud fraction from the 

upper 30 cm of the sediments. 
Underlying the SMO are two facies : (A) a bedded, medium 

to well-sorted, sandy silt facies with beds 2->20 cm thick; and 
(B) a poorly sorted glacial marine mud, with diatoms and 
calcareous fossils rare or absent. Sediments in both facies A and 
B comprised poor to medium-sorted quartz, with minor amounts 
of gamet, mica and other lithic fragments. 

In one core (39GC38; Fig. 3) the Holocene SMO sediments 
exhibit ripple cross-stratification in X-radiographs. The question 
arises, what process could cause bedload transport (ripple 
migration) and deposition of cross-stratification in such an 
environment? Summer salinity-temperature (CTD) data show 
that water in the Nielsen shelf valley is stratified, with bottom 
water (34.7 ppt salinity and 1.6 to -1.8°C) forming a 
homogeneous mass in SOO-1400 m water depth. Near-bed, one
year current meter deployments on the outer shelf show bottom 
currents flowing offshore in winter at speeds up to O.S mis, 
which are strongly cross-correlated (R = 0.6S) with wind speed 
recorded at Mawson station. Based on these observations, it 
appears that bottom water is formed during winter, under strong 
(> 10 mlsec) , persistent (>30 days), offshore winds, resulting in 
continuous sea-ice production and cold saline water formation . 
This water sinks and fills the deep basin, eventually overflow
ing the sill and cascading down the adjacent continental slope. 
During such events, bottom currents may rework shelf valley 
deposits and fine-grained suspended sediment may be 
transported offshore, out of the shelf valley system. 

The palaeoenvironmental record of Antarctic 
shelf sediments 
Studies of marine sediment cores have provided regional to basin
scale records of environmental conditions, such as ocean 
Circulation, seawater composition and biological production. The 
Antarctic continental shelves are the most biologically productive 
regions of the Southern Ocean (Comiso et al. 1993) and are 
important areas of deepwater formation (Deacon 1984); yet, 
palaeoenvironmental information for these regions remains scant. 
This largely reflects the nature of marine sediments on the 
Antarctic continental margin-typically a complex mixture of 
poorly sorted terrigenous and biogemc material, often reworked 
by the action of ice and currents (Anderson & Molnia 1989). 
However, some bathymetric depressions, such as glacial basins 
and fjords , may act as natural sediment traps, allowing the 
accumulation of relatively undisturbed sequences of marine 
sediments denved from overlying waters. [n some cases, these 
deposits may provide detailed records of environmental 
conditions for these regions during the late Quaternary (e.g. 
Domack et al. 1993, Leventer et al. 1996). Because environ
mental conditions, such as algal production, are highly variable 
around the Antarctic continental margin (Comiso et al. 1993), 
numerous such sedimentary records are required to establish 
regional-scale palaeoenvironmental records. At the Antarctic CRC 
we are attempting to extract palaeoenvironmental information 
from sediment cores recovered from bathymetric depressions in 
the Mac. Robertson Shelf. We are using radiocarbon dating and 
geochemical techniques to examine the accumulation of biogenic 
and lithogenic material in these cores during the Holocene. Here 
we discuss down-core geochemical data for two of the cores for 
which radiocarbon chronology has been established, and discuss 
the palaeoenvironmental implications of these results. 

Methods 

Our initial work has been performed on two gravity cores 
collected in 1993 from Iceberg Alley (KROCK -GC 1, water depth 
478 m; Fig. 1) and the Nielsen Basin (KROCK-GC2, water depth 
[091 m; Fig. 3). The location of core KROCK-GCI is on the 
outer shelf, approximately 60 km from the coast, whereas core 
KROCK-GC2 was collected from the inner shelf, approximately 
20 km from the coast. These sites are separated by a distance of 
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around 90 kIn. Both cores are apparently continuous sequences 
ofSMO (see above). Core KROCK-GCl comprises 363 cm of 
olive-green ooze, with numerous bands of fluffy lighter coloured 
material-l-l0 cm thick, and -5 cm of darker ooze at the base of 
the core. Core KROCK-GC2 comprises 293 cm of featureless 
olive-green ooze with -10 cm of darker olive-grey sandy material 
at the base of the core. Both cores were subsampled at 10 cm 
intervals for geochemical analysis. In addition, ten I-cm 
subsamples were taken from the top of each core for deter
mination of2lOPb, and 1-2 cm subsamples were taken for down
core I'C analyses. 

Core stratigraphy. The cores under study contain, essentially, 
no biogenic carbonates, precluding use of 8180 stratigraphy and 
carbonate radiocarbon dating. Measurements of unsupported 
230Th and 231Pa may allow estimation of accumulation rates, 
although dating techniques using these radioisotopes require 
uniform sedimentation rates, which may not (and probably do 
not) apply to these cores. The principal chronostratigraphic 
tool employed in this work is radiocarbon dating of sedimen
tary bulk organic carbon (the cores contain -1-2% organic 
carbon). Radiocarbon ages have been determined by accelerator 
mass spectrometry (AMS) at the Australian Nuclear Science 
and Technology Organisation facility at Lucas Heights, New 
South Wales, or at the Rafter Radiocarbon Laboratory of the 
New Zealand Institute of Geological and Nuclear Sciences. In 
addition, unsupported 210Pb was measured in the core-top 
subsamples by gamma spectrometry at the University of 
Hawaii, in an effort to evaluate recent accumulation rates, 
bioturbation, and core-top loss. 

Geochemical measurements. The geochemical measurements 
performed on the core subsamples include: bulk major and minor 
elements, determined in crushed, 60°C-dried (and, for major 
elements, washed in deionised water) portions of the 10 cm 
subsamples by X-ray fluorescence spectroscopy, following a 
modification of the method ofShimmield (1984); biogenic silica, 
determined in freeze-dried portions of the 10 cm subsamples by 
the method of Mortlock & Froelich (1989); and total organic 
carbon, determined in crushed, 60°C-dried, deionised-water 
washed portions of the 10 cm subsamples by the Isotope and 
Organic Geochemistry Laboratory of the Australian Geological 
Survey Organisation. The down-core geochemical data presented 
here are: 
(I) total Al and Fe, which are assumed to indicate terrigenous 

input (Calvert & Pedersen 1993, Kumar et al. 1995); 
(2) total Mn, which, when normalised to Al and compared with 

lithogenic abundance, provides information on down-core 
redox conditions (Calvert & Pedersen 1993, Yang et al. 1995); 

(3) total U and Mo, which, when normalised to Al and compared 
with lithogenic abundances, provide sensitive proxies of 
palaeo-redox conditions during sediment deposition (Calvert 
& Pedersen 1993); 

(4) biogenic silica (opal), assumed composition Si0
2 

O.4Hp, 
which has been used to infer palaeoproductivity in the 
Southern Ocean, where the degree of post-depositional 
preservation is high or relatively constant (Charles et al. 
1991, Mortlock et al. 1991, Shimmield et al. 1994); 

(5) total organic carbon (TOC), which has been used to infer 
palaeoproductivity in sediments from the Antarctic 
continental margins (Shimmield et al. 1994, Leventer et al. 
1996); and 

(6) excess (or biogenic) Ba, which in non-reducing sediments 
may provide a proxy record of productivity in overlying 
waters (Dymond et al. 1992, Shimmield et al. 1994). Biogenic 
Ba is calculated from total Ba-lithogenic Ba, where lithogenic 
Ba is estimated as 0.0075AI (0.0075 is the average crustal 
weight ratio ofBa/AI; Dymond et al. 1992). 

The down-core geochemical data have been plotted against 
the average depth of each 10 cm subsample in the core. 
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Figure 4. Down-core uncorrected radiocarbon ages for cores 
KROCK-GCI and KROCK-GC2. 

Progress to date 
The available radiocarbon data (Table 1) suggest that cores 
KROCK -GC 1 and KROCK -GC2 contain continuous records 
of Holocene sedimentation on the Mac. Robertson Shelf. Two 
important results are apparent from our initial work. The first is 
a marked difference in the down-core geochemical records of 
terrigenous inputs, palaeo-redox conditions, and barium 
accumulation (or preservation) between the two cores, which 
were collected less than 100 kIn apart. The second important 
result, derived from the down-core radiocarbon dating and 
geochemical analysis of core KROCK-GC2, is an apparent 
>7-fold increase in average sediment accumulation rate for the 
inner Nielsen Basin from middle to late Holocene. Here we discuss 
the significance of these findings and the future research 
directions defined by these results. 
Core preservation and chronostratigraphy. The upper 10 cm of 
cores KROCK-GCI and KROCK-GC2 contain no unsupported 
2IOPb, suggesting that at least -200 years of accumulated sedi
ments have been lost during collection of the cores. Four down
core radiocarbon dates have been obtained for KROCK-GC1, 
and five for KROCK-GC2 (Table I). The dates increase in a 
regular fashion for both cores (Table 1, Fig. 4), suggesting that 
they contain continuous records of sediment accumulation 
extending back to the late Pleistocene for KROCK-GCl and 
mid Holocene for KROCK-GC2. The radiocarbon age of 
particulate organic matter in the photic zone, which is presumed 
to be the principal source of organic carbon in these sediments, 
necessitates a so-called reservoir correction to the radiocarbon 
ages ofthe sediment samples. This correction is probably in the 
range of 1094-1310 radiocarbon years BP, based on the radio
carbon age of surface pediment coll~cted i~ Prydz Bay (D. 
Franklin, pers. comm.~" and off DaVIS Station (Adamson & 
Pickard 1983, Gordon & Harkness 1992). We have chosen a 
radiocarbon age of 1094 yr BP, measured for Prydz Bay SMO, 
as a reservoir correction for the Mac. Robertson Shelf cores. 



Table I. Radiocarbon ages determined. 

Core nllmber Core depth Water depth 

(em) (m) 

149/0lGC02 0-1 1100 

149/0lGC02 302-303 1100 

I 49/02GC03 87-88 1200 

149112GCI2 2-3 627 

1491I2GCI2 40-41 627 

149/12GCI2 80-81 627 

149112GCI2 120-121 627 

149/12GCI2 160-161 627 

149/12GCI2 200-201 627 

149/12GCI2 250-251 627 

1491I2GCI2 301-302 626 

KROCK GCI 0-1 478 

KROCK GCI 181-182 478 

KROCKGCI 272-273 478 

KROCKGCI 356-357 478 

KROCKGC2 7-8 1091 

KROCK GC2 78-80 1091 

KROCK GC2 147-148 1091 

KROCK GC2 218-219 1091 

KROCK GC2 281-283 1091 

KROCKGC3 14-15 134 

KROCKGC3 55-57 134 

I Uncorrected radiocarbon years B P. 
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-24.5 

-24.4 

-25 .6 

-25 .6 

-34 .1 

-32 .3 

-29.6 

-27.5 

-28.1 

-25 .2 

-26.3 

-23.67 

-24 .25 

0.69 

0.68 

Age yr BPi 

1786±71 

5498±88 

11480±130 

2171±66 

5519±71 

5380±78 

7124±77 

7091±88 

8102±81 

11410±110 

17150±280 

2630±80 

5940±80 

7200±130 

12250±110 

2030±310 

2420±80 

3330±100 

5060±180 

7673±84 

4314±96 

8030±110 

Lab. ref 

nllmbe? 

NZA 5779 

NZA 5782 

NZA 5784 

NZA 5964 

NZA 6754 

NZA 6755 

NZA 6756 

NZA 6753 

NZA 6749 

NZA 6063 

NZA 5763 

OZB995 

OZB997 

OZB998 

NZA 4639 

OZB098 

OZB099 

OZBIOO 

OZBIOI 

NZA 4640 

NZA 4813 

NZA 4814 

2 OZB-Australian Nuclear SCience and Technology Organisation, Sydney, NZA-New Zealand Institute of Geological and Nuclear 
SCiences Rafter Radiocarbon Laboratory, Lower Hutt 

When applied to our radiocarbon dates, this reservoir 
correction suggests core-top ages of 1536 radiocarbon years BP 
for KROCK-GC I and 936 for KROCK-GC2, implying a 
significant core-top loss in both cases. Using the raw average 
sedimentation rates of 54.7 cm/lOOO yr for KROCK-GC I and 
179 for KROCK-GC2, calculated from the upper two radio
carbon dates for these cores, the core-top ages amount to losses 
of84 and 168 cm, respectively, from the top of each core during 
collection. These losses seem large , but may be real if the 
sediment-water interface consists offine, loosely consolidated 
material. The radiocarbon data therefore suggest that core 
KROCK-GC I represents a continuous sedimentary record from 
around 12 300 to 1540 radiocarbon years BP, and core KROCK
GC2 represents a continuous sedimentary record from around 
6580 to 940 radiocarbon years BP. 
Down-core geochemical records. There are marked contrasts 
between the down-core geochemical records for cores KROCK
GC I and KROCK-GC2 , suggesting significant differences in 
sedimentation rates, sediment composition, sediment transport 
processes or sediment preservation between the two sites . 
Down-core Mn concentrations are low and uniform in both 
cores (Figs Sa, Sf), with MnlAI close to the average shale ratio 
of 0.08 (Wedepohl 1971), whereas Mo and U (Figs 5b, 5g) are 
enriched relative to average shale ratios of Mol AI - 0.3 00 10-' 
and U/ AI - 0.4 00 10-' (Wedepohl 1971). These trace-element 
data suggest that sediments accumulated at these sites under 
anoxic conditions, perhaps up to the sediment-water interface 
(Calvert & Pedersen 1993). Such anoxic conditions promote 

diagenetic dissolution of biogenic barite and remobilisation of 
Ba within the sediment column, casting doubt on the utility of 
excess Ba as a palaeoproductivity proxy in these cores. Indeed, 
the excess Ba concentrations calculated for KROCK-GC I are 
mostly less than zero, which probably reflects the diagenetic 
remobilisation of Ba from the sediments and/or the presence of 
terrigenous components with a significantly lower Ba/AI ratio 
than the crustal average of 0.0075 , such as quartz, in which AI is 
known to substitute for Si (Deer et aL 1977). 

For core KROCK-GCI, there are significant down-core 
variations in the concentrations of AI, Fe, MolAl and u/AI 
(Figs Sa, 5b), small variations in opal and TOC (Figs 5c, 5d), 
and large changes in calculated excess Ba concentrations (Fig. 5e). 
There are four pronounced down-core minima in AI and Fe (in
dicated by shaded bands in Fig. 5), which roughly coincide with 
maxima in UlAI and MolAl, small maxima in TOC, and minima 
in excess Ba. These down-core compositional changes suggest 
episodes of decreased terrigenous inputs (AI and Fe minima) 
and more reducing conditions within the sediments (Mo and U 
maxima, Ba minima), perhaps associated with increased deposi
tion of organic material (TOC maxima). These compositional 
' events ' also roughly correspond to the thicker of the light
coloured bands in the core, except for the event at the base of the 
core, which occurs within darker material. However, for these 
events there are no corresponding maxima in the down-core 
opal record, which might be expected if these episodes were 
related to increased diatom production. We have interpreted the 
three most recent compositional 'events ' in this core as record-
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Figure 5. Down-core geochemical data for cores KROCK-GCt (shaded bands indicate inferred episodes of higher 
biogenic production) and KROCK-GC2. 

ing periods of high export production by the lightly silicified 
diatom Corethron cnophilum in overlying surface waters. These 
periods of high productivity may last as long as several hundred 
years, and are separated by periods of roughly 1500 radiocar
bon years (see discussion in Sedwick et al. 1998). 

The down-core geochemical records from core KROCK
GC2 lack the pronounced variations observed for KROCK
GC I , except at the base of the core, which grades into sandier 
material (Figs 5f-j). This core contains slightly lower concen
trations of AI, Fe and Mn, significantly higher ratios of MolAl 
and UIAI, slightly higher concentrations of opal, and signifi
cantly higher concentrations ofTOC than core KROCK-GC 1. 
The data suggest that the accumulation of biogenic and 
terrIgenous material at the site of KROCK-GC2 has been 
relatively consistent since the middle Holocene, with a greater 
proportion of biogenic materi al and thus a more reducing 

sedimentary environment than the KROCK-GC I site. However, 
some down-core geochemical variations are observed for 
KROCK-GC2: changes in UlAI and particularly MolA l, which' 
suggest temporal variations in the sedimentary redox environ
ment, and also a general decrease in TOC with depth, which 
may reflect either a decreased accumulation of organic material 
in older sediments or the diagenetic decomposition of organic 
carbon with increased depth in the sediment column. Another 
contrast with KROCK-GC I are the calculated excess Ba con
centrations in KROCK-GC2, which are relatively uniform and 
all greater than zero. This may reflect a higher Bal Al ratio in the 
lithogenic material in KROCK-GC2 or simply a greater 
deposition of biogenic barite such that accumulation of bIOgenic 
Sa has exceeded diagenetic loss from the sediment column. 

Sediment accumulation rates. The down-core radiocarbon dates 
obtained for these cores allow calculation of average sediment 
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rates, (b) down-core reservoir-corrected radiocarbon age for KROCK-GC2 , showing calculated average accumulation 
rates , (c) estimated down-core mass accumulation rates of opal and total organic carbon for KROCK-GC2 , and (d) 
estimated down-core mass accumulation rates of AI and Fe for KROCK-GC2. 

accumulation rates between dated sample depths (Figs 6a, 6b). 
Compaction has been neglected in these calculations and is 
assumed to be small, based on measurements of down-core water 
content. The average accumulation rates calculated for core 
KROCK-GC I for the mid and late Holocene are similar at 72 .2 
and 54.7 cm/lOOO yr, respectively (Fig. 6a) ; however, there are 
considerable uncertainties in these values, arising from the thick 
'bloom-event' layers in this core, which may represent short 
periods of rapid sediment accumulation . The average 
accumulation rate of 13.7 cm/1000 yr calculated for the early 
Holocene section ofKROCK-GC I IS probably too low, because 
it uses the 12300 yr radiocarbon date obtained for darker material 
at the base of the core, which may include a significant portion 
of slowly accumulating pre-Holocene sediment (thus biasing 
the calculated sedimentation rate). A more accurate estimate of 
sediment accumulation rate for this site during the early Holocene 
will require a radiocarbon date within the early Holocene section 
of the core (around 300-350 cm depth). 

The calculated average accumulation rates for core KROCK
GC2 present a very different picture (Fig. 6b). These calcula
tions suggest a dramatic (>7-fold) increase in sediment 
accumulation rates at this site from the middle to late Holocene, 
from 24.5 emil 000 yr between 4000 and 6600 radiocarbon years 
BP to 179 between 940 and 1300 radiocarbon years BP. Together 
with down-core bulk concentrations and measurements of dry 
bulk density, these calculated average sediment accumulation 
rates may be used to estimate down-core mass accumulation 
rates for the biogenic (opal, TOC) and lithogenic (AI, Fe) com
ponents in these cores. The mass accumulation rates estimated 
for KROCK-GC I are probably not representative of actual 
material accumulation rates, because oflarge changes in down
core dry bulk density (0.08-0.9 glcm3

) and because the average 
accumulation rate calculated for the lower section of core is 
likely too low (see disussion in Sedwick et al. 1998). However, 
the average accumulation rates and material accumulation rates 
calculated for core KROCK-GC2 are probably more reliable, 
because all radiocarbon dates are for material within the Holocene 
facies, and down-core bulk densities are relatively uniform 
(0.27 ± 0.05 glcm3

). These estimated mass accumulation rates 
suggest that there has been a roughly proportional 5-10-fold 
increase in the accumulation ofbiogenic (opal and TOC, Fig. 6c) 
and lithogenic (AI and Fe, Fig. 6d) material at the KROCK-GC2 

site from the middle to late Holocene. 
Two general hypotheses may be offered to explain the 

apparently synchronous increases in the accumulation rate of 
biogenic and terrigenous sediments at this inner shelf location 
during the Holocene . The first is that the apparent increase in 
sediment accumulation rate results from chJngcs in sediment 
transport processes or sediment focussing. such that typical 
shelf sediments were transported into the inner Nielsen Basin 
from a progressively increasing 'catchmcnt' area during the 
Holocene. This situation could result from a gradual retreat of 
the ice sheet (or fast ice) from the Mac. Robertson Shelf or from 
changes in shelf-water circulation during the Holocene. A second 
hypothesis is that the apparent increase in sediment accumu
lation rates reflects real increases in pelagic sedimentation
both lithogenic and biogenic-in waters overlying the inner shelf 
region, perhaps as a result of progressively decreasing perman
ent ice cover during the Holocene, allowing comparable increases 
in biogenic export production and in the deposition of ice-borne 
and current-borne terrigenous material. Another possibility, 
consistent with this second hypothesis, is that primary 
production in these shelf waters may be limited by the supply 
of iron, which is derived from terrigenous particles, so that the 
input of terrigenous particles into surface waters may regulate 
primary production . This ' iron hypothesis ' has been suggested 
for open-ocean Antarctic waters (Martin 1990, Kumar et al. 
1995) and continental shelf waters of the Ross Sea (Sedwick & 
DiTullio 1997). 

Quaternary oceanography ofthe Southern 
Ocean 
Palaeoceanographic and palaeoclimatic research on the Southern 
Ocean can be thought of in two broad categories: time-slice 
reconstructions of various aspects of surface and deep con
ditions, and time-series srudies of the evolution of properties at 
one site or a limited number of sites. The Southern Ocean during 
the Last Glacial Maximum (LGM), approximately 18 000 
radiocarbon years BP, and the transition into the Holocene have 
been well studied. We have applied the lessons of this recent 
transition to the longer-term evolution of Southern Ocean circu
lation and chemistry during the late Quaternary glaciation cycles, 
and its relationship to the orbital cycles implicated as one of the 
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major drivers of climate change on time scales of 1 0 000-100 000 
years. 

The LGM ocean 

Physical circulation. The benchmark study of boundary 
conditions during the LGM remains the CLIMAP seasonal 
reconstructions of sea-surface temperature (SST) and sea-ice 
extent (CLIMAP 1981). Though most of the first-order conclu
sions of the CLIMAP study relevant to the Southern Ocean 
have stood up to subsequent scrutiny, a number of significant 
refinements have been made. Scientists at the Antarctic CRC 
have already made significant improvements to the reconstruc
tions of glacial boundary conditions begun by CLIMAP. 
CLIMAP researchers and later studies showed that Southern 
Ocean polar and subpolar planktonic biota and ice-rafted debris 
(Bareille et al. 1994) shifted towards the equator during glacial 
stages. These changes were taken to indicate shifts toward the 
equator of the corresponding water masses, frontal boundaries
the Subtropical Convergence (STC) and Antarctic Polar Front 
(APF) zones-and SST fields. In addition, distribution of 
diatoms related to the edge of the sea ice (Burckle et al. 1982) 
and lithologies characteristic of perennial sea-ice cover (Cooke 
& Hays 1982) show shifts towards the equator, suggesting 
increased areas and seasons of sea ice on the Southern Ocean at 
the LGM. The CLIMAP reconstruction, largely based on 
radiolarian SST regression equations, suggested that the greatest 
glacial-interglacial SST anomalies of about 4-6°C occurred in 
parts of the Subantarctic zone and were associated with the 
northward migration of the STC and APF. 

More recent studies, using planktonic foraminifera (Howard 
& Prell 1992, Labracherie et al. 1989, Wells & Wells 1995), 
diatoms (Labeyrie et al. 1996, Pichon et al. 1992) and alkenone 
un saturation ratios (Sikes & Volkmann 1993, Sikes et al. 1994), 
suggest larger SST anomalies over wider areas of the Southern 
Ocean than CLIMAP suggested (Fig. 7). These studies, carried 
out by us in collaboration with colleagues in France and the US, 
offer the possibility of improvements to reconstructed glacial 
boundary conditions with wider areal coverage. Greater reliabil
ity of estimates and the opportunity for estimating seasonal 
dynamics (not truly accessible with CLIMAP methodology 
alone) with multiple biotic and geochemical tracers opens up 
new avenues for investigating the climate dynamics of the 
Southern Ocean. 

Palaeochemistry. The deep-water connections between the 
Southern Ocean, Indo-Pacific, and the Atlantic at intermediate 
to abyssal depths, and the fact that bottom waters ventilating 
all ocean basins originate in the Antarctic, make the Southern 
Ocean a key area from which to monitor changes in deep-ocean 
circulation on geological time scales. The large influence of 
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Southern Ocean surface waters on atmosphere-ocean CO, 
fluxes, through both thermodynamics and biogeochemistry: 
makes understanding the history of these processes imperative 
for a characterisation of the global carbon cycle and its 
perturbations by natural and anthropogenic processes. 

The deepwater history of the Southern Ocean is recon
structed using geochemical tracers interpreted in the framework 
of modern gradients in the properties that the proxy tracers 
estimate. The mixing of 'Northern Source' and Indo-Pacific deep 
water masses in the Antarctic results in circumpolar deepwater 
(CDW) properties intermediate between two 'end-members'. 
Changes in the relative flux of any of the sources should result in 
shifts in Southern Ocean deepwater properties towards one of 
the end members. For example, the shutdowns of the 'Conveyor 
Belt' circulation thought to occur in glaciations should have 
made the Southern Ocean take on more Pacific-like properties. 

The ? 13C in LGM-age benthic foraminifera from the Southern 
Ocean shows significant depletion relative to Holocene values 
and more negative values than LGM Atlantic or Pacific deep 
waters (Charles & Fairbanks 1992, Curry & Miller 1989, 
Duplessy et al. 1988), indicating a reduction in the supply of 
nutrient- and dissolved carbon-depleted North Atlantic Deep 
Water (NADW) to the Southern Ocean. Calcium carbonate 
dissolution increases at the LGM, also consistent with reduced 
NADW supply driving Southern Ocean chemistry further from 
calcite saturation (Howard & Prell 1994). Ba:Ca ratios also 
suggest that the glacial Southern Ocean moved close to Pacitic 
alkalinity levels (Lea 1993). 

Cd:Ca ratios in benthic foraminifera, a proxy of phosphate 
concentration, indicate that the admixture ofNADW continued 
through glacial intervals (Boyle 1992), and recent radiochemical 
tracer data similarly suggest that the glacial pattern of 
thermohaline circulation resulted in a net export of Atlantic 
waters through the Southern Ocean to the Indo-Pacific (Yu et al. 
1996). Our studies, in collaboration with New Zealand colleagues, 
aim to constrain past changes in Southern Ocean deep circulation 
by measuring the effects on the radiocarbon reservoir ages of 
deep and surface waters in the Southwest Pacific. 

The contlict among tracers of palaeo chemistry is particularly 
vexing in the Southern Ocean, and remains to be fully resolved. 
Although ?"C of the dissolved inorganic carbon pool is now 
known to be influenced by the etTects of air-sea equilibration of 
mixed-layer waters (thus compromising its interpretation as a 
simple record of biologically driven chemistry), it is not known 
how this effect changed in the past ocean (Lynch-Steiglitz et al. 
1995). Furthermore, benthic foraminiferal ,? 13C may be otTset 
from ambient bottom-water values by the rain and respiration 
of organic matter in sediments, introducing possible further biases 
(Macken sen et al. 1993). The preservation state of calcite may 
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Figure 7. Modern (A) and last glacial maximum (8) sea surface temperatures in the Australasian sector of the Southern 
Ocean, based on CLIMAP (1981) estimates and modified using data produced by Antarctic CRC and other scientists cited 
in the text. 



similarly be controlled by the organic to carbonate rain ratios of 
particulate fluxes, in addition to the influence of deepwater 
chemistry (Archer 1991). Trace-metal incorporation into 
foraminiferal calcite may be influenced by dissolution, casting 
some doubt on the reliability ofCd:Ca and Ba:Ca ratios as proxies 
of deepwater chemistry (McCorckle et al. 1995). Also, the budget 
of oceanic cadmium may be partly controlled by authigenic 
deposition in suboxic sediments, thus Cd:PO. ratios may not be 
constant through time (Rosenthal et al. 1995). Consequently, 
there are uncertainties regarding which aspects of the ocean's 
chemistry are represented by the palaeochemical proxies, and 
how reliably they are recorded in marine sediments. Studies 
currently being carried out at the CRC are aimed at extending 
and refining the data sets that will constrain the controls on 
isotopic, organic geochemical, and biotic tracers of biogeochemical 
processes operating on geological time scales. 

Surface-water chemistry and productivity. Efforts to reconstruct 
surface-water chemistry of the glacial Southern Ocean have 
focused on two types of tracers: those that serve as indicators 
of surface-water chemical composition and those that record 
past changes in particle production and flux to the seafloor. 
Both types of tracers indicate a reorganisation in the distribu
tion of biological productivity and nutrient/carbon draw-down 
since the LGM. In areas presently south of the APF, productivity 
appears to have increased between the LGM and present, 
whereas the Subantarctic zone saw a decrease in biogenic 
productivity since the LGM. This overall picture is supported 
by radiochemical tracers of particle scavenging (Francois et al. 
1993, Kumar et al. 1995), deposition of authigenic minerals 
(Kumar et al. 1995, Rosenthal et al. 1995) and burial fluxes of 
biogenic opal (Charles et al. 1991 , Mortlock et al. 1991). Burial 
of calcium carbonate decreased throughout the Southern Ocean, 
implying an increase in organic :carbonate rain ratios even in 
areas of increased overall productivity (Howard & Prell 1994). 
Isotopic tracers of surface nitrate utilisation similarly imply a 
shift of nutrient utilisation from Antarctic to Subantarctic waters 
during the LGM (Francois et al. 1992). Carbon isotope ratios in 
planktonic foraminifera also record this shift from glacial 
depletions south of the APF, which mimic deepwater chemical 
changes (Charles & Fairbanks 1990), to relative enrichment in 
carbon isotopes, which reflects alteration of upwelling deep 
waters by biology and thermodynamics in the northward Ekman 
flow regime of the Subantarctic (Howard 1993, Labeyrie et al. 
1992). 

The implication of these biogeochemical shifts for the carbon 
cycle are striking: they suggest a strengthening of the Subantarctic 
sink for COl (Howard 1993) accompanied by a decreased draw
down in the Antarctic Ocean south of the APF, a view supported 
by carbon isotope measurements in sedimentary organic matter 
(Rau et al. 1991 , Shemesh et al . 1993). Our application of 
biomarkers and their stable isotopes as tracers of biological 
processes will provide constraints not only on the intensity of 
biological draw-down of CO" but on the dominant type of 
production (diatom vs coccolIthophorids, for example) with 
important implications for our ability to reconstruct paleo-CO, 
in surface waters. -

Late Quaternary climate cycles in the Southern Ocean 
The pattern of change (and tracer conflicts) described above for 
the LGM to Holocene transition in the Southern Ocean can be 
extended back in time to earlier transitions in the late Quaternary 
(Fig. 8), and holds true for at least the past 500 000 years of 
climate history. We have documented three important patterns 
emerging from the Southern Ocean palaeoceanographic record 
over this time: 
(I) The imprint of orbital forcing that pervades global 

palaeoclimate records of the Pleistocene appears strongly 
and coherently in the Southern Ocean (Howard & Prell 1992 
1994, Imbrie et al. 1992, Oppo & Rosenthal 1994). Indeed, 
the pioneering study verifYing Milankovitch theory through 
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time-series analysis used Southern Ocean records (Hays et 
al. 1976). 

(2) Southern hemisphere climate, though substantially mirroring 
Northern Hemisphere variability on orbital time scales, 
appears to precede change in the Northern Hemisphere 
(Howard & Prell 1984, 1992, Labeyrie et al. 1996, Morley 
1989). This apparent lead with respect to a presumed 
Northern Hemisphere forcing is intriguing and still not well 
understood. In addition, precessional insolation forcing is 
1800 out of phase in the two hemispheres, whereas climate 
variations are only slightly out of phase, pointing to a not
yet-known pacing mechanism for interhemispheric climate. 

(3) Amplitudes of glacial-interglacial climate and palaeochemical 
change have evolved during the late Quaternary, with greater 
amplitudes (colder glacial maxima and warmer interglacials) 
during the transitions that preceded the LGM-Holocene 
transition (Fig. 8). 

The implications of this pattern for reconstructing and 
modeling glacial boundary conditions are important: by focusing 
on the LGM, climate studies have not captured the full dynamic 
range of Earth climate. This may be relevant to the question of 
greenhouse-enhanced climate, as the anthropogenic imprint began 
perturbing an already high CO2 level. Because the maximum 
cooling in the Southern Ocean occurs early in glacials, CLIMAP, 
in particular, underestimated the full perturbation to SST by 
picking values at the isotopically defined LGM, regardless of 
the local palaeoclimate indices. Future time-slice reconstructions 
could provide insights on the full range of climate sensitivity by 
mapping conditions at earlier glacial stages. . 

Questions for future work 
In future work at the Antarctic CRC we plan to address the 
following key questions: In terms of the stability of the East 
Antarctic ice sheet, ' Did the Last Glacial Maximum ice sheet 
extend to the shelfbreak along the East Antarctic margin and, if 
so, when did it retreat? ' Our interpretations of cores and seismic 
data suggest that it did extend to the outer Mac. Robertson shelf 
and that it retreated from that area by around 10 000 yr BP. The 
picture from Prydz Bay is more complex, as the existence of 
mid-she I f grounding moraines (Leitchenkov et al. 1994) might 
indicate that the ice sheet was grounded only as far as the middle 
shelf in this area. Furthermore, results from onshore studies 
mentioned above (e.g. Colhoun et al. 1992, Goodwin 1993) 
suggest that the ice sheet did not expand across the shelf in other 
areas and, therefore, the true LGM extent of the East Antarctic 
ice sheet is complex and varied regionally. This question is of 
immediate concern to ice-sheet modellers. We have recently 
(Feb. 1997) collected core samples and high-resolution seismic 
data from Vincennes Bay (located near Casey Station, Fig. I) 
and inner Prydz Bay, and plan to examine other locations in 
1999-2000 to determine regional LGM ice-sheet extent. An 
improved understanding of bottom-water formation and the 
effects of the Antarctic Coastal Current on sediment transport 
and redistribution over the shelf remain as key goals to our 
sedimentary processes research. 

Two key questions have been raised by our palaeo
environmental study of Holocene sediments from the Mac. 
Robertson Shelf: namely, ' Are there consistent differences in 
sedimentation regimes between the outer and inner shelffor this 
region during the Holocene and, if so, why?' and' Why is there 
an apparent 5- IO-fold increase in the mass accumulation of 
biogenic and lithogenic material on the inner shelf from the mid 
to late Holocene?' Given that the Antarctic continental shelves 
are the most biologically productive region in the present-day 
Southern Ocean (Comiso et al. 1993, Smith & Gordon 1996), 
these questions are of considerable importance to our under
standing of the marine carbon cycle during the Holocene. In 
order to address the first of these questions, we are currently 
performing down-core geochemical analyses and obtaining 
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radiocarbon dates for additional cores from Iceberg Alley and 
the Nielsen Basin. The data from these cores should allow us to 
evaluate the regional coherence of sedimentary records from a 
given basin, providing a first step toward a regional-scale 

palaeoenvironmental record for waters of the Mac. Robertson 
Shelf. To address the second question, we are currently measur
ing the uranium-series nuclides BOTh and mPa in core KROCK
GC2 in collaboration with colleagues at the University of Hawaii , 
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which offers the possibility of quantifying sediment focusing 
(Francois et al. 1990, Frank et al. 1995) and evaluating local 
changes in palaeoproductivity (Kumar et al. 1993, 1995). 

Our studies of the Quaternary oceanography of the Southern 
Ocean have raised a number of key questions: ' What is the 
temporal and spatial variability of palaeoceanographic change 
as it relates to the thermodynamic and biogeochemical forcing of 
carbon dioxide sources and sinks in the Southern Ocean?' The 
palaeo-CO, cycle and its forcing mechanisms are great unsolved 
problems, and the role of the Southern Ocean in modulating the 
cycle is presently unconstrained. 'What are the amplitudes of 
local and regional oceanographic changes in response to nearby 
Antarctic ice sheets?' ' Do high-frequency cycles, like those 
associated with the Heinrich events in the North Atlantic and 
the Younger Dryas cooling, occur in the Southern Ocean?' 
Answering these questions will require the acquisition of high
accumulation rate cores from sediment drifts close to the Antarctic 
continental margins. 'How did sea-ice concentrations and 
seasonal distributions change over geologic time scales?' 
Understanding these variations is critical for atmospheric and 
ocean models, which are extremely sensitive to sea ice, but whose 
representation of climate sensitivity to human impact can only 
be understood by testing their response to natural 
perturbations. 

In conclusion, it might be said that in its first 3 years of 
research the Antarctic CRC Natural Variability program has raised 
more scientific questions than it has answered. However, this is 
undoubtedly symptomatic of a science that is in its infancy and 
which is working on the frontiers of knowledge. Improving our 
understanding of the natural variability recorded in Antarctic 
and the Southern Ocean sedimentary deposits promises to 
remain a challenging and rewarding field of research in the years 
ahead. 
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The late Cainozoic East Antarctic ice sheet 
Eric A Colhoun l 

A review, mainly of East AntarctiC late Cainozoic (post 40 Ma) 
geological and geomorphological evidence, supports the hypoth
esis of the cOOlinuous presence of an ice sheet, of about the present 
size, since the late Miocene. Evidence is presented and the view 
advanced that , during the late Wisconsin maximum of isotope 
stage 2, ice was not nearly as thick or extensive over the cOOlinen-

Introduction 
The 'great white south ' of the Antarctic ice sheets is a major 
frontier of scientific exploration. The development, maintenance 
and decay of its ice sheets have major significance for driving the 
Earth's heat engine, particularly for Southern Hemisphere ocean 
and climate characteristics, and for world sea-level changes. West 
Antarctica and the Transantarctic Mountains regions of East 
Antarctica have been studied mainly by scientists from Britain, 
USA and New Zealand. Since 1954, Australian scientists have 
helped provide knowledge of the difficulties of understanding 
changes in the form, size and stability of the East Antarctic part 
of the frozen south in geologically recent time. 

This paper examines recent research on East Antarctica and 
addresses three major intertwining themes, about which there 
are contrasting opinions. First, some consider that the ice sheet 
has been relatively stable since -14-15 Ma' BP, with limited 
subsequent thickening and thinning and marginal fluctuations, 
owing to variations in climate and sea level. Others think the ice 
sheet contracted to about one-third its present size during the 
early Pliocene and expanded to about its present size during the 
late Pliocene-Quaternary. Second, some consider that, during 
the Late Wisconsin cold stade (25-10 ka BP), ice was 1200-
1500 m thick on the inner continental shelf and extended to the 
edge of the continental shelf. Others consider the ice on the 
inner continental shelf was only about half as thick, 500-600 m, 
and that the ice limit probably did not extend to the shelf edge in 
most areas. Third, most consider the last ice sheet expansion 
occurred during the Late Wisconsin (25-10 ka BP), attained its 
maximum extent at the shelf edge at -20-18 ka BP, and retreated 
from the shelf and coastal 'oases' between II and 7 ka BP, as 
world sea level rose by melting of both Northern and Southern 
Hemisphere ice sheets. Recent geomorphological studies in the 
deglaciated coastal oases of East Antarctica have suggested the 
possibility that some of these may not have been completely 
ice covered during the Late Wisconsin. 

Scientific work on East Antarctica has used three method
ologies, viz. development of theories, design of models, and 
collection of field data. To some extent, though overlapping, 
application of the methodologies has been sequential. It is only 
in the last 25 years that field work has provided new data that 
permit assessment of some of the many questions we face in 
trying to understand the recent history of the Earth 's largest ice 
sheet. This paper uses these recent field data to assess the 
contrasting vi ewpoints outlined with reference to the East 
Antarctic ice sheet. 

Stability versus instability of East Antarctic 
ice sheet 
The question of stability of the East Antarctic ice sheet since its 
late Eocene-early Oligocene inception at -38-40 Ma has pro
duced strongly contrasting viewpoints. Harwood (1983, 1986), 
Webb et al. (1984) and McKelvey et al. (1991) considered that, 
having reached a maximum size at about 15-12 Ma, the ice sheet 
collapsed during early Pliocene time, with the sea flooding into 
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tal shelf as required by the model of 'maximum' Antarctic glacia
tion. Some of the factors influencing the contribution of Antarc
tica to post-glacial sea-level nse are discussed. It is considered that 
Antarctica's contribution was probably considerably less than pre
viously estimated. 

the isostatically depressed Wilkes and Pensacola Basins, 
depositing marine sediments containing diatoms and foramin
ifera. They considered that during the late Pliocene the ice sheet 
expanded and the microfossils became incorporated in the Sirius 
Formation glacial deposits of the Transantarctic Mountains. 
However, no marine shells are present, thus making it difficult 
to prove a marine origin and the need for an early Pliocene East 
Antarctic ice sheet collapse (Denton et al. 1991). Similar glacial 
deposits with marine diatoms and foraminifera, but containing 
shells in their basal layers, have been found in the Pagodroma 
Tillite and associated deposits of the Prince Charles Mountains, 
suggesting that the Lambert Glacier may have been smaller around 
the same time (McKelvey & Stephenson 1990, McKelvey et al. 
199 I). However, a late Pliocene age for the Sirius Formation and 
correlation with the Pagodroma are dependent on interpretation 
of an early Pliocene ice collapse. The finding of Nothofagus 
beardmorensis fossils in the Sirius Formation in the 
Transantarctic Mountains (Hill et al. 1996) makes it difficult to 
accept a Pliocene age, as other Nothofaglls macrofossils and 
pollen in Antarctic sediments are late Cretaceous-Eocene 
(Francis 1991). 

The most important and certainly dated early Pliocene marine 
deposits in Antarctica occur within 20 m of sea level at Marine 
Plain in the Vestfold Hills. The deposits contain fossil Cetacea 
(Pickard et al. 1988, Quilty 1992), There is no evidence to show 
that the trangression that formed the Marine Plain deposits was 
anything more than a local coastal incursion of the sea. 

The suggestion of early Pliocene collapse of the East 
Antarctic ice sheet is difficult to reconcile with the recent 
discovery of glacier ice in the upper Taylor Valley that gives a 
4°Ar/39Ar age of 8.1 Ma (Sugden et al. 1995). The survival of 
such old ice seems to argue for extreme stability of the East 
Antarctic ice sheet with only marginal fluctuations during periods 
of late Cainozoic climatic change. 

The age of initial formation of the East Antarctic ice sheet at 
-38-40 Ma, its growth to maximum size by 15-12 Ma, and its 
succeeding fluctuations are inferred from oxygen and carbon 
isotope analyses of marine sediments (Shackleton & Kennett 
1975) and intercalated glacigenic and marine sediments in cores 
taken from the continental shelf(Ehrmann & Mackensen 1992). 
The growth and decay of the Antarctic and Northern Hemi
sphere ice sheets are considered the major influence on vari
ations in late Cenozoic (post 40 Ma) and Quaternary changes in 
global sea level (Shackleton & Opdyke 1973, Haq et al. 1987, 
Denton et al. 1991); yet, except for the Holocene, there are no 
marine data from Antarctica that can be confidently correlated 
with any specific global high sea-level stand. Collapse of the 
East Antarctic ice sheet to two-thirds of its present size would 
certainly have been associated with major deglaciation during 
the Pliocene of West Antarctica, which together would have 
induced a marine transgression of at least 40 m throughout the 
Earth. Such a major transgression would be reflected in exten
sive Pliocene marine deposits on every continent, which is not 
the case. 
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The last major expansion of the Antarctic ice 
sheets 
In 1960, Voronov reconstructed ice-surface profiles from four 
coastal East Antarctic stations to the inland ice sheet, and denved 
an averaged profile of equilibrium that approximated a half 
parabola, a form complying with the law of viscous ice flow. He 
obtained data that indicated moraine-type deposits had 
accumulated on the continental shelf of the Davis Sea, and con
cluded that, at maximum glaciation, the East Antarctic ice sheet 
extended to the edge of the continental shelf(Fig. I). Calculating 
the average thickness of ice expansion across the shelf, he 
deduced that melting of Antarctic ice contributed 30 m to the 
135 m rise of world ocean level since maximum glaciation. By 
analogy with the Northern Hemisphere, he regarded the maxi
mum glaciation of Antarctica as being synchronous with the 
North American Illinoian glaciation, though he cited no Antarctic 
evidence for this conclusion. 

Hollin (1962) also considered, on theoretical grounds, that 
the Antarctic ice sheet extended to the margin of the continental 
shelf. He attributed the degree of expansion to be controlled by 
lowering of sea level, due primarily to the synchronous growth 
of Northern Hemisphere ice sheets. In contrast to Voronov, he 
considered that maximum expansion of the ice sheet occurred 
during the Late Wisconsin and that the ice was -1200-1500 m 
thick on the inner shelf and 500 m thick on the outer shelf. 

Research in the Transantarctic Mountains during the 1970s, 
particularly on the present and inferred former ice profiles of 
the Beardmore, Hatherton and Reedy Glaciers (which flow from 
the East Antarctic ice sheet across the mountains before 
descending to the Ross Sea), led to the view that ice from the 
Transantarctic Mountains and West Antarctica was grounded at 
the shelf edge during the Late Wisconsin maximum (Mercer 
1968, 1972. Oenton et al. 1971 , 1975). This view was extended 
by Hughes et al. (I 981) to East Antarctica and, until recently, 
was the sole accepted theory 011 the extension of Late Wiscon
sin ice in East Antarctica (Fig 2). In addition, Clarke & Lingle 
(1979) indicated that such d ll Ice sheet would have contributed 
25 ± 4 m to sea-level rise between 13 and 7 ka BP, the period of 
deglaciation and Holocene transgression. 

In West Antarctica, Drewry (1979) suggested that the 
absence of Wisconsin-age till deposits indicated the Ross Sea 
was largely covered by shelf ice during the Late Wisconsin 
(Fig. 3). Denton et al. (1989, 1991) reviewed the problem of ice 
sheet extent and presented maximum and minimum constructs 
for Late Wisconsin Ross Sea ice. The maximum view shows the 
Ross Sea filled with grounded ice and the surface declining from 
-1300-1400 m adjacent to the Transantarctic Mountains to 
under 100 m at the shelf edge. The minimum view shows half 
the Ross Sea occupied by shelf ice. Recent seismic profiling and 
coring indicate two main grounding zones; one near the shelf 
edge and the other at mid-shelf. The outer shelf is covered with 
carbonate-rich deposits with ages >22 ka BP, while those in the 
western Ross Sea south of Coulman Island are dated to -18 ka BP. 
The data suggest open marine conditions existed until grounded 
ice advanced to mid-shelf at the Late Wisconsin maximum 
(Taviani et al. 1993, Licht et al. 1995, Shipp & Anderson 1995, 
Taviani & Anderson 1995). 

Attribution of the maximum extension of Antarctic ice to 
both the Late Wisconsin and preceding glaciation of North 
America, the Illinoian, indicates that, as yet, very little is known 
concerning the number, ages and synchroneity/nonsynchroneity 
of Antarctic ice expansions compared with the repeated 
formation and decay of Northern Hemisphere ice sheets. 

Field evidence from Australian EastAntarctica 
During the last 25 years, much of the scientific research in 
Australian East Antarctica has been undertaken within the frame
work of the 'maximum' model of glaciation, which requires that 
ice in the coastal zone was more than 1000 m thicker than at 

present and extended to the outer edge of the continental shelf. 
However, there is little information on the number of advances 
and retreats of the margin of the East Antarctic ice sheet, the 
extent of ice limits the increase in ice thickness in the coastal 
region, or the datin~ of ice advances and retreats. Current research 
is addressing these issues, which are discussed below: I-last 
glaciation patterns of ice flow in the coastal oases ; 2--data from 
the continental shelf; 3-stratigraphic evidence from the coastal 
oases; 4--weathering features of drift and rock in the coastal 
oases; 5--dating of the last deglaciation; and 6-significance of 
raised beaches. 

1-1cej1ow patterns in the coastal oases 
Study of striations in Vestfold Hills shows that the oasis was 
covered by ice. The striae directions indicate a northwestward 
ice flow, related to expansion of the margin of the Antarctic ice 
sheet and Sersdal Glacier (Fig. 4) (Adamson & Pickard 1986, 
Gore 1995). On Figure 4 the northward-trending striae in the 
southeastern corner represent a late Holocene expansion of the 
S0rsdal Glacier margin, termed the Chelnok Glaciation, which 
was not part of the last major ice expansion across the hills. The 
adjacent Larsemann Hills have also been glaciated by a north
westward movement of the ice sheet margin (Gore 1995). 

Similarly, the Bunger Hills oasis was covered by Pleistocene 
ice and the striation pattern shows a predominantly north
we~tward extension of the Antarctic ice sheet margin, with 
marginal expansions of the Edisto and Apfels Glaciers in the 
west (Fig. 5) (Adamson & Colhoun 1992, Augustinus et al. 
1997). Further east at Casey, the Vanderford Glacier and the ice 
sheet margin extending from the Law Dome flowed across the 
Windmill Islands from the south (Goodwin 1995). As these 
three deglaciated areas lie on the inner continental shelf, it was 
assumed, initially, that they were covered by thick Late 
Wisconsin Ice that extended to the shelf edge. However, recent 
work suggests that, during the Late Wisconsin, the ice sheet 
margin was not thick enough to submerge all mountain and plateau 
summits and extend to the outer shelf margin. 

In 1982, Bardin showed that the higher level moraines 
adjacent to the Lambert Glacier and in the Prince Charles 
Mountains contained weathered debris that suggests a pre-Late 
Wisconsin age. Mabin (1991) and Adamson & Darragh (1991) 
showed that only the low-level moraines on the eastern sides of 
Mount Meredith and the Fisher Massif and within 100-120 m 
of the Lambert Glacier surface are of Late Wisconsin age, and 
that similar moraines are not present north of Beaver Lake. The 
implications are that, during the late Pleistocene, the Lambert 
Glacier north of its present decoupling zone was not much larger 
than it is now and that it was unlikely to have extended to the 
edge of the continental shelf. As the Lambert is the largest outlet 
glacier III East Antarctica, such a limited expansion during the 
Late Wisconsin does not accord with the model of maximum Ice 
expansion. There IS a need for marine seismic and drilling work 
on the continental shelf to identify the position of the Late 
Wisconsin terminal moraines north of the Amery Ice Shelf. 

2-Data from the continental shelf 
East of the Amery Ice Shelf, research in Prydz Bay shows deep 
erosion ofthe inner part of the shelf into underlying Cretaceous 
sediments, and a thick wedge of sediments near the shelfbreak 
unconformably overlain by lodgement till and proximal 
glaciomarine sediment (Fig 6) (Hambrey et al. 1989, 1991). 
Although the uppermost glaC igenic unit is interpreted as indi
cating extension of the Lambert Glacier to the shelf edge during 
Late Wisconsin time, there are difficulties, as it is not easy to 
distinguish glacial from glaciomarine sediments in the ODP L~g 
119 record . If the Lambert Glacier-Amery Ice Shelf system did 
not extend to the edge of the continental shelf during the Late 
Wisconsin, as suggested by Mabin (1991), then it is difficult to 
accept the surface glacigenic sediments in the Prydz Bay cores 
as Late Wisconsin in age, unless they relate to ice expanding 
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from further east on the Ingrid Christiansen Coast to perhaps as 
far as the Sorsdal Glacier and Vestfold Hills. However, both the 
source and dating of the uppermost gl,acigenic sediments in the 
ODP Leg 119 cores are still to be determined. The only dated 
sediment is the overlying marine siliceous ooze in the inner part 
ofPrydz Bay, which has an age of II 140±75 y. BP(AA-3938), 
corrected to 10 700 y. BP (Domack et aI. 1991 a). This date 
shows that any Late Wisconsin expansion of ice across the 
Prydz Bay shelf preceded this time. 

Similar seismic and coring investigations by Hams et al. 
(1996) in the Nielsen Valley on the 90 km wide continental shelf 
west of Amery Ice Shelf show that the shelf has been strongly 
eroded to produce deep fiord troughs separated by shallow 
banks. In Nielsen Valley fiord, Holocene siliceous marine oozes, 
dated basally to -8 ka BP, overlie a sequence of bedded sandy 
silts, glacial marine muds and ice-keel turbates. The sequence 
has yielded 14C dates that range from 11.5 to 19.6 ka BP, but, 
because of incorporated wood fragments and pollen and spores 
of Jurassic age, these are regarded as reflecting contammation by 
old carbon. The bedded sequence is interpreted as a retreat 
glaciomarine sequence, following ice extension to the shelf edge 
during Late Wisconsin time. Though clearly of considerable sig
nificance, there is no basal till in any core, which could mean 
that the entire sequence is glaciomarine and was deposited from 
icebergs calving from the steep Mac.Robertson Coast during 
the Late Wisconsin maximum. 

Except for the work of Barnes (1987) and Domack et aI. 
(1991 b) off Wilkes Land, there has been very little research on 
the continental shelf of East Antarctica east ofPrydz Bay. Barnes 
(1987) and Domack et al. (1991 b) showed that the Mertz and 
Ninnis outlet glaciers formed what are probably terminal mo
raine ridges on the southern and eastern margms of the Mertz 
Bank and grooved moraine(?) on the floor of the Mertz Trough 
as a result of Late Wisconsin ice advance onto the outer shelf. 
Domack et al. (199Ib) showed that the Mertz and Ninnis 
Glaciers retreated from the shelf during the early-middle 
Holocene. Domack et al. (1991 c) also suggested that, during the 
warmest part of the Holocene, between 7 and 3 ka BP, proximal 
glaciomarine deposits in the Mertz-Ninnis trough, the Dumont 
d'Urville trough and at Prydz Bay were formed by advance of 
outlet glaciers. 

The data currently available from the Lambert Glacier, Prydz 
Bay, Mac.Robertson coast and off Wilkes Land do not provide 
sufficient evidence to assess whether or not the East Antarctic 
ice sheet extended to the edge of the continental shelf through
out its extent during the Late Wisconsin, as suggested by the 
model of maximum glaciation. In additIOn, the thickness of any 
outlet glacier or sector of the East Antarctic ice sheet on the 
continental shelf at this time is not known. An alternative sce
nario, which needs to be investigated by more seismic and drill
ing work on the shelf, is that the major outlet glaciers extended 
to mid or outer shelf positions, with the margin of the interven
ing sectors of the continental ice sheet being of more restricted 
extent. . 
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3-Stratigraphic evidence in the coastal oases 
More information has been gained on ice extent, probable ice 
thickness, and age of deglaciation from analysis of landforms 
and deposits in the coastal oases than from the continental shelf. 
The results are valuable, but have also produced controversial 
interpretations. 

In the Vestfold Hills, studies of the glacial deposits by Hirvas 
et aI. (1993) suggested two till sheets were separated by a bed of 
shelly marine gravels, which were referred to the Davis Inter
glacial. Initially, the shelly gravels were dated by 14C at 
>50 ka BP and thought to be of Last Interglacial age, but later 
dating by thermolummescence and amino-acid racemisation 
methods at >0.3 Ma and> 1.0 Ma show they are very much 
older. Gore et al. (1994) have questioned attributing thin beds of 
shelly gravel in till to any specific interglacial, as study of till 
deposits throughout the Vestfold Hills shows that both shell 
fragments and weathered rock granules are abundant. The shell 
fragments are interpreted as having been derived from marine 
fiord sediments by ice of the Vestfold Glaciation and the weath
ered granules from the weathered bedrock surface. Gore et al. 
(1994) question whether there is stratigraphic evidence for more 
than one major period of ice expansion in the Vestfold Hills. 
Interpretation of a single major expansion of the East Antarctic 
ice sheet across Vestfold Hills is supported by the occurrence of 
only one thin sheet of boulder till overlying the extensive Pliocene 
deposits of Marine Plain. 

Although no certain stratigraphic evidence exists for more 
than one ice sheet advance across Vestfold Hills during the 
Pleistocene, it is unlikely that only one advance occurred, as 
Bardin (1972, 1982) has shown that three sets of moraines occur 
widely above the modem ice surface thoughout the Prince 
Charles Mountains. At Mt Collins, adjacent to the Lambert 
Glacier, three moraine limits occur between 100 and 300 m above 
the ice surface. Analysis ofform and the absence of authigenic 
mineral formation in the moraines Within 350 m above the sur
face of the Lambert Glacier are interpreted as evidence that all 
are of Pleistocene age. They contrast with the underlying older 
glacial deposits of the Pagodroma Tillite and associated depos
its, which contain authigemc minerals, particularly iron hydrox
ides and calcite, and which are interpreted to have been formed 
during two periods of glaciation of Pliocene-Miocene age. The 
pre-Pleistocene age of the Pagodroma Tillite deposits is sup
ported by the inclusion of a marine microfauna that includes 
diatoms of Upper Miocene and middle Pliocene age (McKelvey 
& Stephenson 1990) and marine shells in the basal part of the 
tillite (McKelvey pers. comm. 1996). The Pagodroma Tillite 
deposits are thought to be younger than middle Pliocene and to 
possibly correlate with the Sirius deposits of the Transantarctic 
Mountains. Though not actually. correlated, these two sets of 
tillite deposits present the same difficulties of determining the 
ages of the glaciatIOns. Webb et aI. (1984) considered the Sirius 
FormatIOn as younger than 3.5 Ma, and Harwood (in McKelvey 
& Stephenson 1990) suggested the Pagodroma Tillite was also 
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Figure 3. Simplified inferred profile of ice sheet-ice shelf glaciation of the Ross Sea during the 
Late Wisconsin maximum (after Drewry 1979). 
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formed by ice expansion after the middle Pliocene. However, 1997, Fitzsimons 1991, Gillieson 199] ),:However, these dates 
the Sirius Formation may be much older (Fr~ncis ,1991, Hill et only represent ages for the initial accumulation. of sediments 
al: 1996) and much depends on how stratigraphically;restricted. ",.with terrestrial/mar.ine organic remains, and deglaciation could 
the derived 'indicator' marine microfossils are to the Upper have occurred earlier. . 
Miocene and middle Pliocene. Qfparticular note is the inferred 
limited increase in ice thickness of the Lambert Glacier dufihg4----:Weathering features of the oases 
Pleistocene timeeventhough multiple phase,s of ice expansion 
occurred (Bardin J 972, 1982, Mabin pets.comm, 1996, Adamson 
et al. 1997): . .... " ". " .. ' '. ." . 

When the last glaciation of the Vestfold Hills or the East 
Antarctic oases occurn::d, how long the ice cover remained, and 
when deglaciatipn commenced remain to be determined. Drilling 
of sediments in marine inlets, epishelflakesand freshwater lakes 
at Bunger Hills (9470:t11 0 y:~P, OxA 56(8), derivation of shell 

.material by the northern margin of the S0rsdal Glacier during"the 
ChelnokAdvance in theVestfold.f/ills (9920±100 y. BP, Sl!A 
2924; ~8.6 kaBP corrected forAntarctic Marine Reservoir Ef
fect), and in freshwater lakes at LarsemannHills (941 O±180 y. 
BP, SUA 2749) has only retrieved sediments of latest Pleis
tocene and H<:>locene ages, consistent with ice retreat ,after the 
Late WIsconsin maximum and before 10 ka BP (Melleset al. 
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Contrasting with the early Holocene age ofthe marine and fresh
water deposits, the Bunger, Vestfold.and Larsemann Hills display 
a suite of weathering phenomena on bedrock and glacial drift 
similar to those described from the Dry Valley region, where 
very low rates of surface weathering have 'occurred'inthe polar 
desert environment since early Pliocene times (Ivy:'ochs et al. 
1995). In addition; the strongly weathered rock surfaces con
tfast with the . ice"smoothed and erratic-strewn recently 
deglaciated surfaces atthe southern end of the Obruchev Hills, 
50 km southwest ofthe BU'nger Hills, 

" The strongly weathered rock phenomena include upstand
ing dolerite dykes and quartz veins above the adjacent gneisses 
and migmatites, cavernously weathered Tocks with tafoni large 
enough to crouch in (Fig. 7; courtesy J, Burgess ),totally 
disaggregated boulders of over L m diameter, boulders cut down 

Figure: 4.Iceflow directions 'during the Vestfold Glaciation (northwesterly) and Chelnok Glaciation 
(northerly expansion of margin of Sorsdal Glacier),Vestfold Hills (after Adamson & Pickard 1986). 
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to ground level with intact rock beneath, ventifacts of fine" 
grained dolerite up to 20 cm long,reductionof45 m3 boulders 
by· about one~third' volume, and formation of extensive ·iron, 
stained rock surfaces-which at Bunger Hills extendberieath 
the advancing ice front. In addition, in many places the surface 
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glacial drift consists ofa deflated lag of weathered boulders 
producing .thin covers of boulder till,' as at Marine Plain in the 
VestfoldHills. The weathering phenomena are comparable with 
those described by Moriwacki et al. (1992) forthe Sor,Rondane 
Mountains, some.200 kn1 inland, where·exposure,age dating 
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Figure 6. Geological section construded from Prydt Bay cores (redrawn' from HamIirey et at. 
1989i1990). · . 



THE LATE CAINOZOIC EAST ANTARCTIC ICE SHEET 127 

shows that the last major advance of ice to levels of 100 m above 
present occurred after 1.56 Ma and that, subsequently, the ice 
surface has decreased steadily, with only minor fluctuations in 
the last 0.25 m.y. 

The rates of alteration and disaggregation of rock minerals 
by hydrolysis, frost and salt weathering, and severe wind erosion 
are not known for coastal East Antarctica and, owing to the 
greater availability of moisture and salt, could be much faster 
than in the Dry Valleys. However, the contrast between the 
strong development of such phenomena on the deglaciated bed
rock and glacial deposits with very weak development of such 
features on the surfaces ofthe Holocene raised beaches, known 
to be younger than 6 ka BP, suggests that the oases were exposed 
to subaerial weathering and erosion for a much longer time. 

5-Dating the last deglaciation 
Most dated deposits indicate that ice retreated from the 
continental shelf and uncovered the oases close to the Pleistocene
Holocene boundary (10 ka BP). Dates from the base of siliceous 
marine oozes resting on glaciomarine or glacial deposits on the 
continental shelf support this conclusion, with the oldest ages 
at Prydz Bay being 10.7 ka BP, at Mac.Robertson Shelf ~ 7 ka BP, 
at Bunger Hills 9.5 ka BP, and off the Mertz and Ninnis Glaciers 
~8.8 ka BP (Hambrey et al. 1991 , Harris et al. 1996, Melles 
et al. 1996, Domack et al. 1989, 1991 b). The oldest age of shells 
or marine algae dated in Holocene raised beaches varies from 
8.3 ka BP in theVestfold Hills to 7.7 ka BP in the Bunger Hills 
(both dates corrected by 1.3 ka for reservoir effect; Adamson & 
Pickard 1986, Colhoun & Adamson 1992). In addition, the oldest 
age of freshwater algae or mosses in lake sediments varies from 
8.4 ka BP in theVestfold Hills and 9.4 ka BP on the islands north 
of Larsemann Hills to 8.16 ka BP on the Windmill Islands 
(Adamson & Pickard 1986, Gillieson 1991 , Goodwin 1995). 
Finally, the oldest shell material included in marginal moraine 
sediments of outlet glaciers is 8.6 ka BP at the S0rsdal Glacier, 
Vestfold Hills, and 6.2 ka BP in the Bunger Hills (Fitzsimons & 
Domack 1993, Colhoun & Adamson 1992). Dating of mumiyo 
from snow petrel nesting sites at Lake Figurnoe in the Bunger 
Hills shows that the oasis was ice free before 10.8 ka BP 
(Verkulich & Hiller 1994). 

Burgess et al. (1994) reported a date of 24 950±7l 0 y. BP 
(ANU 8826) on freshwater algae from permafrost at Larsemann 
Hills. If the permafrost and freshwater algae formed after 
deglaciation ofthe Larsemann Hills, this date points to an early 
age of deglaciation and absence of ice during the Late Wisconsin 
maximum. However, if the Larsemann Hills were only covered 
with thin ice during the Late Wisconsin maximum, it is possible 
that old freshwater algae might have survived glaciation by being 
frozen into the permafrost. Either way, the date is interesting, 
because it means the Larsemann Hills were not glaciated either 
during the Late Wisconsin maximum or immediately preceding 

Figure 7. Cavernously weathered tafoni in gneiss -20 m 
a.s.1. at Nella Fjord, Larsemann Hills. Size 4.2 m across, 
1.3 m high and 1.4 m depth (photograph by Jim Burgess). 

the Late Wisconsin maximum. 
Another approach to dating the age of deglaciation of the 

coastal oases of East Antarctica has been undertaken in the 
Vestfold Hills with the use ofJ6Cl and 26Al exposure-age assay 
of bedrock outcrops (Stone et al. 1993). The results gave apparent 
36CI ages of 22- 80 ka BP, with a general trend of older ages 
occurring furthest from the edge of the ice sheet. These results 
imply that the Vestfold Hills could have been deglaciated as 
early as 80 ka BP, but the interpretation of the data hinges on 
the degree of bedrock erosion during the last glaciation. The old 
apparent ages could, however, result from prior exposure if the 
last ice advance failed to erode 1- 2 m off the previously exposed 
rock surface. That the last ice sheet to cover the Vestfold Hills 
may have effected relatively little erosion is supported by the 
occurrence of fragments of weathered iron crust in the till deposits 
(Gore et al. 1994). There are currently three possible interpreta
tions of the data. One is that the Vestfold Hills were not covered 
by ice during the Late Wisconsin maximum; a second is that the 
Vestfold Hills were ice covered during the Late Wisconsin maxi
mum, but that there was insufficient erosion of the bedrock 
surface to erase the effects of previous exposure. Erratics derived 
from beneath the ice sheet and exposed on the surface of the 
Vestfold Hills at the time of the last ice retreat are unlikely to 
suffer from the problems of previous cosmic ray exposure. 
Preliminary exposure-age results on erratics from the Vestfold 
Hills suggest that at least the eastern portion of the hills was 
covered at the Late Wisconsin maximum, with ice retreat at 
~ 10 ka BP (Fabel et al. 1995). The third interpretation is that 
the cosmogenic measurements have little meaning. Until further 
exposure-age dating of rock surfaces in the Bunger Hi lis, on the 
Windmill Islands and in the Prince Charles Mountains is under
taken and consistent age patterns have been determined, it is 
difficult to assess when the oases may have been glaciated and 
deglaciated by the East Antarctic ice sheet. 

6-Raised beaches, sea-level change and ice sheet 
expansion 
Raised beaches in the East Antarctic oases provide an indirect 
means of estimating the thickness of the last ice cover of the 
coastal region (inner shelf). Field surveys have reported marine 
terraces to altitudes of 10m in the Vestfold Hills, 8.5 m in the 
Bunger Hills (Fig. 8) and 31- 32 m on the Windmill Islands 
(Adamson & Pickard 1986, Colhoun & Adamson 1992, Goodwin 
1993). Similarly, transgression oflake basins by the sea prior to 
uplift is restricted to altitudes below 10m in the Vestfold Hills 
(Zwartz 1995), though in the Bunger Hills transgression up to 
40 m has been suggested (Bolshiyanov et al. 1991). 

Radiocarbon dates on shells in the beaches show that they 
were formed during the Holocene marine transgression of the 
oases. These beach levels are extremely low when compared 
with Late Wisconsin- Late Weichselian isostatic shorelines 
associated with the Laurentian and Fennoscandian ice sheets, 
which exceed 300 m. Colhoun et al. (1992) interpreted the 
curves of Andrews (1968) as implying that by 10 000 years 
after deglaciation isostatic uplift was complete. As there is 
evidence that the Bunger Hills had been deglaciated for at least 
10000 years, Colhoun et al. (1992) used the height of the raised 
beaches, the estimated values for sea-level fall of 100 m (Clark 
& Lingle 1978) and 121 m (Fairbanks 1989), a mantle density of 
3300 kg/m3 and an ice density of900 kg/ m3 to estimate former 
ice thickness in the inner shelf coastal zone. The results suggested 
ice thicknesses of only 31- 124 m using the Andrews method, 
398-484 m assuming a 100 m drop in sea level, and 475- 561 m 
assuming a 121 m drop in sea level . 

Based on these values, Colhoun et al. (1992) used an average 
value of 500 m increase in ice thickness for the coastal zone, an 
advance of30 km onto the shelf, and a thinning to 0 m at 2000 m 
altitude to calculate the possible increase in volume of ice in the 
coastal zone at the Late Wisconsin maximum and its contribution 
to sea-level fall. They estimated that Antarctica contributed 
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0.5-2.5 m of sea-level fall during the Late Wisconsin maximum, 
which is markedly different from the model estimate of 
Tushingham & Peltier (1991), which assigns 26 m of a total fall 
of115 m to Antarctica, and ofNakada& Lambeck(1988), which 
assigns 37 m of a total fall of - 130 m to Antarctica. 

Zwartz (1995) has studied the Holocene transgression using 
marine sediment sequences overlain by freshwater sediments in 
lakes at Vestfold Hills, and has suggested former ice thickness in 
the coastal zone and Antarctica's contribution to sea-level 
change. Zwartz (pers. comm. 1998) indicates the assumption 
used by Colhoun et at. (1992) that isostatic equilibrium was 
attained by 10000 years following delgaciation at Bunger Hills 
is not correct. Thus, the calculations based on this assumption 
must be minimal for both former ice thickness and its contribution 
to sea-level rise on melting. Zwartz suggests an ice thickness of 
around 1000 m and a contribution to sea-level rise of8.6--12.1 m, 
which is less than half the 25 m that has been generally ac
cepted. 

Only the work of Colhoun et at. (1992), Goodwin (1993) 
and Zwartz (1995) is based on estimates related to field evidence; 
the other estimates are related to models that assume extension 
of a domed ice sheet profile to the shelf edge to give the increased 
volume. The problem of the thickness and extent of the ice sheet 
onto the shelf during the Late Wisconsin maximum and estimation 
of its contribution to sea-level rise on ice recession is still very 
difficult to determine with confidence. Further investigations 
are required to refine both estimates. 

The position of relative sea level in Antarctica during Isotope 
Substage 5e, the Last Interglacial, is not known, but must be 
assumed to be no lower than present. With the sharp increase in 
world ice storage inferred at the commencement of Substage 5d 
around 115 ka BP, the climate would be expected to become 
colder, sea ice to expand, sea level to fall , ice to expand onto the 
Antarctic continental shelf, and isostatic depression and a 
positive hydrostatic response of the coastal zone to occur. As 
accumulation rates would be high in the peripheral zone during 
the interglacial and very much reduced during the colder glacial 
conditions, maximum advance onto the shelf might have occurred 
early in the Wisconsin. Little is known of what happened during 
most of the Wisconsin glacial stage, but the isotope record implies 
the maximum effects of these factors during Stage 2 (Hollin 
1962, Chappell 1974, Clarke & Lingle 1979, Hughes et al. 1981, 
Nakada & Lambeck 1988, Fairbanks 1989, Denton et al. 1991 , 
Tushingham & Peltier 1991). 

However, there is still only very limited information on 
what happened in Antarctica during the Late Wisconsin 
maximum. Evidence from East Antarctica indicates that, during 
Stage 2, the ice surface of the interior was - 200 m lower than 
present (Grootes & Stuiver 1987) and that ice in the inner shelf 
region was 1000-1200 m thicker (Hughes et at. 1981) or - 500 m 
thicker (Colhoun et at. 1992). Lowering ofthe ice surface of the 
interior is believed to be a response to prolonged moisture 
exclusion from the interior by the expansion of sea ice. Thickening 
of ice in the coastal zone is considered to result from ice 
expansion permitted by lowering of world sea level. As indicated 
here, expansion of ice onto the continental shelf is known only 
in a few places and is largely undated, and the evidence suggests 
that in many places its maximum extension may not have reached 
the shelf edge (Domack et at. 1991 b, Shipp & Anderson 1995, 
Taviani & Anderson 1995). A more limited ice expansion indi
cates thinner ice. Any major expansion of the ice sheet across 
the continental shelf would require a depression of the inner 
shelfby 290 m for 1200 m of ice load and 100 m for 500 m of ice 
load, i.e. ice thickness (1200) 00 ice density (0.9) - sea level 
(120 m) Imantle density (3.3). 

The average depth of the landward-tilted Antarctic 
continental shelf is -500 m, with the deepest parts mainly on 
the inner shelf and shallower banks at 150- 300 m on the outer 
shelf. Assuming perfect isostatic and hydro-isostatic adjust
ment to changed loads, there is the problem that the initial 
expansion of the ice sheet would have to cross very deep water 
inshore around many parts of East Antarctica to reach the 
shallower banks ofthe outer shelf. A reduction in world sea level 
of 120 m is similar to the estimated 100 m depression of the 
shelf and, at the maximum of Stage 2, could give emergence of 
20 m. Such a situation might explain the late Stage 3 beaches of 
the Soya Coast being up to 35 m high (Omoto 1977, 1983, 
Igarashi et al. 1995). Loading ofthe inner shelf by 1200 m of ice 
would cause 290 m of depression, which could lead to marine 
transgression of the coast if the sea was not excluded by ice. 
Depression of the inner shelf by 290 m would provide the 
potential for raised beaches in East Antarctica to occur up to 
- 170 m altitude on full isostatic recovery after deglaciation, a 
height not nearly attained, despite deglaciation around 10 ka BP 
in several of the coastal oases. If such deductions of relationship 
between isostatic depression/uplift and sea-level changes of the 
coastal and continental shelf regions of East Antarctica are 
approximately correct, then there is some difficulty in inferring 

reduced world sea level during the Wisconsin 
as the sole factor leading to maximum ice 
expansion onto the continental shelf during "U!'--;;.;.. ____ ...... C. Stage 2, because relative sea level would have 

Figure 8. The 8.5 m upper marine limit cut into bouldery glacial deposits on 
northwestern Kashalot Island, Bunger Hills (from Colhoun & Adamson 1992). 
Note the irregular surface of the upper terrace due to formation under effects 
of abundant sea ice, the ice-pushed boulder lines, and the wave formed ridges 
on the beach surface in the lower right of the photograph. 

been higher than at present. 
The question of the amount Antarctica 

has contributed to postglacial sea-level rise 
by melting of its peripheral ice since 10 ka 
BP has produced estimates from a high of 
-37 m (Nakada & Lambeck 1988) to as low 
as 0.5- 2.5 m (Colhoun et al. 1992), based, 
respectively, on complex modelling and 
simple calculations related to observations 
from raised beaches, with a figure of 26 m 
being widely accepted (Tushingham & 
Peltier 1991). The considerable difference 
in the estimates has been appraised recently 
by Ingolfsson et al. (pers. comm. 1997), who 
argue that the last remains of the 
Scandinavian and Laurentide ice sheets 
disappeared between 8 and 7 ka BP, yet 
world sea level continued to rise by about 
17 m between 8 and 5 ka BP and by about 
8 m between 7 and 5 ka BP. They regard 
Antarctica as the only major source of ice 
available to produce this sea-level rise. 

.... 
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Although the values for ice thickness derived from raised 
beaches and the estimates of the Antarctic contribution to sea
level change can only be approximate, they indicate that Late 
Wisconsin increases in ice thickness over the inner shelf are 
likely to have been much less than the 1000-1200 m of the 
maximum glaciation model and suggest that the Antarctic 
contribution to postglacial sea-level rise may be less than 
previously thought. Further research should refine the current 
widely varying estimates. 

Conclusions 
Current research in late Cainozoic geology and geomorphology 
suggests that the East Antarctic ice sheet has been relatively 
stable since Miocene times, but some scientists seriously 
question this and suggest that the ice sheet collapsed dUring 
early Pliocene times to about one-third of what it is now, 
regrowing to its present size during the late Pliocene and 
Pleistocene. Studies of ice flow patterns show that the coastal 
oasis regions were glaciated by expansion of outlet glaciers and 
extension of the margin of the continental ice sheet. However, 
data from the continental shelf are limited and equivocal and, 
during Late Wisconsin time, expansion of ice onto the outer 
continental shelf may have been more restricted than previ
ously thought. The major outlet glaciers may have extended 
only to mid or outer shelf locations, while the margin of the 
continental ice sheet may not have reached the edge of the con
tinental shelf throughout its periphery. The surface of the 
Lambert Glacier adjacent to Fisher Massifwas only 100 m above 
its present level. There is no certain stratigraphic evidence for 
multIple ice expansion across the coastal oases, and the time of 
expansion and duration of ice cover are unknown. The dating of 
marine and freshwater sequences in the Vestfold and Bunger 
Hills is consistent with deglaciation around the Pleistocene
Holocene boundary, after the Late Wisconsin maximum. A date 
of - 25 ka BP from permafrost in the Larsemann Hills means 
that either the Larsemann Hills were not glaciated during the 
Late Wisconsin or the ice failed to erode much of the permafrost 
surface. The degree of weathering of rock and glacial drifts in the 
Vestfold, Larsemann and Bunger Hills suggests a long time for 
formation, perhaps considerably longer than indicated by the 
dated marine and freshwater sediment sequences. Cosmogenic 
isotope dating in the Vestfold Hills has provided equivocal ages 
for deglaciation. While the results could indicate deglaciation 
before 80 ka BP, they do not confirm such early deglaciation . If 
the ice cover was thin and failed to remove the previous rock 
exposure profile, then the assays could predate the last ice 
advance . Weathered iron crust fragments in the till suggest little 
erosion. The raised beaches of the oases are Holocene. Assuming 
they have been produced by post Late Wisconsin isostatic uplift 
and by the Holocene transgression, calculations show that the 
Antarctic continental ice sheet could not have been more than 
-500 m thicker in the inner shelf-coastal zone. The Antarctic 
contribution to sea-level fall may have been much less than 
previously suggested by theoretical models. Most evidence 
points to the need to revise the maximum view of the model of 
Late Wisconsin glaciation in East Antarctica, derived from the 
maximum model of Ross Sea glaciation, towards a model ofless 
extensive and thinner ice over the continental shelf. 
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Paleocene-Eocene biostratigraphy and palaeoenvironment of East Antarctica: 
new data from the Mac. Robertson Shelf and western parts of Prydz Bay 
Patrick G, Quiltyl, E.M. Truswe1l2,3, P.E. O'Brien3,4 & F. TaylorS,3 

The Mac . Robertson Shelf and western Prydz Bay, on the conti
nental shelf of East Anlarctica, were Ihe sites of seismic/coring 
programs in February-March 1995 and 1997, and of an opponu: 
nistic sampling in 1993. Seismic data indicate a prograding sequence, 
about 200 m thick, dominated by clinoforms, in Palaeogene sedi
ment. Core sampling was accompanied by deployment of a con
ductivityltemperature/depth probe (CTD), bOllom camera and 
bottom-sediment grab. The Palaeogene sediments overlie Jurassic
Cretaceous sediments or Precambrian basement, and are overlain 
by thin , ollve ·green Quaternary diatomaceous ooze and sand. 

Sampling from the walls and floors of valleys crossing the 
shelf was on largets defined seismically, and recovered: 

weakly IIthified black carbonaceous or brown mudstone 
and siltstone with Paleocene (P4 and Paleocene undiffer
entiated), Middle Eocene with Globigerinalheka, and other 
Palaeogene foraminlferid faunas; 
Paleocene and Eocene pollen, spores and dinoflagellates; 
sediments containing a mixture of Palaeogene fossils and 
Pliocene to Late Pleistocene/Holocene diatoms and 
foraminifera; and 
eVidence of recycling from Permian, JurassIc and 
Cretaceous sequences. 

Introduction 
The Mac. Robertson Shelf is the continental shelf of East 
Antarctica facing the southern Indian Ocean between the long
ttudes of Mawson (62°E) and Cape Darnley (700E). Palaeogene 
sediments overlie Jurassic-Cretaceous sediments or Precam
brian basement and are overlain by thin, olive-green Quaternary 
diatomaceous ooze and sand . Other samples recorded here are 
from the western margin ofPrydz Bay. The region has a complex 
geomorphology, discussed by O ' Brien et al. (1994) and in detail 
by Harris & 0' Brien (1996, 1997, 1998) and Harris et al. (1996, 
1997). The area seems to have been free of major tectontsm or 
volcanic activity during the Cainozoic, but contains evidence of 
a complex preglacial and glacial sedimentation history. 

The Mac. Robertson Shelf consists of a senes of banks 
(Fram, East and West Storegg) separated by 'basins' (Iceberg 
Alley, Nielsen, Burton), which cross the shelf, but have a 
significant element parallel or oblique to it , and most isobaths 
are closed within the shelf. 

This paper presents the results, relevant to the Palaeogene, 
of seismic/coring programs conducted on the Mac. Robertson 
Shelf(Fig. I; Quilty 1985) during Australian National Antarctic 
Research Expeditions (ANARE) cruises in February-March 
1995 and 1997, on board RSV Aurora AlIslralis, and attempts 
to integrate these results with what is known of the evolution of 
the Palaeogene environment of East Antarctica. In addition, a 
dredge taken in 1993 recovered Eocene sediments from the same 
area (O'Brien et al. 1994, Truswell in prep.). In total, the results 
indicate that the area is a highly significant source of data on 
changes in the environment of Antarctica during the Palaeogene 
and, consequently, on the evolution of the fauna and flora. 

The objects of the Mac. Robertson Shelf study were to: 
• map seismic sequences in the banks and troughs of the shelf 

to gain information on detailed sediment geometry, follow-
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The Palaeogene sediments from the Neilsen Basin and Iceberg 
Alley contain glauconite and pynte (the former often, and the 
laller rarely, pseudomorphic after radiolaria) and, in places, abun
dant carboni sed wood. Radiolaria, teeth and bone fragments are 
rare. Foraminifera are rare and very dominantly small and calcar
eous with very few planktonics. 

The rocks appear 10 be pari of a coastal plain sediment 
sequence, all weakly lithified, which includes red muddy sandstone 
and the fossil-beanng lithologies. It is not clear if all the fossil 
material and enclosing sedime;ts are in situ or have been reworked 
as fragments into later glacial sediments. The faunas all appear to 
have accumulated in an inner continental shelf, fully marine envi
ronment with temperate-climate water temperature, and where 
sediment input was high compared with biogeniC carbonate pro
duction. Several depositional models meet these criteria. 

Palynology helps define Paleocene and mid-Late Eocene 
depositIOnal events , the laller marked by the Transantarctic 
dinocyst flora. 

The marine Palaeogene can be related to depositional cycles 
well documented from other parts of the world. 

ing a broader scale seismic sampling program in 1982 (Stagg 
et al. 1983, Stagg 1985, Quilty 1985); 

• relate that geometry to Gondwana breakup; 
• sample any seismic sequences that crop out on the seafloor, 

determine their age and environment of deposition, and 
contribute to an understanding of the evolution of the 
Antarctic environment during the interval to which the con
tinent assumed its present glaciated character, for which 
data are few; 

• obtain cores that would give records of Quaternary environ
mental change from the Nielsen Basin and Iceberg Alley, and 
the sedimentary evolution of these features, 

• investigate the modem sedimentary environment of the shelf 
to understand sedimentation during interglacials; 

• investigate present oceanographic conditions in the region. 
The 1995 (AGSO Cruise 149; 1994/95 Antarctic Division 

Voyage 6 of the austral summer) program employed a 2.5 L 
Generator Injector (GI) gun and a 25 m, 4-channel streamer. 
675 km of line were shot on the Mac. Robertson Shelf, but the 
lines did not all overlap as planned, because of sea ice condi
tions. Seismic profiling was conducted at 5 kn, firing at 5 s in
tervals. Cores were taken with a 6 m gmvity corer, but penetration 
was limited generally to about 2-3 m (maximum 4.5 m). The 
upper sediment unit, about I m thick, consisted of Late Quater
nary, olive-green, diatom-rich sediments (SMO of Harris et al. 
1998), overlying an older sequence, of which cores seldom re
trieved more than I m. Core diameter is 90 mm. Preliminary 
results, as they apply to the Palaeogene, were presented by 
Quilty et al. (1995). 

The 1997 study (AGSO Cruise 186; 1996/97 Antarctic 
Division Voyage 5) used the same ship and equipment, but, in 
addition, a sidescan sonar system was employed to gather sea
floor images from the Mac . Robertson Shelf(Harris & O'Brien 
1998) and western Prydz Bay (O ' Brien et al. 1999). 

Three sedimentary sequences were recognised on the outer 
continental shelf by Stagg et al. (1985), using data acquired 
during the 1982 geologicaVgeophysical cruise on MV Nella Dan. 
The oldest rests on seaward-dipping basement with a dip paral
lel to the unconformity. It has high-amplitude internal reflec
tors, which are truncated at high angle by the seafloor. The 
second sequence overlies the first and has a similar high-angle 



134 P.G. QUILTY ET AL. 

seaward dip, but lower amplitude internal reflectors . Dip 
decreases seawards and there are gentle folds with a I Ian amp
litude under the outer shelf. The uppermost sequence consists 
of stronger amplitude reflectors with dips only s lighlly steeper 
than the sea floor. They onlap the underlying sequences. 

Seismic lines crossing the inner shelf show it to be underlain 
by acoustically transparent basement, which produces power
ful reverberations beneath planar banktops, and abundant 
diffractions from numerous pinnacles on the sides of basins, 
especially the Nielsen Basin, where work was concentrated . 
The only sediments beneath the inner shelf are in the remnants 
ofa half graben (Harris & O ' Brien 1997) beneath the floor of the 
Nielsen Basin. The seismic data show clearly landward-dipping 
sediments truncated by a seaward-dlppmg normal fault beneath 
the deepest part of the basin. This suggests that the part of the 
Nielsen Basin parallel to the coast form ed by preferential ero
sion of soft graben fill by ice advancing across the shelf. The 
seaward dip on the boundary fault indicates that the half graben 
formed during pre-rift extension along what is now the conti
nental margin. This is consistent with the Jurassic-Cretaceous 
age now assigned to much of the sediment section (Truswell et 
al. in press), probably predating those sections recognised by 
Stagg (1985). 

Palaeogene 
During this interval , a diverse fauna and flora on the land surface 
of Antarctica became extinct, virtually completely. This type of 
major progressive extinction is in contrast with the spectacular 
mass extinctions such as those at the end of the Permian, when 
there was a sudden extinction of about 96% of all living species 
(Sepkoski 1997), or that at the end of the Cretaceous, when 
about 65-70% of species disappeared. It is also in contrast with 
what is the normal fate of most species during evolution, when 
they become extinct by evolving into the succeeding species. 
This progressive extinction was not a simple decline in diver
sity, but was punctuated by significant events that can be likened 
to small-scale mass extinctions (Stott et aI., 1990). Antarctica 
changed from being a pathway for terrestrial biota between South 
America and Australia, to being a barrier (Woodburne & Case 
1996). 

It was the time during which South America, Australia and 
Antarctica separated to allow opening of oceanographic path
ways that are now Drake Passage and the oceanographic choke 
between Tasmania and Antarctica, eventuall y .. Ilowing the 
development of the Antarctic Circumpolar Current and of the 
modem glaciation on Antarctica (Kennett & Barker 1990). 

It was a time during which some major cha nges occurred on 
timescales as short as 1000 years, related to e \tJnction of 50% 
of the benthic foraminifera (Stott et aI., 1990). 

It was a much warmer world (with surface marine waters 
perhaps as warm as 22°C around Antarctica; Robert & Kennett 
1994), with much higher atmospheric CO, concentration than 
the present day (Berner 1991, 1994). For brief intervals, Ant
arctica may have been subject to SUbtropical/tropical weather
ing condi tions characterised by production of kaolinite and 
smectite under seasonal rainfall (Robert & Kennett 1994). It 
was the Antarctic 's warmest interval during the Cainozoic. It 
was a time of major change in oxygen isotope characteristics 
(Shackleton & Kennett 1975), reflecting the development of the 
modem cryosphere. 

The Palaeogene fauna and flora of the Antarctic, onshore 
and offshore, are poorly known because of sparse outcrop and 
consequent lack of documented biota. Offshore drilling by the 
Deep Sea Drilling Project (DSDP) and Ocean Drilling Program 
(ODP) has recovered material deposited dominantly in deep 
water (with the exception of those sites drilled in the Ross Sea), 
in contrast with the material reported here, which was depos
ited very dominantly in shallow-water inner continental shelf 
conditions. Other drilling in the Ross Sea area (such as the Dry 

Valleys Drilling Project-DVDP, Cenozoic Investigations of the 
Ross Sea-CIROS, and the Cape Roberts Project) has been 
dominantly in younger sections. Consequently, a considerable 
portion of the material studied may represent new species, but, 
because of the few specimens available, not enough is available 
to produce a detailed taxonomic treatment. 

For these reasons, there has not developed an Antarctic 
Palaeogene biostratigraphic zonal scheme, except for diatoms, 
and, III most cases, workers have attempted to relate what they 
find to zonations developed elsewhere. Palynology has sug
gested a high degree of endemism in Antarctic floras. This applies 
both to the terrestrial vegetation and to dinocyst forms recov
ered offshore. Only in Ihe Antarctic Peninsula area has it been 
possible to develop preliminary zonations, using dinocysts 
(Askin 1988, Wrenn & Hart 1988). Elsewhere, age assignments 
have had to be based on comparison with sections in other parts 
of the Southern Hemisphere. 

Understanding of the Palaeogene of the Antarctic has pro
ceeded by a series of steps, dependent on the method of data 
gathering. Until the early 1970s, samples were from isolated 
outcrops and short marine cores. In 1972, Leg 28 of the DSDP 
operated in the Ross Sea and studies of its cores laid the basis 
for hypotheses until the work of the ODP Legs 113 (Weddell 
Sea-Maud Rise), 114 (sub-Antarctic South Atlantic), 119 (Prydz 
Bay-Kerguelen Plateau) and 120 (Kerguelen Plateau). Studies 
to date have addressed mainly two approaches-<:omprehen
sive reviews of palaeoceanography (particularly based on oxy
gen isotope data) or additions to understanding the evolution of 
the land-based flora. Kennett & Stott (1990), Kennett & Barker 
(1990), and Stott et al. (1990) exemplify the former approach, 
and Truswell (1982, 1983, 1989) and Hill & Scriven (1995) the . 
latter. More recently, studies such as Kennett & Stott (1991), 
Robert & Kennett (1992, 1994) and Kennett & Stott (1995) 
have focussed mainly on events at the Paleocene/Eocene bound
ary. 

The first major oxygen isotope data base was that of 
Shackleton & Kennett (1975), which was interprctcd to indi
cate a steady decline in surface oceanic water temperatures 
through the Paleocene and Eocene and a stable regime in the 
Oligocene. This data set was used often, including by Kennett 
(1977, 1980), as a continuing basis for interpreting and reinter
preting evolution of the southern high-latitude environment. It 
has been refined greatly, especially by Stott et al. (1990) and 
Kennett & Stott (1990). The reinterpretation suggested sea
water temperatures in the Maud Rise area of 9-1 O°C in the 
earliest Paleocene, rising another 3- 5CO in the Middle Paleocene, 
and eventually to I 7-18°C at the Paleocene-Eocene transition, 
the warmest for the Cainozoic. During this interval, vertical 
circulation of the world's oceanic system was driven not by 
generation of cold, high-density, high-salinity bottom water in 
polar regions, but by generation of hot, high-density, high-salin
ity bottom waters in the low and mid latitudes (Kennett & Stott 
1990). 

Gazdzicki et al.( 1992) presented isotope data from the 
Paleocene-Oligocene of Seymour Island off the eastern side of 
the Antarctic Peninsula. The data came from eight horizons that 
are difficult to correlate in detail with the sections discussed 
here, and the patterns may be heavily influenced by local factors . 
They used the data to suggest that the Eocene/O ligocene bound
ary lies somewhere in Unit 11 of the La Meseta Formation, 
probably about the level of their sample number 5-6, where the 
marked shift in isotope anomalies in ol3C is similar in sense, but 
of greater amplitude, to that at ODP Site 748 over the Eocene/ 
Oligocene transition (Wise et al. 1992), marking the onset of 
major Antarctic glaciation. 

Zachos et al. (1994) attempted to integrate what is known 
of Palaeogene palaeotemperature data and showed that the 
circum-Antarctic was not uniform, but that there was a differ
ence in temperature between ocean basins, the Pacific Ocean 
being considerably warmer than the Indian/Atlantic sector. This 



PALEOCENE-EOCENE BIOSTRATIGRAPHY, EAST ANTARCTICA 135 

is consistent with some Australian evidence (Quilty 1997). 
In addition to the oxygen isotope and microfossil data, there 

have been major advances in our understanding of the tectonic 
evolution and, consequently, of the history of oceanic circula
tion. The key features of the tectonic evolution were: 
• reorientation of mid-ocean spreading systems to allow entry 

of the Southeast Indian spreading system and the Southeast 
Indian Ridge between Australia and Antarctica, separating 
the Kerguelen Plateau and Broken Ridge at about 43 Ma 
(Munschy et al. 1992) and causing the Kerguelen Plateau to 
sink; 

• consequent separation of Australia and Antarctica at the 
faster rate that still operates in modem times (Munschy et 
al. 1992; Mutter et al. 1985); 

• eventual opening of the Drake Passage (OligocenelMiocene 
boundary-23.5±2.5 Ma; Barker & Burrell 1982, P.F. Barker, 
pers. comm. November 1997) and the Tasmania-Antarctica 
oceanographic choke (25-30 Ma; Kennett et al. 1974) to 
allow development of the Antarctic Circumpolar Current; 
and 

• evolution of Macquarie Ridge (Williamson 1988). 

The Sirius Group? 
The Sirius Group is widespread along the Transantarctic Moun
tains (Sugden et al. 1993) and there are believed to be correlates 
in such areas as the Prince Charles Mountains (McKelvey & 
Stephenson 1990). 

An important and, as yet unanswered, question relates to 
the age of the Sirius Group and macrofloral specimens of the 
southern beech Nothofagus (and accompanying fauna and flora), 
well known in Antarctica. Hill (1989) recorded a leaf from CIROS
I in undoubted Oligocene sediments. Hill et al. (1996) recorded 
abundant autumn leaf-fall N. beardmorensis on the margin of 
the Beardmore Glacier at 86°S. These specimens commonly are 
recorded as Pliocene (Harwood 1994), a hypothesis that has 
been the subject of a heated debate (Burckle & Pokras 1991, 
Kennett & Hodell 1993, Kurz 1996, and many others). This 
debate has centred on the question of the age of the Sirius Group 
(Plio-Pleistocene or Palaeogene), and of the relatively mild climate 
that the fos<;ils from the group imply. Recent evidence (Kellogg 

. & Kellogg 1996, Burckle & Potter 1996) indicates that the 
Pliocene age is subject to serious doubts and that the material 
may be a better index of the flora and environment during the 
Palaeogene, perhaps the best data set available from onshore 
Antarctica. The debate is unresolved and still active (Harwood 
1994, Quilty 1996). 

Methods 
Processing 
Sediments studied here are generally soft and only weakly 
indurated. Thus, processing for foraminifera and other solid 
microfossils was conducted onboard ship and was confined to 
soaking overnight in Calgon solution, followed by sieving and 
drying. Samples coarser than 125 microns were examined in 
detail. Later, palynology processing was conducted commer
cially (by Laola Pty Ltd, Perth, Western Australia), employing 
industry standard procedures, except that the oxidising stage 
was deleted. Diatoms were studied by standard concentration 
and analytical techniques. 

Material recovered usually consists of a few specimens 
recycled into younger sediments and, thus, we work with mixed 
faunas and floras. 

Fossil wood was embedded, microtomed and examined in 
thin section and under the electron microscope. Details will be 
reported elsewhere (1.E. Francis, pers. comm., November 1997). 

Sample nomenclature 

Samples taken on dedicated geoscientific voyages are given a 

three part name. The first, a 3-digit number, is the voyage num
ber (149 or 186). The second, a 2-digit number is the location 
number (lOis the 10th locality sampled). The third, the sample 
number, follows letters that indicate the sample type. Thus, 
149/44/GC46 indicates that the sample is a gravity core, the 
46th sample taken, at the 44th locality (indicating that more 
than one sample is taken at some localities), on Voyage 149. 
Normally the station and sample numbers are very similar, if 
not identical. The final statement identifies the sample source in 
the core and consists of an interval (expressed in cm from the 
top of the core, e.g. 124-126 cm), or core catcher or core cutter. 
Core catcher samples come from inside the mouth of the coring 
system in a steel cone, through which the core passes to enter 
the core barrel, and consist of the sample that is not in the core 
barrel. It provides a convenient bulk sample. Core cutter samples 
are from mud sticking to the outside of the coring system, but 
always at the base of the coring system. 

The KROCK (Krill and Rock) voyage used ad hoc terminol
ogy for the cruise (90 I), but 125 is the station number, SL is 
sled or dredge, as for other voyages. 

Sample storage 
Cores are held in the collection of the Australian Geological 
Survey Organisation, Canberra. 

Results 
Samples found to contain Palaeogene material are summarised 
in Table I. 

Indications of the presence of older material 
Fossils are not the only indicators of recycled material in the 
samples. Most samples identified as containing 'pre-modem' 
material are identified on a proxy basis separate from microfos
sil content. Glauconite is an index and comes in several forms: 
some as elongate 'books' or 'accordians', some as pseudomor
phs, occasionally clearly related to a radiolarian connection, 
some as pellets and some as irregular aggregations. Pyritised 
radiolaria and diatoms are rare, but appear to belong to an earlier 
cycle of deposition. Carboni sed wood is an index of pre-Neogene 
age, and coal can be from several sources as old as the Permian . 
Nothofagus pollen is common in many Palaeogene samples. Bone 
fragments seem more closely associated with older material and 
occur only where glauconite or other indices of Palaeogene age 
are present. These features are similar to normal occurrence in 
inshore Palaeogene samples along the western margin of Australia 
in the experience of the senior author. 

Palaeogene foraminifera commonly stand out by virtue of a 
yellowish colour, but this is not absolute. 

A few samples contain elongate, monocrystalline, polygonal 
calcite prisms of the bivalve Inoceramus. Whether or not these 
indicate nearby Late Cretaceous carbonates is not definitively 
known, but they are highly suggestive. 

Sample KROCKl125ISL2, or 901lSL2 
During the conduct of the joint krill/sediment sampling voyage 
(KROCK) of January-March 1993, a core (GCOI) and dredge 
sample (SL2) were taken at 66°53.95'S; 63°09.3 'E, in Iceberg 
Alley, offshore from Mawson (O'Brien et al. 1993). The core 
yielded only modem material, and the sediment from the dredge 
consists of several small fragments of soft, yellowish to dark
grey, apparently unbedded, poorly sorted fine sandstone with 
coarse modem burrows. Several pieces of dredge sample were 
disaggregrated, but no Palaeogene foraminifera were recovered. 
All residues are dominated by irregular fine angular sand grains 
and there are a few broken simple sponge spicules. Glauconite 
is common in all residues and commonly occurs as discs, spheres 
or elongate pellets, pseudomorphic after radiolaria. There are 
some unidentifiable microfossils and a few modem foramin
ifera, almost entirely agglutinated, and Inoceramus prisms. 
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The Eocene age of dredge samples is based on palynological 
content (O'Brien et al. 1994), but was judged initially to be 
Palaeogene on the basis of the proxy indicators of glauconite 
and thick broken sponge spicules, because glauconite does not 
occur in the modem environment and the coarse sponge spicules 
appear different from those common in modem sediment. 

1995 AGSO cruise 149; 1994195 Antarctic Division 
Voyage 6 

Twelve cores (O'Brien et al. 1995) from 354-805 m on Mac. 
Robertson Shelf (Table I; Figure I) contain evidence of 
Palaeogene sediments. Almost all samples processed from this 
range yielded some evidence of Early Tertiary, but also other 
ages, suggesting that the sediments are from outcrop or near 
outcrop on the side of valleys in the shelf. Often, the only 
record of an Early Tertiary age in a core is from the lowest 
sample or even a core catcher or core cutter sample, perhaps 
indicating that the older sediments are more highly indurated, 
thus hindering penetration of the corer. 

The first fossils of Paleocene age were identified from the 
outer part of Neilsen Basin, in a core catcher sample from Core 
149/1 O/GC I O. The abundance of wood fragments in core catcher 
sample of 149/13/GC 13 led to a detailed search there for evidence 
of age. A few poorly preserved foraminiferids, which might be 
Paleocene were recovered, indicating that this was part of the 
same sequence of sediments. This, in tum, led to the recognition 
of the need for analyses of other features (palynology, wood, 
clay) of the core to fully document the environment of depos
ition and broader aspects of the environment at the time. 
Palynology provides information on onshore flora and marine 
phytoplan"ton, and wood provides direct informatIOn on some 
aspects of the vegetation, although detailed interpretation is 
difficult. Clays tell of the weathering regime onshore. 

The presence of prisms of the bivalve Inoceramus in several 
specimens (all from Iceberg Alley in Samples 149/GC46, 
I 49/GC47 and the KROCK sample discussed above) would, in 
other contexts, be taken as evidence of Cretaceous marine sedi
ments. They may represent recycling from an unrecognised 
Cretaceous marine sequence, in the same way that Cretdceous 
nannofossils are recycled into Eocene PI 2-13 sediments along 
the southern coast of Australia (Shafik 1985). 

Sample details 

149IGC05. Material from the bottom of this core contains glau
conite, wood and other proxy indices of Palaeogene age. The age 
has not been refined. 

1491GC06. This is judged to be Palaeogene because it contains 
traces of glauconite. It also contains carbonised wood, which 
may be Mesozoic or Palaeogene. Palynological residues consist 
of Callovian-Oxfordian (Jurassic) material. 

149IGC07. The core catcher sample contains only proxy evi
dence of a Palaeogene age. The sample also contains younger 
foraminifera, including Neogloboquadrina pachyderma 
(Ehrenberg), Globorotaloides variabilis Bolli, and 
Globoturborotalita woodi Jenkins, consistent with a Late MI
oceneage. 

149IGC09. Because the core catcher sample yielded a few 
Palaeogene benthic foraminifera and the key genus 
Globigerinatheka, samples were processed higher in the core. 
Although there are traces of Palaeogene proxy material, such as 
glauconite and wood, throughout the section, the only Identifi
ably Palaeogene microfossils were in the core catcher sample. 

The samples contain sparse palynomorph assemblages of 
mixed ages, including some Mesozoic spores and pollen. The 
'Eocene high-latitude' dinoflagellate flora, whose age and 
geographic distribution were discussed by Truswell (\ 997), is 
represented by fragmentary specimens, and there are rare 
specifically identifiable PaleocenelEarly Eocene pollen. 

149IGClO. This core yielded the first shipboard evidence of the 
existence of recycled Palaeogene sediments in the area. Rare, 
reworked diverse benthic foraminifera and proxy material (glau
conite and, in some samples, abundant, very well preserved 
wood) occur throughout the section. The planktonic foraminiferid 
Subbotina triloculinoides (Plummer) is undifferentiated 
Paleocene in age, and there are a few specimens of some younger 
species, echinoid spines, and a tooth. Below 180 cm, diatoms 
are rare, but include reworked PalaeoQene forms, such as 
Pselldorutilaria monile Grove & Sturt (Eocene-Hajos 1974, 
Gombos 1976), Pyxilla reticlilata Grove & Slurt (Late Eocene
Early Oligocene) and Stephanopyxis grllnowii Grove & Slurt 
(OlIgocene). The latter occurrence is consistent with the co
occurrence of the planktonic foraminifer Globoturborotalita 
wood! Jenkins, which occurred in only one core catcher sample. 

Two samples were processed palynologically from this core 
and both contain dinocysts of the late Early Eocene-Early 
Oligocene (7) Transantarctic Flora (Truswell 1997), originally 
descnbed from erratics in the McMurdo Sound region, but now 
well known from several sites from Seymour Island and through 
the Weddell and Ross Seas. The dinocyst Enneadocysta 
partridge! Stover & Williams is particularly common and has 
been described as having a Middle Eocene to possibly Early 
Oligocene range. Also present is the acritarch Tritonites pandus 
Marshall & Partridge, which is a zone marker for the late Middle 
Eocene in the Gippsland and other Australian basins (Marshall 
& Partridge 1988). This is its first record from Antarctica. 

While the dinocyst assemblage suggests an age as young as 
Middle Eocene, rare pollen grains referable to Gambierina rudata 
Stover, described originally from the Late Paleocene of the 
Gippsland Basin (Stover & Partridge 1973), indicate that older 
Tertiary elements may be present, consistent with the 
foraminiferid evidence. Alternatively, it may have persisted longer 
in the AntarctIc. It may be that Paleocene, Eocene and Oligocene 
elements are mixed in the lower parts of this core, but domin
ated by the Eocene. 

149IGC12. This core cutter sample yielded only proxy evidence 
of Palaeogene age. 

1491GC13. This sediment contained common grains of a highly 
glauconitic brown mudstone, which also yielded plentiful frag
ments of black, carbonised wood. Under electron microscopy, . 
the wood is well preserved. It is under study by J.E. Francis. 
No specifically Palaeogene microfossils were recovered during 
onboard processing, but later palynology has proved very fruit
ful. The spore/pollen suite indicates a Paleocene age; dinocyst 
data are equivocal, but do not contradict a Paleocene age. 

Diverse assemblages of palynomorphs were recovered from 
two samples examined. Spores and pollen are richer than 
dinocysts. The pollen suite contains a number of elements that, 
in Australia, indicate a Late Paleocene age-the distinctive species 
Polycolpites langstonil Stover is quite common in the Mac. 
Robertson Shelf samples. In southeastern Australia, it is restricted 
to the Late Paleocene. Askin (1989) reported it in Campanian to 
Paleocene of Seymour Island. Gambierina rudata and 
G. edwardsii (Cookson & Pike) Harris also accord with a 
Paleocene age; however, the occurrence of Nothofagldites 
asperus (Cookson) Stover & Evans may seem anomalous, 
because in southeastern Australia this marker species appears 
in the Middle Eocene. Disparities in range cannot be ruled out, 
and Askin (1989) reported the earlier appearance of a number of 
pollen species in the Antarctic Peninsula region. 

Dinocysts are relatively rare in these suites and there is no 
clear evidence of the Transantarctic Flora, although Enneadocysta 
partridgei is present, and some as yet undeterminate species of 
Dejlandrea. 

149IGC21. The foraminiferid fauna is modem and shows minor 
evidence of dissolution. There are traces of coal and some 
glauconite, suggesting a Palaeogene influence. The sample contains 
a sparse palynomorph assemblage of mix<'d ages, including 



PALEOCENE-EOCENE BIOSTRATIGRAPHY, EAST ANTARCTICA 137 

Permian, Early Cretaceous, Paleocene and younger fonns . 

J49/GC28. Several samples were examined from this core. All 
seem modem in their foraminiferid, sponge, echinoderm and 
radiolarian content. Traces of glauconite and coal are present at 
some levels, but the evidence for a pre-modem age is minor. In 
palynological preparations, there is a significant content of 
organic material in the fonn of amorphous sheets. Palynomorphs 
are very sparse and of mixed age, including rare Permian striate 
saccate pollen , Early Cretaceous pollen, and a few Eocene 
dinocysts and pollen. 

J49/GC3Z. A dark, firm mudstone underlies typical Quaternary 
olive·green siliceous mud and ooze (SMO). Diatoms suggest an 
age of 190 ka to 3 Ma. The residue after processing for 
foraminiferids consists dominantly of quartz sand with traces 
of glauconite and less coal. There is also some brown organic 
matter. The few foraminiferids are dominated by 
Neogloboquadrina pachyderma with many other elements. 
There is considerable organic matter in the palynology residues, 
with both woody and structureless matter, including very rare 
Permian, Cretaceous and early Tertiary palynomorphs 

149/GC39-40. The core catcher and core cutter samples of two 
core attempts at this site near the seaward end of the Nielsen 
Basin yielded very minor proxy evidence of reworked Palaeogene 
material, including traces of coal and pyrite . 

Both samples yielded diverse assemblages of spores and 
pollen which, by comparison with Australian biostratigraphy, 
indicate a late Early to early Middle lurassic age. A few Early 
Tertiary pollen grains were seen, but constituted a very small 
percentage of the recovery. The assemblage suggests close prox
imity to the lurassic source (Truswell et al. in press). 

J49/GC45. Recovery of a single immature specimen of the Late 
Paleocene (P4) planktonic foraminifer Planorotalites 
pselldomenardii (Bolli) and Morozovella cf pselidoblilloides 
(Plummer) in the core cutter sample led to a search in other 
samples. Other than in the core cutter sample, any evidence of 
Palaeogene age is proxy only, but the core cutter sample con
tains several benthic species consistent with a Paleocene age. 
Proxy material includes diverse forms of glauconite (ovoid pel
lets, curved 'accordian' shapes and pseudomorphs after radiolaria 
and foraminiferids). The sample also includes rare brown bone 
fragments, brown pellets, which may be collophane, and pyritised 
radiolaria. 

Palynological residues contain abundant woody debris and 
a moderate yield of dinocysts belonging to the Transantarctic 
Flora of probably Middle-Late Eocene age. The few Early 
Cretaceous pollen and spores were probably recycled into the 
Eocene. 

149/GC46. Several specimens were studied from this core and 
Middle-Late Eocene benthic foraminifera are present in signifi
cant numbers in all but but one sample. Proxy Palaeogene indi
ces also are present and diverse, and it was samples from this 
core that gave confidence in recognising and applying the proxy 
indicators. Many New Zealand benthic foraminiferids are iden
tifiable, but Palaeogene planktonic foraminifera have not been 
recovered. 

Palynomorph assemblages are well preserved and dominated 
by dinocysts of the Transantarctic Flora. The most common 
species include Vozzhenikovia rotunda (Wilson) Lentin & 
Williams, V. apertura (Wilson) Lentin & Williams, Dejlandrea 
antarctica Wilson Spinidinium macmurdoense (Wilson) Lentin 
& Williams and Turbiosphaerafilosa (Wilson) Archangelsky. 
There is no evidence in the palynomorphs of recycling and noth
ing in the palynomorph suite to suggest that the rocks are not in 
situ. 

J49/GC47. Several samples were processed, but very few 
foraminiferids could be identified as anything but modern. A 
few appear recycled, because of their poor preservation. Proxy 
indicators are common and diverse. 

The palynology residues contain a significant content of 
wood and other debris , including somewhat fragmentary 
dinocysts belonging to the Transantarctic Flora. The acritarch 
Tritonites pandlls in the 180-181 cm sample is noteworthy 
because it suggests a late Middle Eocene age in southern 
Australia. 

Iceberg Alley 
From the seaward end of Iceberg Alley leading into Mawson, 
O ' Brien et al. (1994) recorded an Eocene flora with dinocysts 
and diverse spores and pollen. Samples from various intervals 
in cores I 49/43/GC45, I 49/44/GC46 and I 49/45/GC4 7 yielded 
the same Transantarctic Flora as noted above, but, again, there 
is a problem with the foraminiferids . As for the situation in the 
outer Nielsen Basin, both Paleocene (including 
P pselldomenardii) and Eocene (Globigerinalheka, ASlerigerina 
lornensis) are present. A very characteristic Elphidium is 
present. Eocene and Oligocene diatoms, Actinoptychus senarills 
(Ehrenberg) Ehrenberg, Pyxilla reticulala Grove & Sturt 
Stephanopyxis grunowii Grove & Sturt, Hemiaulus dissimilis 
Grove & Sturt and Paralia cf. sulcala (Ehrenberg) Cleve, mixed 
with Pliocene species, occur below 220 cm in I 49/44/GC46, 
suggesting a complex story, similar to that in I 49/1 O/GC I o. 

1997 AGSO cruise 186; Antarctic Division Voyage 5 
A single sample (I 86/GC33 , core cutter sample) yielded 
Glohigerlllatheka kugleri (Middle Eocene, PII-13 of Blow 
1979) The sample consists of a few millilitres of sticky dark
grey mud that stuck to the outside of the core cutter on a severely 
bent core barrel, which indicated that this sediment crops out on 
the seafloor. G. kugleri is accompanied by a modem fauna (domin
antly planktonic) and includes Palaeogene indices, such as wood, 
glauconite, and bone. It also contains pyrillsed radiolaria, diverse 
invertebrate fragments, and an Inoceramus prism. This age is 
similar to that indicated by palynology. 

Integration 
Recycled pre-Cainozoic microfossils 
Recycled material does not occur in all areas of the Mac. 
Robertson Shelf- western Prydz Bay region, but is restricted to 
one or more of western Prydz Bay, Iceberg Alley off Mawson, 
or western and southern Nielsen Basin. Different ages have 
different distributions, suggesting different local geological 
histories. 

Permian palynomorphs were recovered from samples 
149/GC21, -GC28 and -GC32 in western Prydz Bay, suggest
ing a local source or transport to this locality by glaciers from 
somewhere upstream in the Lambert Graben. No Permian 
material appears to be recycled into sediments on the Mac. 
Robertson Shelf. 

lurassic-Early Cretaceous palynomorphs (Truswell et al. 
in press) have been recovered only from the southern and central 
western part of the Neilsen Basin, and features of the occur
rence indicate strongly that the material is close to in situ. 

Cretaceous palynomorphs occur in two other locations, one 
in western Prydz Bay (149/GC21 , -GC28 and -GC32), where 
they occur with recycled Permian and suggest a local or upstream 
source. Cretaceous palynomorphs are present from 149/GC45 
in Iceberg Alley off Mawson, and the bivalve Inoceramus occurs 
in the same sample. Inoceramus also occurs in several other 
samples (149/GC46, -47) and KROCK from the same small 
locality. This reinforces the hypothesis that Inoceramus is a 
Cretaceous indicator. 

Cainozoic sources 
Paleocene (where definitive faunas or floras occur, they are Late 
Paleocene) and Middle-Late Eocene (where dated definitively, 
they are Middle Eocene) are restricted to outer continental shelf 
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Table I. Summary of Mac. Robertson Shelf samples which appear to contain Palaeogene material. 

Sample no. Latitude Longitude Depth Description Remarks Age 
(S) (E) (m) 

KROCK 66°53.95' 63°09.3' 485 Soft, yellow-dk-gy non- Tr gl, mod. forams, tr Eocene (palyn). 
I 25/SL2 bedded, poorly sorted sp. sp. 

with burrows. 
KROCK GCOI, 485 Siliceous mud and ooze, Tr gl, wood, sp. sp. Essentially mod., minor 
360-363 em but firm . reworking. 
I 49-04-GC05 , 6rl7.0' 65°01.4 805 Poorly sorted, fang, Tr gl, wood. py, rare Mod., minor 
base of core qzJIithic s. rads, sp. sp., one reworking. 

foram. 
149-05-GC6, core 67°17 .0 65°01.4 805 Olive-gy unsorted silty s. Tr gl , wood, tr py, Mod., minor 
cutter BOF. reworking; Callovian-

Oxfordian Eal~n 
I 49-06-GC07 , 66°50.7 64°55.2 643 Some v well rounded L Miocene? 
core catcher grains, gl, v diverse 

calc. Fauna. 
149-09-GC09, 67°05.2 65°19.3 388 Pebbly, olive-gy, m-c Tr gl, sp. sp. Mod. , tr reworking; 
34-35 cm unsorted s. PaleocenelE Eocene 

and M Eocene Eal~n. 
GC09, 61-62 cm Massive, unsorted m s Tr gl, wood, sp. sp., Mod. , tr reworking; 

and ooze. di verse in vert. PaleocenelE Eocene 
and M Eocene Eal~n. 

GC09, core Olive-gy m qz s Globigerinalheka, tr Eocene forams 
catcher gl, wood, diverse prominent in mod.; 

invert. PaleocenelE Eocene 
and M Eocene Eal~n. 

149-10-GCI0, 67°05.1 65°27.9 627 Massive olive-gy pebbly Tr gl, f wood, rads., ? Eocene fauna; L 
185-186 cm siltst. sp. sp., forams v rare. Paleocene and M 

Eocene Eal~n. 
GCIO,218-219 Massive silty cy with GI common, tr wood, Eocene forams. 
cm pebbles . bone, sp sp , rare, 

good forams. 
GCIO, core GI common, tr wood, Paleocene forams (E. 
catcher S. Iriloculilloides. Eocene?). 
GClO, core cutter Tooth, rads. , Ir bone. Paleocene foram .; L 

P31eoccne and M 
Eocene Eal~n. 

149-12-GCI2 67°06.7 65°46.7 626 Olive, massive, v f sandy Tr gl, wood, sp. sp. Mod . Ir reworking. 
core cutter silt. 
149-13-GCI3,64- 67°05.3 65°59.0 413 F s-silty cy Common good wood, Mod. with abundant 
65 em fragments of gl siltst; reworking? Paleocene, 

forams absent. M Eocene Eal~n. 
GCI3, 145-146 Tr wood, gl, sp sp. Mod. foram fauna; 
cm Paleocene, M Eocene 

Eal:z:n . 
GCI3 , core Wood common, gl, Mod. foram. Fauna. 
catcher sp. sp. common, 

forams rare, mod .. 
149-21-GC21, 66°33 .1' 72°17 .6' 1060 Clayey, ang-subang s. Tr coal. GI, sp. sp. , Miocene? Plus mod . 
244-245 cm rads. forams; E Cretaceous, 

Paleocene Eal~n. 
I 49-29-GC28, 66°43.7' 71°46.5' 527 Clayey s. Mod. forams. Permian, 
81.5-82.5 cm E Cretaceous, Eocene 

Eal~n. 
GC28, 'clast' Poorly sorted clean s. Sp. sp., tr coal. Barren of forams etc.; 
sample, 110-112 Permian, E Cretaceous, 
cm Eocene Eal~n. 
GC28 , 147-148 Gy sh. Large sp. sp., Mod. foram fauna, 
cm dissolution of Permian, E Cretaceous, 

carbonate. Eocene Eal~n . 

149-32-GC32, 66°55.6' 71°50.8' 502 Dk firm mud/s . 190 ka-3 Ma on 
124-125 cm diatoms, mod. foram 

fauna; Permian, 
Cretaceous, early 
Tertlar~ Eal~n. 

149-39-GC40, 67°09.4' 65°45.1 ' 620 M-c s/gy mud Sp. sp., tr py E-M Jurassic 
core cutter Eal~nomorEhs 
149-43-GC45, 67°00.0 63°05.0 462 Massive olive-gy Tr gl, wood, sp. sp. Mod. foram fauna, tr 
155-156 cm biosiliceous ooze. reworking; M-L 

Eocene palyn, tr E 
Cretaceous Eal~n. 
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Sample no. Latitude Longitude Depth Description Remarks Age 
(S) (E) (m) 

GC45, core Olive-gy, v f qz s. Tr gl, rads., forams v Mod. foram fauna. M-
catcher minor. L Eocene palyn, tr E 

Cretaceous Eal~n. 
GC45, core cutter Common, diverse gl, L Paleocene forams. 

rads., wood, bone. 
149-44-GC46, 66°54.3 63°06.0 440 Olive-brown diatom ooze. Good reworked Eocene common, minor 
152-153 cm foram fauna, wood, mod.; M Eocene palyn. 

gl, bone, rads, 
diverse invens. 

GC46, 162-163 A.a. + Inoceramus Eocene foram fauna 
cm dominant; M Eocene 

Eal~n. 
GC46, 182-183 BI, f sandy cy. Tr wood, gl, bone, Mod. forams, reworked 
cm Inoceramus, rads. other; M Eocene Eal~n. 
GC46, 243-244 BI-olivelgy sandy silt. Tr wood, Minor mod. forams in 
cm Inoceramus, rads., Eocene. 

diverse invens. 
GC46, core cutter BI sandy cy. Tr gl, sp. sp. Dominantly Eocene 

forams. 
149-45-GC47, 66°49.0 63°14.0 354 Massive olive-brown Tr gl, wood, sp. sp., Mod., minor 
70-71 cm biosiliceous ooze. rads., Inoceramus, reworking; M Eocene 

minor Eocene palyn. 
forams. 

GC47, 99-100 cm Massive olive-gy sandy Tr gl, sp. sp., rads., Mod. foram fauna; M 
silt. Inoceramus. Eocene Eal~n. 

GC47, 180-181 Massive olive-green Tr gl, wood, sp. sp., Mod. foram fauna; M 
cm sand~ c~. Inoceramus. Eocene Eal~n. 
186-32-GC33, 66°44.9' 63°18.2' 565 Dk-gy sticky cy. GI wood, bone, Mainly mod. foram 
outside core Inoceramus. fauna with M-L 

Eocene with 
Globigerinatheka 
kUfI.leri. 

Abbreviations. a.a.-as above; ang-angular, bl-black; calc.-calcareous; c-coarse; cy-clay, dk-dark, E-Early; f-fine; 
forams-foraminifera; gl-glauconite, gy-grey, L-Late; m-medium; M-Mid; mod.-modern, palyn-palynology, py-pyrite, 
qz-quanz; rads-radlOlaria, s-sand; siltsl.-siltstone, sp. sp.-sponge spicules, tr-trace; v-very 

66°S -r---____ ~7+20~E~ __ J 
o 50 . I 

kilometres 

64°E 66°E 

ND-372 

Figure 1. Locality map of Mac. Robertson Shelf showing sample locations and general features. 
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locations and occur together (I49/GC09, -10, -13, AS) or 
separately (Eocene only in KROCK, I 49/GC46, -47, 186/GC33) 
in Iceberg Alley or the couter reaches ofthe Neilsen Basin. 

. In western Prydz Bay there is evidence of some Palaeogene 
influence, but it is not strong or definitively datable. 

Eegionalsetting, . , 

Permian and Jurassic sediments are nonmarine, but the 
Cretaceous may include both non-marine (Early Cretaceous) 
and marine (Cretaceous, but not refined beyond that date ),the 
latter suggested by the presence of Inoceramus. , ' 

Cainozoic sediments studied here all were deposited in a 
marine environment. . 

, At the time .of deposition of the original Palaeogene sedi
me:nt, the rt;gional continent distribution was approximately'as 
shown in Figure 2, which is at 43Ma, followingVeevers et aL 
(1984), Royer & Coffin:(1992) and Wilford & Brown (1994): 
Oceanic circulation patterns in Figure 2 are conjectural (based 
on Quilty 1994, and references therein). During the Paleocene, 
the Kerguelen Plateau and Broken Ridge were one unit, but by 
the Middle/Late Eocene, separation between them may have 
commenc~d and this may have had' an impact on' circulation 
patterns, within the Indian Ocean. There, was no, significant 
deepwater flow between Australia and Antarctica during the 
Paleocene/EoceiJe; such flow was impeded by the South Tasman 
Rise until the Oligocene., 

It is likely thatthe area.contains sedimentary rocks formed 
during sev,eral interVals of deposition. Truswell et al. (in press) 
have recorded Jurassic to Early Cretaceous nonmarine sequences 
from the inner part ofthe Neilsen Basin, and Permian rocks are 
well known fromthe Prince, Charles Mountains, 500 km south. 
This study shows that separate Late Paleocene and Middle 
J;:ocene marine ,depositional ,evel}ts occurred; probably in the 
innercontine:ntal she:l,f environment. Recycling was common, 
and this is occurring at present in the Neilsen Basin. 

Environment oj depositi()n ' 
Samples from the Paleocene and Eocene have a great deal in 
common. Theyincludebenthicand,a few planktonic foramini
fera attesting to deposition in water of normal- marine.salinity. 
The presence ofechinodenus; bryozoa, sponge spicules and 
shell ,fragments is consistent with this assertion: The dominance 
by terrigenous debris may beeithe:r a Palaeogene feature or a 
modern artefact Water depth was shallow, tojudgeJrom the 
low proportion ofplanktonic species and .the composition of 
the benthic fauna, and consistent with deposition in an inner 
shelf environment. Oxygen isotope data from nearby OOP sites 
and the presence ofGlobigerinthekaand keeled globorotalids 
suggests conditions much warmer than present, perhaps 
approximately: I O~C or even warmer. Conditions onshore: were 
such that vegetation flourished and provided wood, spores and 
pollen to the sediment: In contrast with the present day 
(MsMinn 1995), dinoflagellate;: cysts are common in residues. 

Cbmparison with coeval Antarctic sections 
Leg 113 of the Ocean Drilling Program (OOP) recovered cores 
from Palaeogene sections on the Maud Rise, west of the Mac'. 
Robertson Shelf and the closest known sections of ages recorded 
here. Kennett & Barker (1990) integrated the results of various 
analyses, especially oxygen isotope studies, from Sites 689 and 
690. They indicated that there was a peak negative 8180 at the 
Paleocene/Eocene boundary (an age not recorded here ),and temp
eratures of 1O-14°C in the Late Paleocene (equivalent to P4 of 
14911 O/GC 10) and 8-IO°C in. the Middle-Late Eocene, based 
on analysis of Globigerinatheka. These figures are lower than 
those obtained from benthic foraminifera,i'nthe same samples, 
suggesting thehypothesis.o[ vertical circulation driven from 
lower latitudes. AlI,are in, conflict with any hypothesis ofsig
nificant glaciation on Antarctica during these intervals. 

The sequence of floras reported here is very similar (with 

Figure 2. Reconstruction of the regional s'ettingat 43.Ma 
(after Royer & Coffin 1992). Oceanographic drculatlon 
speculative (after Quilty 1994). , 

the. possible exception of the Jurassic) to that recovered by 
Kemp (1972) from the offshore eastern margin of Prydz Bay, 
some400-500 km east ofthe new samples, indicatingthatsimi
lar sections exist on both western and eastein margins Of the 
Lambert Graben, in which the Lambert Glacier t1o~s. The 
apparent absence of a jurassic section there could be due to 
species thatc:iefine the Jura'ssic zones being rare and possibly 
missed in re.cycledmate:rial. Mostofthe species that are abunc 
dant in the Jurassic occur also in the early Cretaceous. , 

Ori the Kerguelen Plateau farther north, Wiseet al. (19n) 
showed, on the basis of calcareous nannoplankton diversity and 
cool climate species component, that the later middle Eocene 
was the warmest time in the section studied. In turn; this 
coincides with intervals of high sea level indicated by Vail et al 
(1977) and Haq et al. (1987). 

Comparison with neighbouring parts of' 
~ndwana ' , . 
Samples 149/GC09, 149/GCI0, 149/GC13 and 149/GC45 con
tain evidence of Late Paleocene, deposition, and L49/GC 10, 
149/GC45, 149/GC46 and 186/GC33 all contain evidence of 
Middle-Late Eocene. The west coast of Australia lay to the east. 
and was,the site of deposition in a continental shelf environ
ment, in a series of sedimentation cycles documented by Quilty 
(1977) McGowran (1979) and Apthorpe (1988). Quilty'S 
(1977) Cycle 1 encompasses Late Paleocene and Early Eocene, · 
and Cycle 2 includes the Middle-Late Eocene. The maximum 
extent of Cycle 1 occurred during Zone P4 in the Late Paleocene 
as recorded on the Mac, Robertson Shelf.Cycle 2A (Quilty 
1977) corresponds to the Middle~Late Eocene ages recorded 
here, suggesting that the cycles represented on the Mac. 
Robertson Shelf are part of global events. In northwestern 
Australia, the Middle (or possibly Late) Eocene is an interval of 
more clastic deposition, in contrast with the Late:Eocene, which 
is more calcareous and includes a diverse faunaoflarge foraminc 

ifera, This is consistent with indications of a change'to decreased 
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rainfall onshore, perhaps related to changes in global oceano
graphic conditions. 

Leg 120 of the ODP drilled a series of sites on the Kerguelen 
Plateau. Aubrey (1992) noted that the Paleocene and Early Eocene 
were the warmest interval as judged by nannoplankton diver
sity and presence/absence of discoasters. Wei et al. (1992) 
recorded a maximum diversity and minimum influence of cool
water taxa in the late Middle to early Late Eocene, consistent 
with the presence of Globigerinatheka recorded here. Their study 
did not extend to as early as the Paleocene. Quilty (1981) 
suggested that a seawater temperature gradient existed along the 
southern margin of Australia, wamlcr In the west, during the 
Late Eocene. 

Future work in the region 
As indicated above, marine conditions probably have existed 
along this part of the Antarctic margin since India separated 
from Antarctica to allow the birth of the Indian Ocean (Proteus 
of Kennett & Stott, 1990) or 'proto' Indian Ocean of Quilty 
(1984). Marine conditions as old as Cenomanian (91-95 Ma) 
were identified by Quilty (1973, 1992) and marine shells con
siderably older were found among basalts on the Kerguelen 
Plateau (Watkins et al. 1992). 

A great deal of information is yet to be gained from the 
sections identified here. The story to be gained relates to the 
history of the region during the Jurassic, Cretaceous and 
Cainozoic, and the evolution of environments through nonmarine 
to marine and nonglacial to glacial, as India moved away, the 
Indian Ocean was initiated, and the East Antarctic Icesheet 
became established. 

The area is clearly a prime candidate for drilling and ODP is 
a possibility, although key sections are in water very shallow 
by ODP standards-only 170 m in places. An additional prob
lem for ODP is that ice conditions are difficult to predict. Another 
possibility is drilling from sea ice during winter, using equip
ment similar to that to be employed by the Cape Roberts Project 
(Pyne et al. 1995). 

Whatever the future program, it must be integrated with 
work in the Prince Charles Mountains, which is emerging as one 
of the most interesting sources of data on the Cainozoic evolu
tion on the Antarctic margin (McKelvey & Stephenson 1990). 
Any program would benefit from being part of a broader 
Antarctica-wide continental margin program. 

Summary 
This study has identified Late Paleocene (Zone P4), undifferen
tiated Paleocene, and Middle-Late Eocene (PII-l3) shallow 
water, fully marine faunas and sediments from Mac. Robertson 
Shelf, in addition to clear indications of recycling from nonmarine 
Permian, nonmarine Jurassic and both marine and nonmarine 
Cretaceous sequences. Samples were taken opportunistically 
as a by-product of coring for Quaternary sediments. All Paleogene 
material seems to be reworked into younger sections, but it is 
likely that it has not moved far from in situ. The indications of 
the Middle-Late Eocene microfossils are that the seawater was 
at least temperate in temperature, the onshore was well vegetated, 
and there was abundant runoff. These results are in conflict 
with any hypothesis that Antarctica was covered with a 
significant icesheet at the time. 

The relationship of Eocene and Paleocene from Iceberg Alley 
and the Neilsen Basin has yet to be resolved. The Iceberg Alley 
material differs from that of the Nielsen Basin in lacking the 
abundant wood and other abundant marine indices.~The 
Palaeogene section is thin and appears to be part of a shallow 
coastal plain sequence, partly open and partly marginally marine. 
All the Palaeogene is weakly lithified, but it is not yet clear 
whether or not what was recovered is actually in situ or reworked 
entirely or in part. Sediment input may have been abundant 
compared with biogenic production or it is possible that the 

fossil content has been swamped volumetricaIly during 
reworking. 

The Paleocene-Eocene is one of Stagg et aI's (1985) older 
sequences with strong internal reflectors, and younger material, 
not discussed here, is the third sequence. 'Which of the Stagg et 
al. (1985) sequences is represented by the Palaeogene?' and 
'What is the source of Inoceramus?' are questions yet to be 
answered. 
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Glacial-interglacial paleoceanography from Australian margin sediments: 
northwest Australian margin and Great Australian Bight 
D.C. McCorkle l

, H.H. Veeh2 & D.T. Heggie3 

The Australian Geological Survey Organisation has collected cores 
from two areas of the Australian continental marein---the Exmouth 
Plateau and Perth Basin (EP/PB) in the southeastern Indian Ocean 
off western Australia , and the Ceduna Terrace (CT) in the Great 
Australian Bight. Data from seven EP/PB cores provide evidence 
of glacial-interglacial changes in surface ocean productivity in 
this region . Sediment accumulation rates and the accumulation 
rates of biogenic sediment components (CaCO) and organic car· 
bon) during the last glacial maximum (LGM, roughly 20,000 years 
ago) were 1.5-2 times higher than during the Holocene. Likewise, 
benthic foraminiferal abundances and accumulat ion rates are higher 

Introduction 
Continental margin sediments from the regions west and south 
of Australia contain records of changing oceanographic conditions 
in the southeastern Indian Ocean. For instance, changes in the 
microfossil record offauna and flora that live in the upper ocean 
have been used to infer changes in sea surface temperature (SST) 
and, in particular, to suggest a region of lower SST off north
western Australia at the last glacial maximum (CLIMAP 1976, 
Prell et al. 1980, Webster & Streten 1978, 1982, Prell 1982, 
Wells et at. 1994). This SST decrease implies a shift in the 
strength or position of the Leeuwin Current, a southward-flowing 
current, which, today, helps make the oceanography of the low
productivity west Australian margin very different from the 
highly productive upwelling systems found off the southwestern 
coast of Africa and South America. Shifts in oceanographic 
properties and dynamics also imply changes in atmospheric 
circulation, and are thus linked directly to past changes in climate 
on the Australian continent. 

Bathymetric transects of continental margin cores also pro
vide a way to reconstruct changes in deepwater and intermedi
ate depth hydrography and chemistry on glacial-interglacial 
(G-I) time scales. Proxy records of change in oceanic carbonate 
and nutrient chemistry are of particular interest, since these 
properties reflect ocean circulation and may exert a strong con
trol on the CO, content of the atmosphere (e.g. Broecker 1982, 
Knox & McElroy 1984, Sarmiento & Toggweiler 1984, 
Siegenthaler & Wenk 1984, Dymond & Lyle 1985 , Boyle 
I 988a,b, Broecker & Peng 1987, 1989, Broecker & Maier-Reimer 
1992, Archer & Maier-Reimer 1994). The shell carbon isotopic 
composition of the benthic foraminifera species Cibicidoides 
wuellerstorfi generally reflects the Ol3C value of bottom water 
dissolved inorganic carbon (Woodruffet al. 1981 , Belanger et al. 
1981 , Graham t:l al. 1981 , Duplessy et at. 1984, McCorkle & 
Keigwin 1994). Although deepwater ODC value is not a simple 
function of deepwater nutrient concentration (Broecker & Maier
Reimer 1992), C. wuellerstorfi OI3C values can be used to infer 
circulation patterns in the past, and to constrain models of change 
in ocean chemistry. 

Sediments on the Australian southern margin are uniquely 
situated to provide a 'window ' into climate-l inked changes In 

Southern Ocean chemistry and circulation. The Southern Ocean 
links the world's oceans and is a major zone of deep and inter
mediate water formation. Large areas of the surface waters in 
the Southern Ocean are nutrient rich today and, therefore, could 
have been more efficient carbon sinks in the past. Sediments 
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Oceanogniphic Institution, Woods Hole, Massachusetts, 02543 
USA 
School of Earth Sciences, Flinders University, GPO Box 2100, 
Adelaide 5001 , Australia 
Australian Geological Survey Organisat ion , GPO Box 378 , 
Canberra 260 I, Australia 

in glacial sediments, as is the concentration of authigenic uranium. 
These data all suggest that the glacial productivity off Western 
Australia was elevated relative to Holocene values. Benthic fora
miniferal stable isotope data from the EP/PB cores and from seven 
CT cores provide records of changes in intermediate and deep 
water chemistry in these regions since the LGM. Reconstructed 
LGM ODC profiles show that the deep southeastern Indian Ocean 
did not experience the strong glacial DC depletion observed in the 
deep north Indian Ocean and in the Indian sector of the Southern 
Ocean. 

from the Australian southern margin can provide records of sur
face ocean properties (i.e. SST, nutrient content) to serve as a 
reference point for G-I changes observed in higher latitude cores 
(Labracherie et al. 1989, Labeyrie et al. 1996). They also can 
provide records of Southern Ocean deepwater chemistry that 
are free from possible overprinting by changes in surface ocean 
productivity (Lynch-Steiglitz et al. 1994, McCorkle et al. 1998), 
as we discuss below. 

Finally, the Southern Ocean is also the site of a key discrep
ancy in paleochemical records of the last glacial maximum 
(LGM). Today, the deepwater chemistry of the Southern Ocean 
is intermediate between that of the Atlantic Ocean and the Pacific 
and Indian Oceans. In contrast, fossil benthic foraminiferal carbon 
isotope data suggest that LGM Southern Ocean deep water was 
nutrient-rich, with ol3C values as low as glacial samples from 
anywhere in the world ocean (Curry et al. 1988, Oppo et al. 
1990). However, benthic foraminiferal Cd/Ca and Ba/Ca data 
suggest that LGM nutrient concentrations in this region were 
intermediate between those of the Atlantic and the Pacific, as is 
observed today (Boyle 1992, Rosenthal 1994, Lea 1995). If the 
carbon isotope data are correct, they imply a pattern of 
deepwater circulation in the glacial ocean dramatically different 
to that observed today. 

Planktonic foraminiferal 8180 stratigraphy, biogenic com
ponent accumulation rates (CaC03 and organic carbon) and proxy 
productivity estimates for seven Exmouth Plateau and Perth 
Basin cores are presented in McCorkle et al. (1994). We review 
these results to illustrate the potential for multi-proxy studies 
of paleoproductivity in the oceans adjacent to Australia. We 
then show how Holocene and LGM benthic foraminiferal 
(c. wuellerstorfi) stable isotope data from the Ceduna Terrace, 
Exmouth Plateau, and Perth Basin study areas can be used to 
estimate G-I changes in deepwater chemistry in the southeast
ern Indian Ocean (McCorkle et al. 1998). We conclude by out
lining ways in which ongoing work on AGSO cores can help us 
address the puzzle of Southern Ocean deepwater chemistry at 
the'LGM. 

Study areas 
Gravity cores (9 em diameter) were collected during Surveys 53 
(Exmouth Plateau, 'EP'; Choi et al. 1987), 57 (Perth Basin, 
'PB'; J. Marshall personal communication), and 102 (Ceduna 
Terrace, 'CT' ; Feary et al. 1993) of the Australian Geological 
Survey Organisation (AGSO) research vessel RIg Seismic . 
Cores were split on board ship, and archived at AGSO (Table I, 
Figure I). 

The Exmouth Plateau slopes gently from just under 1000 m 
to abyssal depths, and includes several broad shoulders. It is 
isolated from the continental shelfby a slight trough; as a result, 
the Quaternary sediments of the EP are predominantly marine 
carbonates (e.g. Kolla & Biscaye 1977, Haq et at. 1990). There 
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is no bathymetric barrier between the Perth Basin study area 
and the Australian continent. Deep waters in the EPfPB region 
(the West Australian Basin and Perth Basin, respectively) are 
ventilated from the south and, in tum, are a source for deep 
water in the central Indian Basin, which extends north to the 
Bay of Bengal (Warren 1981, 1982, Toole & Warren 1993, 
Mantyla & Reid 1995). 

The Ceduna Terrace cores are from a carbonate-rich area of 
the southern Australian continental margin. The CT study area 
lies north of the subtropical front, though the latitude of the 
cores is comparable to that of many of the cores that form the 
basis for our understanding of G-I changes in Southern Ocean 
deepwater chemistry (Curry et al. 1988, Oppo et al. 1990, Boyle 
1992, Lea 1995). Today, deep and intermediate water chemistry 
shows little variation moving south from the Australian south
ern margin to the Southeast Indian Ridge at approximately 500 S 
(Gordon & Molinelli 1982). 

Methods 
The analytical methods used for the EPfPB cores have been 
described previously (McCorkle et al. 1994). Briefly, CaC0

3 
and organic carbon concentrations were determined at Flinders 
University by coulometric titration of the CO

2 
released on acidi

fication with phosphoric acid (CaC0
3
), and on oxidation with 

dichromate/sulphuric acid (organic carbon), using an adaptation 
ofthe method ofWeliky et al. (1983). Sediment Ca content was 
also measured by x-ray fluorescence at AGSO (Cruikshank & 
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Pyke 1993). The uranium-series data were obtained at Flinders 
University by alpha spectrometry. 

Stable isotope analyses of the EP and PB C. wuellerstorfi 
were carried out in Dr. L. Keigwin's lab at WHo!, using a VG 

Table 1. Core locations and depths 

Core 

Exmouth Plateau 
53GC-04 
53GC-09 
53GC-1I 
53GC-06 
53GC-07 

Perth BaSin 
57GC-15 
57GC-19 

Ceduna Terrace 
102GC-09 
102GC-13 
102GC-14 
102GC-15 
102GC-16 
102GC-17 
102GC-18 

Latitude 

19°35.I'S 
20° 0.3'S 
200 53.7'S 
19° 3.2'S 
18°54.5'S 

29°22.9'S 
27"19.2'S 

33°30.0'S 
33°49.5'S 
34°22.5'S 
34°35.2'S 
34°45.2'S 
34°53.5'S 
34°57.3'S 

1400E 

Longitude Depth 
(m) 

113°32.I'E 956 
112°55.9'E 962 
112°20.0'E 1432 
112°45.I'E 1979 
112°37.9'E 2256 

113°13.0'E 
111 0 37.6'E 

128° 1 6'E 
1300 48.2'E 
1300 25.I'E 
1300 15.7'E 
130° 8SE 
130° 3.3'E 
130° O.4'E 

2750 
2755 

769 
1008 
1502 
2003 
2495 
3001 
3504 
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Figure 1. Locations of the Exmouth Plateau/Perth Basin cores (filled circles), Ceduna Terrace cores (filled squares), and 
GEOSECS stations 435 and 438 (Ostlund et al. 1987) (filled diamonds). The '+' symbols mark the location of additional 
cores from the Australian margin-NE of Exmouth Plateau (Sarnthein et al. 1988); Tasmanian and South Australian 
m'argins (Lynch-Stieglitz et al. 1994)-and the open circles mark the location of new AGSO cores from the South Tasman 
Rise (Exon et al. 1995). 
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Micromass 602E mass spectrometer, upgraded with triple col
lectors and a high-sensitivity source. Uncrushed foraminiferal 
samples were roasted in a vacuum at 370°C, and reacted with 
100% phosphoric acid at 90°C. These C. wuellerstorfi analyses 
used 2-5 individuals from the ED250 !lm size fraction. The CT 
C. wuellerstorfi were analysed in Dr. W. Curry's lab at WHOI, 
using a Finnigan MAT-252 with a Kiel Device. The tests were 
sonicated in distilled water and were run uncrushed and 
unroasted. Analyses used 1-6 individuals from the ED250!lm 
size fraction. Instrument precision is better than ± 0.10/00 for 
both labs, but sample replicates rarely agree this well, owing to 
sediment-mixing effects. All foraminiferal isotopic values are 
reported relative to PDB. 

Results 
Chronostratigraphy 
Planktonic foraminiferal 0180 profiles were used to develop age 
models for all seven EPIPB cores (McCorkle et al. 1994). The 
G-I stratigraphy for the CT cores is based on comparison of 
their benthic foraminiferal 0180 profiles (McCorkle et al. 1998) 
with the SPECMAP stacked marine 0180 record (Pisias et al. 
1984, Martinson et al. 1987). A smooth decrease in excess 2JOTh 
with depth in the upper 35 cm of CT core I 02GC-17 confirms 
the integrity of 0180 stages I and 2 in this core, but below 40 cm 
the 2JOTh profile becomes chaotic, suggesting non-steady-state 
sedimentation, including turbidite emplacement, prior to stage 2 
(H. Veeh unpublished data 1996). We do not have independent 
age control for the other CT cores, so we cannot rule out artifacts 
due to downslope .transport or non-continuous deposition. 

The 0180-derived sediment accumulation rates are low in 
both study areas. In the EPIPB cores, Holocene rates range from 
about 2.5 cmlky at ul km (EP) to about 1.5 cm/ky at u2.7 km 
(PB), with glacial (isotope stage 2) rates a factor of 1.5-2 higher 
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(Fig. 2) (McCorkle et al. 1994). Holocene sediment accumula
tion rates in the CT cores range from 2.9 to 1.2 cmlky, again 
decreasing with increasing water depth (McCorkle et al. 1998). 
The Holocene rate estimates must be viewed as minimum values, 
since any loss of core-top sediment during the coring process 
would reduce the apparent thickness of the Holocene section. 
Recent bulk sediment 14C dates from four of the EPIPB cores 
confirm our stage I sedimentation rates, but suggest that the 
0180-derived sediment accumulation rates for the LGM may be 
too high (Veeh et al. manuscript in preparation 1999). 

Paleoproductivity proxy data-Exmouth Plateau and 
Perth Basin 
Several proxy records of surface ocean productivity were com
pared by McCorkle et al. (1994): the accumulation rates of 
biogenic sediment components (CaCOJ and organic carbon); the 
abundances and accumulation rates of benthic foraminifera; the 
concentration of authigenic uranium; and the o1JC difference 
between two benthic foraminiferal species (c. wuellerstorfi and 
U. peregrina). The paired species 601JC proxy yielded results 
that disagreed with the other productivity estimates (McCorkle 
et al. 1994); here, we review the productivity estimates based 
on biogenic sediment accumulation rates, benthic foraminiferal 
accumulation rates, and sedimentary authigenic uranium. 

Four EPIPB cores were analysed for CaCOJ and organic 
carbon. Relatively low carbonate concentrations (70--80%) were 
observed in the Holocene sections of all four cores, with higher 
concentrations (85-90%) in the stage 2 sediments (Fig. 3). 
Carbonate mass accumulation rates are calculated as CaCOJ 
MAR (mmol/cm2/ky) = LMAR 00 %CaCOJ 1 10, where the 
total mass accumulation rate, SMAR, is the dry bulk density 
times the average sediment accumulation rate during each stage. 
The glacial-interglacial decrease in bulk sediment accumulation 
rate accentuates these CaCOJ dIfferences, resulting in glacial 
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Figure 2. Estimated sediment accumulation rates in the EP/PB cores. Age models for each core were developed using 
planktonic foraminiferal 8180 profiles, and average accumulation rates for isotopic stages I, 2, 3-4, and 5 were ·then 
calculated based on these age assignments (McCorkle et al. 1994). Stage 2 sedimentation rates are 1.5-2.3 times higher 
than Holocene (stage I) rates at each site. The Holocene sedimentation rate in 53GC-ll is a lower limit, due to the 
possibility of a missing core top at this site. 
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Figure 3. CaCO, and organic carbon profiles from four EP/PB cores (McCorkle et al. 1994). The positions of isotopic stage boundaries are indicated by dotted 
lines. The percent CaCO, records show low values during the Holocene in each core, during isotope stage 5e in 53GC-04 and 53GC-07 (Exmouth Plateau, 956 
and 2256 m), and at the 6/5 boundary in cores 57GC-15 and 57GC-19 (Perth Basin, 2750 and 2755 m). Organic carbon contents are low in all four cores. The 
percent organic carbon profiles display relatively high core-top values in all three of the four cores, with lower concentrations down core. 53GC-07 is the only 
core with a stage 2 increase in the percentage of organic carbon. 
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when we calculate organic carbon mass accumulation rates (Corg 
MAR (mmol/cm2ky) = l:MAR 00 %Corg 1 1.2). Average 
isotope stage 2 organic carbon accumulation rates are higher 
than Holocene values in cores 53GC-04 and 53GC-07, and av
erage LGM and Holocene organic carbon MAR are roughly 
equal in cores 57GC-15 and 57GC-19 (Fig. 4). 

Cibicidoides wuellerstorfi and Uvigerina peregrina are the 
two most abundant benthic foraminiferal species in the> 250 J.UII 
fraction of the EPIPB cores. Abundances of C. wuellerstorfi and 
U. peregrina show strong G-I variations in each core, with 
highest abundances of both taxa occurring during glacial periods 
(McCorkle et al. 1994). The total numbers/gram of Cibicidoides 
spp. and Uvigerina spp. in the >250 11m fraction in the EPIPB 
cores are used to calculate benthic foraminiferal accumulation 
rates (BFAR), as discussed by Herguera & Berger(1991). Stage 2 
BFAR range from 4 to 40 times the Holocene rates in these 
cores (Fig. 4). A similar pattern oflow Holocene abundances is 
observed in the CT cores, but we do not yet have a detailed 
chronology with which to estimate accumulation rates. 

Authigenic uranium concentration for cores 53GC-04, 53GC-
07 , and 57GC-19 (Fig. 5) was estimated from the measured 
total U and Th concentrations, assuming that all the Th is derived 
from detrital phases and that the U/Th (w/w) of detrital material 
is 0.27 (Anderson 1982, Anderson et al. 1989): 

authigenic uranium = U(total) - (U/Th(detrital) 00 Th(total)). 
Core-top authigenic U concentration is low in all three cores. 

In 53GC- 04, authigenic uranium concentration rises to a maxi
mum at the LGM, and stays relatively high throughout the 
length ofthis core, with a local minimum at the stage 2/3 bound

greater depths will be required to con finn these increases. 

Benthic foraminiferal stable isotopes 
Downcore C. wuellerstorfi OI3C and 0180 profiles from the EPIPB 
and CT cores have been published by McCorkle et al. (1998). 
Because of the low sediment accumulation rates and substantial 
C. wuellerstorfi abundance shifts in these cores, Holocene and 
LGM samples could not be selected solely on their stratigraphic 
position . Instead, the 0180 data were used to help identify 
Holocene and LGM samples. Averages of the samples with the 
hll!hest and lowest 0180 values were used estimate the isotopic 
co~position of glacial and Holocene C. wuellerstorfi, respec
tively (Table 2, Figs 6,7). 

Temperature and OI80(water) data from GEOSECS stations 
435 and 438 (Ostlund et al. 1987, Birchfield 1987) were used to 
calculate predicted C. wuellerstorfi 0180 values. We first calcu
lated the 0180 (relative to SMOW) of calcite in equilibrium with 
local bottom water (O'Neil et al. 1969, Friedman & O'Neil 
1977): 

OI80(calcite, SMOW) = {e" «2.7800103/T2 )-(2.89/103)) 
00 (8'80w + 1000)} - 1000 (I) 
and then converted to the PDB scale (Friedman & O'Neil 

1977): 
OI80(PDB) = (0.97006 00 OI80(SMOW)) - 29.94 (2). 
The equilibrium calcite 0180 values were then converted to 

C. wuellerstorfi 0180 values by subtracting 0.830/00 (Herguera et 
al. 1992): 

oI80(Cib) = OI80(e.c.) - 0.83 (3). 

ary and with one-point minima in early and late isotope stage 5. Discussion 
In 53GC-07, authigenic uranium concentration displays maxima 
at the base of isotope stage 2, in the middle of stage 3 (a single Paleoproductivity estimates 
point), and during stage 6. Values are low, comparable to The observed patterns ofCaC03 and organic carbon accumula
Holocene concentrations, in the last interglacial (stage 5e, at tion rates in the EPIPB cores (i .e . higher during isotope stage 2) 
about 300 cm). Authigenic uranium concentration stays low are consistent with higher productivity during the last glacial 
through most of 57GC-19. The single high authigenic U values maximum. Sediment trap studies show that primary production 
at the bottom of 53GC-04 and 57GC-19 may also indicate in the surface ocean drives the flux of calcium carbonate and 
authigenic uranium maxima, but additional measurements at organic carbon to the sea floor (e.g. Honjo 1980, Martin et al. 
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Figure 4. Holocene and LGM accumulation rates or CaCO
J

, organic carbon, and benthic roraminirera in the [P/PB cores, 
plotted as a runction or water depth (McCorkle et al. 1994). The error bars on each plot reflect only the standard deviation 
of eacb measured property during the Holocene and LGM intervals, and do not include the poorly constrained additional 
uncertainty due to possible errors in the time scales ror each core. 4a-stage 2 CaCOJ MAR in tbese cores are 1.4-2.1 
times higber tban Holocene rates, as a consequence or botb a higher percentage or CaCOJ and higher sedimentation 
rates in stage 2. 4b-the organic carbon MAR are also elevated during stage 2 in the EP/PB cores. As discussed in the text, 
tbe stage 2 maxima in organic carbon MAR in 53GC-04 and 53GC-07 and the relatively high stage 2 MAR in 57GC-15 
and 57GC-19 (comparable to Holocene rates) are driven by cbanges in sediment accumulation rate, not by increases in 
organic carbon in the sediment. 4c-a\'erage Holocene and last glacial maximum (stage 2) benthic roraminiferal 
accumulation rates. The BFAR are calculated rrom the abundance (#/g) or Cibicidoides spp. + Uvigerina spp. greater than 
250 Jlm , measured dry bulk density values, and the average sedimentation rate ror each interval. BFAR decrease with 
increasing water depth during both the Holocene and LGM. LGM BFAR are 4-40 times Holocene rates. 
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1987, Lyle et al. 1988). The relationship between total produc- enhanced dissolution rather than times oflow carbonate supply; 
tion and export ('new ') production varies, and the Corg/CaCO) but, on the absence of a clear G-[ signal in the percentage of 
export ratio is not constant, but there is in general a positive either coarse fraction or fragments, this explanation seems 
correlation between surface ocean productivity and the flux of unlikely (McCorkle et al. 1994). We conclude that changes in 
these two biogenic phases to the sea floor. However, sea-floor the rate ofCaCO) supply drive the glacial-interglacial decrease 
diagenetic reactions can have an important impact on the accu- in CaCO) accumulation rates in the EPIPB cores. 
mulation of both organic carbon and CaCO) in the sediments Organic carbon. In most of the ocean, only a small fraction of 
(e.g. Martin & Sayles 1994, and references therein). For this the organic carbon flux to the sea floor is buried. As a result, 
reason it is important to confirm the organic carbon and calcium variations in organic carbon preservation efficiency may have a 
carbonate accumulation rate estimates by comparing them with strong influence on sediment organic carbon concentration (e.g. 
other paleoproductivity proxies (Kumar et al. 1993, [995, Emerson 1985, Curry & Lohmann 1985, Emerson & Hedges 
Francois et al. 1995, Ganeshram & Pedersen 1998). Muller & 1988, Martin & Sayles 1994). Despite this possible compli
Opdyke (in press) present independent evidence of enhanced cation, the areal distribution of the burial flux of organic C 
LGM productivity in the Timor Trough region , northeast of the correlates well with surface ocean productivity in the modem 
Exmouth Plateau, while Veeh et al. (manuscript in preparation) ocean (e.g. Berger et al. [987). Thus, it is frequently assumed 
discuss 2)O"fh evidence of changes in boundary scavenging or that changes through time in the organic carbon accumulation 
sediment focusing off northwestern Australia. rate at a given site are driven by changes in the organic carbon 
Calcillm carbonate. Carbonate dissolution in the oceans varies flux to the sediments, and elevated OfQJmC carbon concentra
as a function of water depth , bottom water chemistry, and tions in glacial sediment have been Intcrpreted as evidence of 
carbonate flux--CaCO) preservation can range from high values higher glacial surface ocean productivity (e.g. Muller & Suess 
(presumably approaching 100%) to essentially zero below the [979, Muller et al. 1983, Pedersen 1983, Sarnthein et al 1988, 
carbonate compensation depth (e.g. Broecker & Takahashi Lyle et al. 1988, Herguera & Berger 1991, Berger & Herguera 
1978). There is also considerable evidence that organic matter 1992). Agreement between carbon preservation and indepen
decomposition in the sediments can dnve CaCO) dissolution in dent sedimentary proxies of carbon flux lends support to the 
sediments above the saturation horizon (e.g. Emerson & Bender link between productivity and sediment carbon concentration 
1981 , Emerson & Archer 1990). Glacial- interglacial changes in (e.g. Lyle et al. 1988, Pedersen et al. 1988), although poor agree
CaCO) accumulation rates have been interpreted in terms of ment between organic carbon accumulation rate-based and faunal 
variations in both dissolution intensity and CaCO) supply (e.g. transfer function-derived paleoproductivity proxies has also been 
Peterson & Prell 1985a,b, Curry & Lohmann 1985, Lyle et al. reported (MIX 1989). 
1988, Farrell & Prell 1989, Archer 1991). As noted in the Results section, the organic carbon content 

The low percentage of CaCO) during interglacials in our of our cores is low. The b\3C values of bulk organic matter from 
Indian Ocean cores (Fig. 4) is similar to the ' Pacific ' carbonate two samples of core 53-GC07 (-19.3%0 for the core top and -
pattern (Arrhenius 1952, Berger 1973), but is out of phase WIth 18.70/00 for the LGM, E. Lawson personal communication 1998) 
the carbonate pattern observed by Howard & Prell (1992, 1994) suggest a predominantly marine source for the orgamc carbon in 
in the Indian sector of the Southern Ocean. Peterson & Prell this core. However, we cannot rule out the possibility that 
(1985a,b) presented evidence of enhanced carbonate dissolution some fraction of the organic carbon in these cores is refractory 
centred on interglacials and interglacial-to-glacial transitions in a terrestrial material , unrelated to phytoplankton production in 
set of deep water cores (2 .9-4.4 km) from the Ninetyeast Ridge the overlying surface ocean. This is particularly true in down
in the eastern equatorial Indian Ocean (900 E, 60 S). The Exmouth core sections with only 0.1 or 0.2% organic carbon. 
Plateau and Perth Basin core locations are all shallower than the The organic carbon MAR variations we observe are dom
shallowest cores studied by Peterson & Prell , and are all located inated by variations in the bulk sediment accumulation rates at 
well above the modem lysocline and calcite saturation horizon each site. Only in 53GC-07 is the percentage of organic carbon 
(u3700 m) on the Ninetyeast Ridge. We cannot rule out the higher in stage 2 than in the Holocene; in the other three cores, 
possibility that the low-carbonate Holocene sections reflect the LGM maximum in organic carbon MAR is entirely due to 

Table 2. Average Holocene and last glacial maximum (LGM) isotopic values and glacial-interglacial (G-I) isotopic 
differences 

Holocene LGM G-I differences 

Core Depth 8J3C s.d. 8180 s.d. n 8J3C s.d. 8J80 s.d n 813C s.d 8180 s.d 

Exmouth Plateau l 

RS53-GC04 956 0.73 0.09 \.85 0.15 8 0.51 0.10 3.40 0.06 8 -0.22 0.13 \.55 0.16 
RS53-GC09 962 0.70 1.63 I 0.69 0.06 3.27 0.03 5 -0.01 0.12 1.64 0.10 
RS53-GCI I 1432 0.74 0.09 2.33 0.16 2 0.51 0.05 3.17 0.08 5 -023 0.10 0.84 0.18 
RS53-GC06 1979 0.66 0.10 2.44 0.07 3 0.27 0.05 3.90 0.05 6 -0.39 0.1 I 1.46 0.09 
RS53-GC07 2256 0.77 0.02 2.37 0.05 2 0.20 0.11 4.02 0.06 4 -0.57 0.11 1.65 0.08 

Perth Baslll i 

RS57-GC15 2750 0.52 0.05 2.46 0.09 2 0.17 0.04 3.93 0.28 3 -0.38 0.06 1.57 0.29 
RS57-GC19 2755 0.10 0.05 4.14 0.04 2 

Ceduna Terrace l 

RSI02-GC09 769 1.45 0.26 1.49 0.07 8 1.73 011 3.28 0.04 5 0.29 0.28 1.79 0.08 
RSI02-GCJ3 1008 1.11 0.08 1.95 0.08 9 1.01 0.10 3.70 0.07 II -0.10 0.13 1.75 0.\1 
RS102-GC14 1502 0.66 0.14 2.37 0.0\ 4 0.43 0.10 3.62 0.09 6 -0.24 0.17 1.25 0.09 
RS 102-GCI 5 2003 0.53 0.08 2.40 0.06 8 0.31 0.05 3.63 0.08 5 -0.24 0.09 1.23 0.10 
RS102-GC16 2495 0.36 0.08 2.35 0.13 8 0.11 0.09 3.83 0.18 7 -0.25 0.12 1.48 0.22 
RSI02-GC17 3001 0.47 0.08 2.70 0.02 4 0.11 0.15 3.83 0.16 3 -0.36 0.17 1.14 0.16 
RSI02-GCI 8 3504 0.35 0.17 2.43 0.15 6 0.07 0.17 3.83 0.14 6 -0.28 0.24 1.40 0.20 

I C. wuellerstotji ~50 !lJ1l. 
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the higher stage 2 sediment accumulation rates. Coupled with 
the fact that our Holocene sedimentation rate estimates probably 
represent minimum values (owing to possible loss of core-top 
sediment), these organic carbon MAR variations yield a much 
less compelling proxy record than do previous organic carbon
based paleoproductivity studies, which report a stage 2 maxi
mum in the organic carbon content of the sediments (e.g. Pedersen 
et al. 1988) 

In summary, the biogenic material data (CaC03 and organic 
C MAR) suggest an increase in the glacial productivity of this 
region. LGM accumulation rates range up to 1.5-2.0 times higher 
than Holocene values (Fig. 4), and these accumulation rate 
changes may be attenuated relative to the corresponding in
creases in surface ocean primary production (Herguera & Berger 
1991). The covariation ofCaC03 and organic carbon MAR in 
53GC-04 and 53GC-07 indicates that the G-I organic carbon 
variation is not simply an artifact ofCaC03 dissolution, and is 
consistent with a common productivity control for both proxies. 
The observation that there is little G-I change in the organic 
carbon MAR in 57GC-15 and 57GC-19 may be a consequence 
of the very low absolute values for the organic carbon flux at 
these sites, such that essentially all of the organic carbon falling 
to the sea floor is decomposed during both glacial and inter
glacial periods. We note, however, that recently determined 
inventories of the initial excess 23<Yfh in four of the EPIPB cores 
raise the possibility that the elevated LGM accumulation rates 
in this region may be a consequence of sediment focusing, rather 
than of changes in the primary flux of biogenic material from the 
surface ocean (Veeh et al. manuscript in preparation). 

Benthic foraminiferal abundances and accumulation rates. 
There is considerable evidence linking benthic foraminiferal bio
mass and benthic foraminiferal accumulation rates (BFAR) to 
the flux of organic carbon to the sea floor (e.g. Pedersen et al. 
1988, Altenbach & Samthein 1989, Herguera & Berger 1991, 
Altenbach 1992). These studies conclude that food supply is a 
primary control on the overall abundance of benthic foramin
ifera at the sea floor. The organic matter flux to the sediments
the food supply to the benthos-is driven by surface ocean 
productivity. 

Stage 2 benthic foraminifera accumulation rates in the 
>250 11m fraction are roughly an order of magnitude larger than 
the corresponding stage I values (Fig. 4) (McCorkle et al. 1994). 
Herguera & Berger (1991) and Herguera (1992) recently derived 
an empirical relationship between benthic foraminiferal 
accumulation rate (BFAR) and surface ocean productivity, 
suggesting that the accumulation rate of benthic foraminifera in 
the> 150 11m size fraction increases roughly 1.5 times as fast as 
primary productivity. However, Pedersen et al. (1988) reported 
a positive correlation between carbon flux and the average test 
size of Uvigerina. This suggests that the BFAR in the >250 11m 
fraction we picked will be more sensitive to productivity 
variations than the> 150 11m BFAR ofHerguera & Berger(1991). 
This sensitivity is apparent in the dramatic increase in the 
Gil BFAR ratio with increasing water depth. The 20--40 times 
increase in BFAR in 57GC-15 and 57GC-19, much larger than 
any plausible increase in productivity, suggests a nonlinear 
response of>250 11m BFAR. 

Ecological and environmental factors other than food supply 
may influence the abundance of a given foraminiferal species. It 
has been suggested that C. wuellerstorfi and U. peregrina, the 
two most abundant species in the EPIPB cores, occupy differ
ent benthic microhabitats, with C. wuellerstorfi characterised as 
epibenthic or 'elevated' epibenthic, and U. peregrina 
characterised as a near-interface infaunal taxon (Corliss 1985, 
Lutze & Thiel 1987, Corliss & Emerson 1990). The observed 
covariation of the abundances of these two species (with differ
ent microhabitat preferences) is consistent with high 
productivity during the glacial leading to a general increase in 
benthic foraminiferal abundances. We do not simply observe a 
shift in dominance, but a strong, across-the-board increase in 
benthic foraminiferal abundances. The lack of G-I changes in 
the percentages of coarse fraction or fragments suggests that the 
abundance variations are not an artifact of winnowing or 
carbonate dissolution (McCorkle et al. 1994). We conclude that 
the glacial increase in >250 mm benthic foraminiferal abundances 
and accumulation rates is strong evidence for a glacial increase in 
carbon flux, presumably driven by higher surface ocean 
productivity. 
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Figure 5. Authigenic uranium content for cores 53GC-04, 53GC-07 and 57GC-19 (McCorkle et aI., 1994). Authigenic 
uranium values were calculated from measured U and Th concentrations, and an assumed detrital u/Th ratio of 0.27. 
Note the change of scale for 57GC-19. Zones of high authigenic uranium are thought to result from high organic carbon 
fluxes to the sea floor and, thus, to mark times of high surface ocean productivity. However, these authigenic uranium 
peaks are formed below the position of the sediment-water interface at tbe time of their formation, as discussed by 
McCorkle et aI., (1994). 
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Authigenic uranium. Authigenic uranium concentration is high
est in the shallowest core, 53GC-04, and decreases with in
creasing water depth (Fig. 5). The high authigenic uranium values 
do not appear to be due to sedimentary apatite, which was not 
detected in x-ray diffraction spot checks, and they are not a 
consequence of high sediment organic carbon levels, since there 
is little correlation between sediment organic carbon content 
and authigenic uranium in these cores. The most likely explana
tion for the authigenic U enrichments is diffusion of uranium 
from bottom water into the sediments, when sedimentary or
ganic matter decomposition lowers pore water oxygen concen
tration to the level where reducing conditions lead to uranium 
uptake (e.g. Colley & Thomson 1985, Wilson et at. 1986, 
Santschi et at. 1988, Anderson et at. 1989, Barnes & Cochran 
1990, Thomson et at. 1990, Klinkhammer & Palmer 1991, 
McCorkle et at. 1994). This decomposition-driven uranium 
uptake is likely to vary with the organic carbon flux to the sea 
floor, matching the observed inverse correlation with water 
depth. This is also the mechanism by which authigenic uranium 
concentration can serve as a paleoproductivity proxy. Authigenic 
uranium should accumulate more rapidly during times when a 
relatively high carbon flux decreases the thickness of the oxic 
zone at the top of the sediment column, thereby increa~ing the 
pore water U gradient and the rate ofU uptake. Change, In the 
uranium precIpitation depth will not be a linear tUIlLllon of 
paleoproductivity (since carbon flux is a non-linear function of 
productivity, and pore water oxygen penetration is a non-linear 
function of carbon flux), but high authigenic uranium concentra-
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tion should mark times of high organic carbon flux. It is difficult 
to assign a chronology to authigenic uranium accumulation 
because of the offset between the sediment-water interface and 
the zone of authigenic uranium precipitation. However, the 
maxima in authigenic uranium observed in stage 6 (53GC-07, 
57GC-19, and possibly 53GC-04) and stage 2/3 (53GC-07 and 
53GC-04), and the authigenic uranium minima observed during 
stage 5e (53GC-07, and possibly 53GC-04) are consistent with 
higher productivity during full glacial periods, and lower pro
ductivity during mterglacials (Fig. 5). The low levels of authigenic 
uranium observed in core 57GC-19, and the lack of a strong 
G-l signal in authigenic uranium in this core, suggest both a 
generally lower carbon flux at this site, and perhaps less G-I 
variation in this flux. 

Holocene and Last Glacial Maximum profiles of 
C. wuellerstorfi (PO and (PC 

By comparing C. wuellerstorfi 8180 and 8 l3C results from 
throughout the Indian Ocean we can identify first-order differ
ences between glacial and Holocene water mass distributions, 
and can attempt to understand the causes of these changes 
(McCorkle et at. 1998). Strong LGM deepwater l3C depletions 
are observed in benthic foraminiferal data from both the north
ern lndian Ocean and in the Indian sector of the Southern Ocean 
(Kallel et at. 1988, Curry et at. 1988). The EPIPB and CT data 
show that these deepwater depletions were not characteristic of 
the entire Indian Ocean at the LGM. 
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Figure 6. Holocene and LGM profiles (triangles and circles) of C. wuellerstorfi 0 180 (Fig.6a) and ol3C (Fig. 6b) from the 
Exmouth Plateau and Perth Basin study areas (McCorkle et al. 1998). Each point shows the mean and standard deviation 
of the Holocene or LGM isotopic values for a single core. Predicted C. wuellerstorfi 0 180 values (solid line, Fig.6a) were 
calculated as discussed in the text. The Holocene foraminiferal data show good agreement with these predictions. The 
dashed line shows the LGM C. wuellerstorfi 0 180 profile that would be predicted if the Holocene values were simply 
increased by 1.3%0 to reflect the global ice volume signal (Fairbanks 1989). The observed G-I shift is larger than 1.3%. for 
all cores except 53GCOll (1.4 km). Dissolved inorganic carbon ol3C values from GEOSECS station 438 are shown as 
small circles in Figure 6b (dashed box). Holocene C. wuellerstorfi ol3C values average 0.5%. higher than GEOSECS o13C, 
but show a similar vertical profile; ol3C is essentially constant from 1 to 3 km water depth. LGM C. wuellerstorfi Ol3C 
values range from 0.1 to 0.45%. lower than Holocene values. 
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0180 profiles. The EPIPB Holocene foraminiferal 0'80 data show 
good agreement with the predicted C. wuellerstorfi 0'80 profile 
calculated from GEOSECS station 438 temperature and 0'80(W) 
data (Fig. 6a). There is no indication of elevated 0'80 values due 
to mixing up of glacial-age specimens. Holocene foraminiferal 
0'80 data from the CT cores match the C. wuellerstorfi profile 
predicted from the GEOSECS stati3n 435 data reasonably well, 
though the Holocene 0'80 values in the deep CT cores average 
0.32 ± 0. 150/00 lower than predicted from the GEOSECS data 
(Fig. 7a) . A similar offset was observed in the deepest core 
(2 .5 km) from the Australian southern margin studied by Lynch
Steiglitz et at. (1994). While these low values suggest that mix
ing up of glacial specimens is not a problem in these cores, they 
raise the possibility of downslope transport of foraminifera 
from shallower sediments. The C. wuellerstorfi ol3C values for 
the CT cores argue against such an artifact, as we discuss below. 

The most conspicuous feature of the EPIPB LGM 0'80 
profile is the relatively low value in the 1.4 km core. This core 
(53GCOII) has a G-I 0'80 difference of only 0.830/00, while the 
rest of the EPIPB cores have differences ranging from 1.45 to 
1.650/00-i .e. 0.15-0.350/00 higher than the ice volume driven shift 
in whole-ocean 0'80 (Table 2) (Fairbanks 1989). Although we 
are reluctant to give much weight to the results from a single 
core, a similar pattern oflarge 0'80 shifts at depths ~ 1.0 km and 
ffi2 .0 km, with relatively small shifts in the intermediate depth 
zone centered at 1.5 km, appears in benthic foraminiferal records 
of the LGM northern Indian Ocean as well (Kallel et at. 1988). 
In the Ceduna Terrace cores G-I 0'80 differences are high (1.7%0) 
in the two shallowest cores. A similar enrichment in LGM 0'80 
in the depth range of 0.5-1.1 krn was observed by Lynch-Steiglitz 
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et at. (I 994). Deeper in the CT profile LGM 0'80 enrichments 
are similar to the global ice volume effect; they average 1.20/00 in 
the two intermediate-depth CT cores and 1.30/00 in the three 
deepest CT cores. The 0'80 data have been discussed in more 
detail by McCorkle et at. (1998). 

olJC profiles. The offset between C. wuellerstorfi ol3C and the 
Ol3C of bottom water dissolved inorganic carbon is generally 
small (Duplessy et at. 1984, McCorkle & Keigwin 1994), though 
large negative offsets have been reported in highly productive 
regions (Sarnthein et at. 1988, Mackensen et al 1993). We com
pare the C. wuellerstorfi and GEOSECS OIlC values (Ostlund et 
at. 1987, Kroopnick 1985) directly in Figs 6b and 7b. 

The Holocene C. wuellerstorfi onc values from the EPIPB 
cores average 0.50/00 higher than GEOSECS station 438 ol3C 
values, although they show a similar nearly vertical profile 
(Fig. 6b). At present, we cannot explain this I3C enrichment. We 
note that C. wuellerstorfi data from other Indian Ocean cores 
display similar offsets (Sarnthein et at. 1988, Naqvi et at. 1994, 
Ahmad & Labeyrie 1994). Here, we will assume that this 
foraminfera-bottom water Ol3C difference has remained con
stant through time, and will base our conclusions on glacial
interglacial OIlC comparisons offoraminiferal data. 

The Holocene ol3C data from the CT cores show good 
agreement with the water column OIlC values from GEOSECS 
station 435 at all depths (Fig. 7b). They match both the near
constant G EOSECS ol3C values deeper than about 2 krn and the 
OIlC increase moving to shallower water. This indicates that the 
positive ol3C in our EPIPB data (and the other Indian Ocean 
studies cited above) is not due to a simple depth-linked frac
tionation . This good OIlC agreement also argues against 
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Figure 7. Holocene (triangles) and LGM (circles) profiles of C. wuellerstorfi 1)'80 (Fig. 7a) and I)IlC (Fig. 7b.) from the 
Ceduna Terrace study area. Mean and standard deviation Holocene and LGM foraminiferal isotopic values are plotted, 
as are the predicted foraminiferal 1)'80 and bottom water I)DC profiles based on the GEOSECS station 435 data. The 
Holocene foraminiferal data show reasonable agreement with the predicted 1)'80 curve, though the values in the deep 
cores are slightly low (Fig. 7a). The observed G-I shift is larger than 1.3%0 for the shallowest two cores, and close to 1.3%0 
below about I km. Holocene C. wuellerstorfi I)IlC a\'erage values agree well with GEOSECS station 435 I)IlC at all depths. 
LGM C. wuellerstorfi I)DC values range from 0.3%0 higher than Holocene values in the shallowest core (102GC009) to about 
0.3%0 lower than Holocene values in the cores from 2 km and deeper. 
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downslope transport as an explanation for the low Holocene 
15 180 values in the deep CT cores. 

LGM foraminiferal i513C values are relatively high in the 
intermediate depth cores from both study areas. The shallowest 
CT core has LGM i5 13C values that are 0.3%0 higher than Ho
locene values, and the I and 1.5 km CT cores show glacial i5 13C 
decreases of just 0.1-0.2%0 (Fig. 7b, Table 2). Downstream (to 
the north), LGM i5 13C values in the I and 1.4 km cores from the 
EP are only 0.1-0.2%0 lower than Holocene forammiferal values 
(Fig. 6b). These intermediate-depth results match the small i5 13C 
shifts observed in a set of intermediate depth cores from the 
Australian southern margin east of the Ceduna Terrace (Lynch
Steiglitz et al. 1994), and in the northern Indian Ocean G-I 
comparison made possible by combining the LGM results of 
Kallel et al. (1988) with the Holocene results of Ahmad & 
Labeyrie (1994). Low benthic foraminiferal Cd/Ca ratios in the 
northern Indian Ocean also support the existence oflow-nutrient 
intermediate waters in the LGM northern Indian Ocean (Boyle 
et al. 1995). 

The LGM i5 13C values of EPfPB deepwater cores (2-3 km) 
are 0.45 ± 0.10%0 lower than the corresponding core-top values, 
and the CT LGM i5 11C values from 2.0 km and deeper show 
i513C decreases of 0.28 ± 0.05%0. These i5 13C decreases are similar 
to the average whole-ocean i5 13C decrease (Curry et al. 1988, 
Duplessy et al. 1988). The deepwater data show that the deep 
eastern Indian Ocean as a whole did not experience the strong 
LGM 11C depletion observed in the northern Indian Ocean 
(Kallel et al. 1988). The low northern Indian Ocean i5 13C values 
and enhanced i5 13C gradient between the NIO and the EPfPB 
study area may reflect reduced ventilation of deep waters in the 
Arabian Sea and Bay of Bengal at the LGM. However, fora
miniferal CdfCa data do not indicate high-nutrient deep waters 
in the LGM NIO (Boyle et al. 1995). This disagreement, like 
the Southern Ocean disagreement discussed below, raises the 
possibility of an artifact in one or both proxy records. 

The Southern Ocean '813C problem' and 
future work on AGSO cores 
The small G-I i5 13C shifts observed in the EPfPB and CT data 
sets also stand in marked contrast to the very low LGM i5 13C 
values in cores from the Southern Ocean (Curry et al. 1988, 
Oppo et al. 1990, Boyle 1992, Oppo & Rosenthal 1994, 
McCorkle et al: 1998). Many ofthe Southern Ocean cores were 
collected to the south of the Southeast Indian Ridge, so the data 
may reflect real i5 13C differences between deep waters in the 
South Indian BasinfCrozet Basin/Weddell Basin (the SO cores) 
and deep waters in the Australian Basin and West Australian 
Basin (CT and EPfPB cores). Similarly, the observed i5 13C 
distributions could be explained by the presence of strong 
meridional gradients in deep water i513C in the LGM SIO, implying 
a deep hydrographic boundary between the Southern Ocean 
and the subtropical southern Indian Ocean during the LGM. 
Although only weak gradients in deepwater properties across 
the Antarctic Circumpolar Current (ACC) are observed in the 
modern ocean (Gordon & Molinelli 1982, Mantyla & Reid 1995), 
strong deepwater property gradients across the ACC in the 
LGM ocean have been proposed as a possible explanation for 
low LGM i5 13C values in the Southern Ocean (Imbrie et al. 1992, 
Rosenthal 1994, Michel et al. 1995). 

However, it has also been suggested that C. wuellerstorfi 
i5 13C is lower than bottom water i513C in regions with high sur
face ocean primary productivity (Sarnthein et al. 1988, 
Mackensen et al. 1993). Since many of the cores used to recon
struct Southern Ocean deep water chemistry lie just north of 
the Sub-Antarctic Front today (and thus may have been under 
the more northerly SAF in the glacial ocean), the low LGM i5 11C 
values may reflect higher LGM productivity at the core sites 
rather than real changes in deepwater chemistry. Cd/Ca and BafCa 
data from Southern Ocean cores tend to support the hypothesis 
that the LGM C. wuellerstorfi i513C values are artificially low. 

The trace metal data do not show a shift to higher values at the 
LGM (Boyle 1992, Rosenthal 1994, Lea 1993, 1995). 

A set of cores collected by AGSO from the South Tasman 
Rise (STR, Fig. I; Exon et al. 1995) is well-situated to help 
address this Southern Ocean 'i511C problem'. The modem vertical 
profiles of bottom water chemistry are similar at the CT study 
areas and on the STR, but the STR lies directly below the sub
tropical convergence in the modern ocean (with the polar frontal 
zone just a few degrees farther south), while the CT is well 
north of these frontal systems. Comparison of Holocene 
foraminifera from these two sets of cores will thus provide an 
independent core-top test of the productivity artifact proposed 
by Mackensen et al. (1993, 1994). To investigate the possibility 
ofa productivity-driven bias in LGM Southern Ocean deepwater 
i513C records, one could then compare the benthic foraminiferal 
i513C records from the CT and STR with estimates of changing 
surface ocean productivity at the two sites. At the LGM, north
ward migration of the subtropical convergence and subantarctic 
fronts (as observed elsewhere in the Indian Ocean (Howard & 
Prell 1992, Francois et al. 1993» was presumably blocked by 
the Tasmanian land mass. As a result, the CT area would have 
remained north of the (high productivity) frontal zone. Finally, 
benthic foraminiferal i5\3C data from the STR could provide a 
direct test of the possibility that the Southern Ocean i5\3C pat
terns reflect real differences in deepwater chemistry of basins 
north and south of the Southeast Indian Ridge. Both the South 
Tasman Rise cores and the Ceduna Terrace cores are located in 
the Australian Basin (north of the Southeast Indian Ridge), so 
any isotopic gradients between these two study areas cannot be 
ascribed to this bathymetric barrier. 

Conclusions 
We have described two paleoceanographic studies using Austra
lian Geological Survey Organisation cores from the Australian 
continental margin. Data from a set of Exmouth Plateau and 
Perth Basin cores suggest higher surface ocean primary produc
tivity off western Australia at the last glacial maximum. This 
observation is consistent with evidence for lower sea surface 
temperature in this region at the LGM. Both changes presum
ably reflect a reductIOn or cessation of the southward flow of 
the Leeuwin Current at that time. Benthic foraminiferal i5\3C 
data from the EPfPB cores and a set of cores from the Australian 
southern margin (Ceduna Terrace) show that the deep south
eastern Indian Ocean did not experience the strong LGM i5 13C 
decrease observed in both the northern Indian Ocean and the 
Indian Ocean sector of the Southern Ocean. The cause of these 
strong deepwater 13C depletions remains poorly understood, 
and future paleoceanographic studies on the Australian margin 
may help identify the controlling mechanisms. 
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Sediment-water interaction in Australian coastal environments: implications 
for water and sediment quality 
David T. Heggie., Graham W. Skyring2, Will M. Bereison3

, Andrew R. Longmore4 & Geoffrey J. Nicholson4 

Limited Australian data on sedimentary processes-C, N, P, Fe and Si 
diagenesis at the sediment/water interface-have been reviewed. These 
and the results of more recent work with benthic chambers indicate 
that the fractionation and transfer of N, P and Si from sedimentary 
particulates to pore waters control the speciation and concentrations of 
N, P and Si at the sediment-water interface and, ultimately, nutrienls 
available for phototrophic growth. Oxygen and sulphate are quantita
tively the most Important oxidants recycling organic carbon. Second
ary oxidants, such as nitrate (sourced from sedimentary nitrification or 
the overlying waters), are important for denitrification and the N bal
ance. lron is an intermediary in the nitrification and denitrification pro
cesses and also controls (in part) P fluxes across the sediment-water 
interface. 

The Port Phillip Bay environmental study demonstrated the 
contribution benthic chambers have made, so far, to studies of 
sediment-water exchange in Australian environments. These 
include the following: I) defining the stoichiometry between the 
oxidation of organiC carbon via oxygen , nitrate and sulphate 
reductions and the remineralisation of N, P and SI from sediments 
to overlying waters; 2) calculating net benthic respiration and nutnent 
(N, P and Si) fluxes (and speciation ofN) to the water column; 3) iden
tifying transport processes either advectIon (e.g. biomigation) or dif-

Introduction 
The State of the Marine Environment Report (SOMER; 2ann 
1995) identified declining water and sediment quality as prob
ably the two most serious issues affecting Australian marine 
and coastal environments. Coastal environments in the south
west and southeast, notably lakes and estuaries around city, 
urban and rural areas, are under increasing stress. Australia is a 
large dry continent, spanning tropical, subtropical and temperate 
climatic zones, with distinct seasonal variations and geographic 
patterns of rain , runoff and sediment input from the rivers to 
the coastal zone (Mitchell 1988, Finlayson & McMahon 1988, 
Furnas et a\. 1995, Eyre 1998, Heggie & Skyring this volume). 
Sediment facies within coastal lakes, estuaries and embayments 
comprise three primary components. These are (i) terrigenous 
sediments, including coarse-grained river sand, particulate fines/ 
mud, particulate nutrients and organic matter from the catch
ment; (ii) particulate and comparatively fresh and reactive organic 
matter sourced from in-situ production by phototrophs and 
grazers; and (iii) comparatively unreactive (low carbon content) 
silIcate and carbonate (sands) from the continental shelf. 

The dynamic balance between gravitational settling , 
flocculation and solute/particle exchange and hydrodynamics 
(advection and turbulence) controls, in part, the trapping of 
nutrient and sediment loads from the catchment and within the 
coastal lakes, estuaries and the nearshore coastal zone. The 
barrier-bar estuaries and coastal lakes of southwest and eastern 
Australia are generally poorly flushed and probably trap much 
of the catchment load. However, flushing of tropical and sub
tropical rivers during the summer wet suggests that much of the 
sediment and nutrient load is delivered directly to the nearshore 
shelf. Ullman & Sandstrom (1987) suggesled that the general 
absence of phytoplankton blooms over a very large area of the 
Great Barrier Reef (GBR) Lagoon, after the summer flooding 
of the Burdekin River, resulted from turbidity and light limita-
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fusion controlling metabolite transfers between the sediments and over
lying waters; 4) investigating interactions between benthic flora and 
sediments; and 5) evaluating the controls and effects of benthic pro
cesses on water quality. The interpretations are more robust when com
bined with specific biomarker analyses of the most abundant organic 
matter source in the sediments, including its nature-fresh versus old 
and refractory. 

A limited survey ofTOC content in Australian sediments found it 
to vary between < I % wt in un impacted estuarine and shelf sediments 
to near 10% wt in a coastal lake in Western Australia impacted by ac
tivities in the catchment. Highest TOC was, however, found in man
grove sediments (2-15% wt ) in tropical Queensland. TOC:TN and 
TOC:TP ratios in sediments are not unique mdlcators of organic matter 
sources. The ratios probably reflect (I) mixed planktonic (predominantly 
diatomaceous) and other plant inputs of various aged and reworked 
organic matter; (ii) early diageneSis-specifically, denitrification, which 
results in the significant loss ofN to the atmosphere as N, gas; and (iii) 
solute/particle interactions, specifically P and Fe cycling. P is trapped 
in OXIC to suboxic sediments, but is liberated to the overlymg waters 
when interfacial sediments become anoxic. 

tion. The nutrients in the floodwaters are widely dispersed and 
diluted in lagoon waters before being assimilated by phytoplank
ton (when light is not limiting), and are subsequently incorpo
rated into the underlying sediments. 

Is nutrient recycling from sediments a significant factor 
controlling water quality and phototrophic growth in coastal 
environments? This paper addresses this question in the 
Australian environment. Particular reference is made to Port 
Phillip Bay (PPB; Harris et al. (996), where recent benthic 
chamber studies (Longmore et a\. 1996, Nicholson et al. 1996, 
Berelson et a!. (998) highlighted the importance of sediment
water interactions Itt controlling nutrient fluxes from the sea
floor to the overlying waters. We use the PPB data to illustrate 
a successful experimental approach for identifying those bio
geochemical processes important in controlling water quality. 

We then review sediment-water interactions in other 
Australian coastal environments, e .g. Davies Reef(Hansen et al. 
1987), Bowling Green Bay (Ullman & Sandstonn (987), the cen
tral Great Barrier Reef (GBR) shelf offshore from Hinchinbrook 
Island (Alongi 1989), Rockingham and Mission Bays (Alongi 
(990), and the Swan River estuary (Douglas et al. (996). 

We assemble, in the last section of the paper, TOC, Nand P 
concentrations in sediments from a limited suite of Australian 
estuaries, coastal lakes and embayments and briefly discuss the 
inferences which may be made from these data for assessing 
both sediment and water quality. 

This overview is presented in four sections: 
I. A generic experimental approach is described to unravel the 

key processes controlling nutnent remineralisation in near
surface sediments. This includes the use of biomarkers to 
identi fy the source and reactivity of organic matter in coastal 
sediments. Biomarkers provide an important constraint on 
the stoichiometric model (Froelich et.a\. 1979) of organic 
matter degradation in sediments. 

2. Describes the biogeochemistry and stoichiometric 
framework of organic mailer degradation in sediments, 
including various oxidants (oxygen, mtrate and nitrite and 
sulphate) and the release of metabolic products of C, N, P 
and Si. 

3. The oxygen statlls of sediments, particularly of oxygen and 
sulphate reduction on the biogeochemistry ofC, N, P and Si 
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is discussed, including the role transport processes play in 
moving water between the sediments and the water column
hence, in ventilating sediments. 

4. An inventory of TOe, Nand P contents in sediments from 
several Australian environments is assembled. These data 
are discussed with respect to early diagenetic reactions and 
organic matter sources. 

Sediment-water interactions: an experimental 
approach 
PPB is a large (approximately 2000 lan2

) shallow embayment, 
which has received nutrient, sediment and toxicant inputs, for 
more than 100 years, from a variety of both rural and industrial 
activities in the Maribyrnong and Yarra River catchments, and 
treated sewage effluent from the Western Treatment Plant (WTP). 
Despite comparatively poor flushing, with a residence time of 
more than a year, PPB was thought to be an oligotrophic environ
ment with chlorophyll-a measurements being consistently less 
than I IlglL. Prior to the PPB environmental study, the bay 
sediments, with many years of accumulated nutrient, suspended 
sediments and toxicant loads, were not seriously considered 
as a potential source of nutrients for plant production. 

Our approach for discovering the important biogeochemical 
controls on sediment and water quality is outlined in Figure I. It 
combines determinations of (i) the major source (terrigenous vs 
marine) and nature (old vs fresh) of organic matter undergoing 
degradation, (ii) solid phase inventories of nutrients in sedi
ments, (iii) pore-water inventories of soluble nutrients and their 
depth distributions, (iv) in-situ benthic fluxes of soluble nutri
ents, and (v) an evaluation of transport processes and rates 
(diffusion vs advection). 

It is worth noting here the comparatively recent and impor
tant role that benthic chambers have begun to play in studies of 
sediment-water interaction in Australia. Only a decade ago, most 
studies of sediment/water interaction and benthic fluxes were 
confined to interpretations of pore-water distribution of nutri
ents and the development of one-dimensional models of particle/ 
solute interaction with diffusion exchange with the overlying 
water (e.g. Berner 1984). During the years that followed, it was 
recognised through many studies that (i) the depth intervals 
over which nutrient concentration gradients control fluxes to 
the overlying waters are only millimetres (or less) and 
(ii) processes other than diffusion are important in controlling 
nutrient fluxes to the overlying waters (Aller & Aller 1992 and 
references therein, Berelson & Hammond 1986, Berelson et al. 

Porewaters 
nutrient pool size 

downcore distribution 

Benthic Fluxes 
benthic fluxes 

transport processes 

Solid Phases 
TOe, TN and TP invetories 

Organic matter sources 

Stoichiometric Modelling 

Identification of key processes 

Development of conceptual model 

Kinetic models of sediment/water 
interactions 

Hydrodynamic/ecological models 

Monitoring and Management 
Strategies 

Figure 1. Schematic of the protocol for identifying key processes controlling sediment-water interaction in coastal 
environments. 



1987, 1994, 1996, Berelson et al. 1998). 
Benthic chambers were subsequently developed in 

recognition of (i) experimental limitations in measuring nutrient 
and other metabolite gradients over sub-mm scales, (ii) the 
existence of environmental microniches, complex microbial 
ecology, and supply and demand of food and energy sources at 
the sediment-water interface, and (iii) a variety of transport 
processes are responsible for moving solutes across the sediment! 
water interface, including the highly variable (if not unpredict
able) activities of benthic fauna. Benthic chambers (Berelson & 
Hammond 1986) provide a new technology to measure net 
benthic fluxes in situ and to quantifY the transport processes 
responsible for moving solutes between the sediments and the 
overlying water. Chambers also provide the only technique, 
which effectively provides true in-situ light conditions and a 
best approximation oflocal seafloor hydrodynamics. The latter 
was obtained by stirring the water in the chamber at rates that 
mimic an average benthic boundary layer thickness of about 
0.5 mm. While benthic chambers have added a new dimension 
to the measurement of benthic processes, we note that interpre
tations of benthic flux data must also be reconciled with pore
water metabolite distributions and inventories. 

Biomarkers and the nature of organic matter in 
coastal sediments. 
It is now possible to extract and identifY organic molecules that 
are characteristic of specific organisms or groups of organisms 
and unIque organic material. Samples of sewage, soil, sediment 
or water can be processed for identifying and quantifying 
biomarkers, and the quantity of a specific biomarker can be 
transformed into biomass or population numbers (Volkman 
1986). There is an emerging appreciation of the important con
tributions that biomarker analyses can make to monitor organic 
sources and biogeochemical processes in coastal sediments. We 
cite the following example for PPB. 0' Leary et aI., (1994) 
performed a comprehensive suite of biomarker (sterols, fatty 
acids and polar fatty acids) analyses in PPB sediments and 
showed, from sterol and fatty acid abundances, that the major 
source of organic carbon to the sediments of PPB was 
diatomaceous phytoplankton . The biomarkers for the 
non-siliceous phytoplankton , namely dinoflagellates , 
prymnesiophytes and eustimatophytes were present, but in 
much lower concentrations. Polyunsaturated fatty acids (PUFA) 
are readily degraded and are indicators of fresh organic material 
in sediments, and O' Leary et al. (1994) found that 90% of the 
organic material in sediments, from the major sedimentary facies 
of Port Phillip Bay, was fresh diatomaceous material. Plant 
material (including seagrasses), which was identified by the abun
dance and distribution of24-ethylcholestrol and long-chain fatty 
acids, was only a small proportion of the organic load to the 
sediments of PPB. The specific charactellSalion of the major 
organic source to the sediments as diatomaceous phytoplankton 
was very important for the stoichiometric modelling of the 
benthic flux data (see below). Biomarker studies can, therefore, 
be important for identifying both the sources and nature of 
organic matter in sediments and the processes resulting in its 
degradation. 

While phytoplankton detritus may be the major source of 
degrading organic matter in most marine environments, coastal 
environments may receive mixed organic matter inputs. For 
example, the large inverse estuaries of Shark Bay (Smith & 
Atkinson 1983) and Spencer Gulf (Smith & Veeh 1987) have 
various primary producers, such as seagrasses, epiphytes on 
seagrasses, benthic diatoms and cyanobacteria, all of which are 
likely to be significant sinks for carbon dioxide. Alongi (1990) 
noted the mixed organic matter inputs, including mangrove for
est detritus and leaf litter, into sediments of Rockingham and 
Mission Bays within the GBR Lagoon. An assumption of 
Redfield stoichiometry (106C: 16N: I P; Redfield et al. 1963) for 
studying organic matter degradation may be inappropriate in 
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these types of ecosystems. 

Organic carbon degradation in sediments: a 
stoichiometric framework 
Key oxidants and metabolic products 
The energetics of organic matter degradation in aquatic environ
ments have been known for several decades, but Froelich et al. 
(1979) first linked this sequence of reactions to Redfield sto
ichiometry to predict and test the distribution of metabolites in 
pore waters of marine sediments. The important, although sim
plified, reactions for marine to brackish coastal waters are: 

Oxygen reduction and nitrification 
I06(CHP)16(NH,)(H,PO,) + 1380,® I06CO, + 16HNO, + 

H,PO, + 122H,O (Equation I); 

Nitrate reduction (denitrification) 
I06(CHP)16(NH,)(H,PO,) + 94.4HNO, ® I06CO, + 55.5N, + 

H,PO, + I77Hp (Equation 2); 

Iron oxyhydroxide reduction 
I06(CHP)16(NH,)(H,P0,) 424FeOOH + 848W ® I06CO, + 

16NH, + H, PO, + 742Hp + 424Fe'- (Equation 3); 

Sulphate reduction 
I06(CH,O)16(NH,)(H, PO,) + 53S0,'- ® J06CO, + 16NH, + 

H,PO, + I06H,o + 53S'- (Equation 4). 

The significant contrast between this reaction sequence and 
that in freshwater sediments is the general absence of sulphate 
in non-marine sediments. However, in Australia, the occurrences 
of buried evaporites and shallow water tables often result in 
brackish to hypersaline surface and ground waters (Williams & 
Ward 1987) and sulphate reduction occurring in the sediments 
of inland waters and lakes (Anderson & Morison 1989). The 
equations above provide a very powerful stoichiometric model 
to evaluate the extent of organic matter oxidation and the pro
cesses of nutrient recycling in coastal sediments. There is, of 
course, the caveat that Redfield stoichiometry is applicable only 
when the primary source of organIc matter is phytoplankton. 
Different stoichiometric models and/or more experimental ob
servations may be required when other significant sources of 
organic matter (Atkinson & Smith 1983, Smith & Atkinson 1983, 
Smith & Veeh 1989) are degraded. 

Oxygen is the preferred oxidant, but when organic matter is 
spatially isolated from oxygen, either by burial or microniche 
formation, nitrate, manganese and iron oxyhydroxides become 
the preferred secondary oxidants. While generally not quantit
atively important for organic carbon oxidation, dissimilatory 
nitrate reduction is important in local nitrogen recycling and 
speciation, and has been linked with Fe'+ reduction (Sorensen 
1982). Early diagenesis of the oxyhydroxide phases of iron min
erals has been implicated in reactions controlling P mobility in 
the transition from oxic to anoxic conditions (Krom & Berner 
1980,1981 , Berner & Berner 1987, Lucotte & d ' Anglejan 1988, 
Caraco et a!. 1989, Roden & Edmonds 1997). Manganese 
oxyhydroxide reduction (not shown above) does not remobilise 
significant quantities of nutrients, but, because Mn (and also Fe 
oxyhydroxides) are scavengers of reactive and heavy metals from 
the overlying oxic waters, these reactions are important in de
termining the mobility and bioavailability of many metals in 
coastal sediments. 

Bacterial sulphate reduction (a strictly anaerobic process) 
is important in the microbial oxidation of organic carbon in coastal 
sediments (Skyring 1987, Henrichs & Reeburgh 1987, Howarth 
1988). Sulphate reduction is quantitatively important in oxidising 
organic matter, because of the comparatively large inventory of 
sulphate (28 mM) in marine waters. Sulphate reduction, if 
extensive, results in the release of large quantities of hydrogen 
sulphide, ammonia and phosphorus to interfacial sediments and 
bottom waters compared to that released during oxygen and 
secondary oxidant reductions (Equations 1-4). Both sulphide 
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and ammonia (in elevated concentrations) are toxic to a variety 
of marine organisms, and ammonia promotes epiphyte growth 
and mortality among seagrasses. The occurrence and extent of 
sulphate reduction in interfacial riverine, estuarine and coastal 
sediments is, therefore, of utmost importance to water quality. 

. Methanogenesis in marine sediments is generally not 
quantitatively important in oxidising organic matter (Henrichs 
& Reeburgh 1987, Skyring 1987). However, methanogenesis 
may be important in recycling organic matter in the brackish to 
freshwater reaches of estuaries and coastal lakes, where organic 
productivity is high and supply of sulphate is limited (Henrichs 
& Reeburgh 1987). 

Oxygen status of sediments 
The oxygen status of sediments can be described as (i) oxic, 
including oxygen reduction and nitrification reactions, (ii) sub
oxic, including nitrate, Mn and Fe oxyhydroxide reductions, and 
(iii) anoxic, including sulphate reduction and methanogenesis. 
Oxygen and sulphate are most important in the quantitative 
oxidation of organic carbon. The secondary oxidants, nitrate, 
iron and manganese oxyhydroxides, while of less quantitative 
importance in oxidising carbon, are important in controlling the 
fractionation ofN and P from particulates to the dissolved phase 
and the speciation ofN at the sediment-water interface. 

Oxygen and sulphate reduction 
A plot of measured oxygen reduction and metabolic carbon 
dioxide production rates, from PPB sediments, is shown in 
Figure 2. The lines showing the proportions of oxygen/carbon 
dioxide at 1: 1 and 1: 1.3 reflect the scenarios of oxygen being 
used to (i) convert organic carbon to carbon dioxide and (ii) to 
oxidise ammonia to nitrate. The plot shows that most sites in 
PPB fall within this envelope, indicating that oxygen reduction 
and aerobic metabolism are dominant. Oxygen consumption 
rates varied between 21 and 86 mmol O

2 
m-2d- l

, and are equiva-

lent to carbon oxidation rates of 19-35 mmol C m-2d-1 at most 
sites (assuming a molar 1: 1.3 conversion of carbon respired to 
oxygen consumed). However, at the site of highest oxygen con
sumption (not shown on Fig. 2), the oxidation of non-biogenic 
materials may be occurring. Sulphate reduction appears to be of 
secondary importance in most of the PPB sediments; it is 
responsible for 5-30% of carbon oxidation. Only the data from 
the Yarra River estuary falls outside the aerobic respiration 
envelope. Here, approximately 50% of the metabolic carbon 
dioxide (carbon oxidised) is produced by sulphate-reducing 
bacteria (SRB). Desulfobacter were identified by O'Leary et al. 
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Figure 2. Plot of oxygen flux vs metabolic carbon dioxide 
flux for most stations in Port Phillip Bay. 

Table 1. Summary of benthic fluxes of oxygen, nitrogen, phosphorus and silicate from selected Australian coastal 
environments. 

Place and Reference Odlux 

Bowling Green Bay (I) not measured 

DaVies Reef GBR (2) -24 to -9S 

Rockingham-Missionary -S.7 to -60.2 

Bays (3) 

Port Phillip Bay (4) -21 to -86.2 

Central GBR Shelf (5) -13 to -40 

Swan River Estuary (6) 0 to - 16 (t<ISOC) 
o to 125 (T> I SOC) 

Note: all fluxes are in mmol m·2 d·1 

DINflux 

-0.15 to 0.S9 

0.14 to 0.54 

-0.56 to 3.50 

0.70 to 1243 

o to 2.59 

NR(7) 

10 

Pflux 

-0.023 to O.G2S 

·0 02B to 0 001 

OtoO 157 

O.OS to 1.960 

o to 0.142 

NR 
2 

Si flUX Comments 

-0.99 to 1.75 Denitnficallon Inferred from pore water date. A 
shallow nitrate maximum indicates couples 
nitrification and denitrification P fluxes both Into 
and out of sediments. 

0057 to 0 S06 Demtrificallon Inferred from a comparison of 
predicted and measured N, and idenufication of 
' nussing N'. P fluxes into and out of sediments. 

o to 6.45 Low DIN fluxes, elevated pore water ammoma and 
low nitrate and nltnte suggest denitnficatlon. 
Mangrove litter did not affect dissolved nutrient 
fluxes . 

21 0 to 34.33 High denitnficatlon efficienCies measured in 
benthiC chambers. Up to 50% of P trapped in the 
sediments except In Yarra River estuary where 
sulphate reduction IS important. 

I 10 to 5 79 Small DIN flux mostly as ammonia. 
Denitrification inferred from miSSing N In benthic 
flux measurements. P trapped in sediments. 

NR DIN reported as maximum NH, -N only, although 
14 [NH., - NIDIN) is aboul 50% NO) al Freshwater 

Bay Maximum measured DIN IS about 20% of 
that expected from maximum 02 flux. Maximum 
phosphate flux reported. MIDumum SIheate flux 
reponed Authors suggest nutnent fluxes 
comphcated by groundwater flows 

(I) GBR, Ulmann & Sandstrom, (1987), (2) GBR, Hansen et al (1C)87) (3) GBR, AlongI (1990), (4) Port Phillip Bay, Berelson et al 
(1996), (5) GBR; Alongi (1989a,b) , (6) Swan River Estuary; DouglJS et al. (1996), (7) NR, not recorded 



(1994) in the estuarine and central basin sediments ofPPB, also 
indicating an active sulphate-reducing system. These results, 
i.e. the dominance of aerobic vs anaerobic metabolism at various 
sites, have important implications for the regeneration, cycling 
and speciation of nitrogen and phosphorus within these sedi
ments. A comparison of the benthic organic carbon oxidation 
rates with primary productivities in PPB (Nicholson et aL 1996), 
found that about half the primary productivity was remineralised 
in the surface sediments. 

A summary of published benthic oxygen consumption rates 
in various Australian environments is summarised in Table I. 
Hansen et aL (1987) used plastic domes to measure sediment 
community respiration (measured as oxygen fluxes) on Davies 
Reef(GBR Lagoon), at 24-98 mmol 02 m-2d-' , which is similar 
to the PPB respiration rates. Sulphate reduction was measured 
on Davies Reef(and also Lizard Island) carbonate sediments at 
rates of 2 mmol m-2d-' to around 8 mmol m-2d-', and consumes 
an upper limit of about 20% of the estimated primary produc
tivity (Skynng & Chambers 1976, Skyring 1985). Moriarty et 
aL (1983) measured sulphate reduction rates in Moreton Bay 
sediments at around 10 mmol m-2d- ' and calculated that SRB 
consumed around 20% of seagrass productivity. 

Douglas et al. (1996) reported some results of benthic dome 
deployments in the Swan River Estuary (WA) and found oxygen 
consumption rates that varied between 0 and 16 mmol 0 2 m-2d-' 
(for temperatures < 18°C), and > 125 mmol 02 m-2d-' at temp
eratures > 18°C. 

Oxygen consumption rates were measured in a cross-shelf 
transect offshore from Hinchinbrook Island in the GBR Lagoon 
at 13-40 mmol 02 m-2d-' (Alongi I 989b) and nearshore sedi
ments of Rockingham and Missionary Bays at 8.7-60.2 mmol 
0 2 m-2d-' (Alongi 1990). Sulphate reduction rates were not 
measured, but elevated ammonia concentrations in pore waters 
indicate that SRB are active in these sediments. Oxygen con
sumption rates of 1.3-2.9 mmol m-2d- ' were measured on the 
continental shelf and slope of eastern Australia (Heggie et aL 
1990). Approximately 30% of total carbon oxidised in these 
sediments was via sulphate reduction, although at one station, 
in 431 m water depth, the SRB were responsible for about 50% 
of organic carbon metabolised in the top 10 cm of sediments. 
Glenndenning & Nichols (pers.comm.) found that the SRB 
biomarkers were about 30% more abundant in shelf sediments 
than in the adjacent deep-sea sediments. The highest rates of 
bacterial sulphate reduction occurred in the interfacial sediments 
and rates decreased with increasing depth in the sediment. 

Smith & Atkinson (1983) used a benthic chamber in Shark 
Bay (Western Australia) to estimate benthic CO

2 
fluxes , and 

found an average respiration rate of29.2 mmol C m-2d-' in soft 
sand-covered sediments; amounts that (if applicable to most 
sediment types) were about sufficient to balance the net carbon 
production by the seagrass beds. This result implies that the 
seagrasses may be the primary carbon sources to the sediments 
of Shark Bay. 

It is evident that microbial respiration, organic carbon 
oxidation (by oxygen and sulphate) and subsequent nutrient 
release to pore waters and overlying waters have not been widely 
studied In Australian coastal sediments. There have, however, 
been major advances, from microbial and ecological perspec
tives, in understanding carbon turnover rates in Australian coastal 
sediments (Moriarty 1982, 1983, Moriarty et aL 1983, 1985, 
1991, Alongi 1988 a,b, 1989 a). Although these studies did not 
specifically target water quality, these works have important 
implications for nutrient recycling and release from sediments. 

Nitrogen 
Nitrogen is thought to be the limiting nutrient in most coastal 
aquatic ecosystems (Ryther & Dunstan 1971, Smith 1984, Harris 
1986, Berner & Berner 1987, Hecky & Kilham 1988), and is, 
therefore, a key control on water quality. Most N from Australian 
catchments and point sources is apparently delivered principally 
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in dissolved forms, e.g. the South Johnstone (Furnas et aL 1995) 
and Yarra Rivers (Harris et al 1996). Evidence from very long
term water quality analyses indicates that nitrogen is probably 
the most significant limiting nutrient in PPB (Axelrad et aL 
1981) and it is probable that most Australian coastal environ
ments in their pristine state (Rochford 1951) were nitrogen 
limited (our inference). Furnas et at. (\995) also inferred from 
their studies on the GBR shelf that the system is N limited. 

We investigated nitrogen speciation and benthic fluxes ofN 
in PPB with a combination of sediment pore-water and benthic 
chamber studies and the stoichiometric relationships outlined in 
Equations 1-4. A cross plot of the CO

2 
and dissolved inorganic 

nitrogen (DIN) fluxes is shown in Figure 3. Ifall N is liberated as 
nitrate + nitrite (according to the oxygen reduction scenario, 
Equation I), the data would plot on the Redfield line. Ifnot all 
the ammonia is oxidised to nitrate, the sum of the total dissolved 
inorganic N (DIN = ammonia + nitrate + nitrite) would also plot 
on this line. We note here that the prime justification for using 
the stoichiometric modelling in this way is the biomarker 
evidence that the major source of metabolisable organic matter 
in PPB sediments is diatomaceous (O' Leary et al. 1994). For all 
stations except that in the Yarra River, most of the predicted 
inorganic N is missing, and we interpreted the missing N as N2 
gas, which resulted from bacterial denitrification (Equation 2). 
The pore-water data were also an important aid in determining 
key processes. Pore-water ammonia concentrations from the 
major sedimentary facies (e.g. site 13, Fig. 4) were considerably 
greater than the ammonia concentrations in bottom waters; how
ever, little of this N appeared in the benthic chamber experi
ments as either ammonia or nitrate (Fig. 3). The nItrate 
concentrations in sediment pore waters (produced by the bacterial 
oxidation of ammonia) were also very low and, together, these 
results suggested active sedimentary denitrification. Further
more, because nitrate concentrations in bottom waters of PPE 
are always low « I ~M), we concluded that the nitrate neces
sary for denitrification is produced in interfacial sediments and 
around the perimeters of animal burrows. Subsequently, high
precision mass spectrometric measurements of biogenic N

2
, 

captured in the benthic chambers, proved active qenitrification 
and further established Redfield stoichiometry for degrading 
organic matter in these sediments. This result has extremely 
important implications for water quality in PPE, because 
denitrification limits the dissolved inorganic N (DIN as ammonia, 
nitrate and nitrite) available for phytoplankton production. 
Axelrad et aL (1981) showed that denitrification occurred only 
in the sediments ofPPB, although the significance of their studies 
to water quality in the bay was not realised until the more recent 
comprehensive study (Harris et aL 1996). 

Published DIN fluxes from the seafloor of Australian envi
ronments are summarised in Table I . Other than data from the 
temperate PPB, the only other non-tropical data are from Peel 
Inlet, Harvey Estuary and Cockburn Sound (Bastyan et aL 
1995), and the Swan River Estuary (Douglas et aL 1996), all in 
Western Australia. Ammonia fluxes from these impacted sedi
ments were in the range of 8-13 mmol m-2day-' and are 
comparable to those measured in the Yarra River estuary of 
PPB (Table I). We estimated (assuming Redfield stoichiometry) 
from the data of Hansen et aL (1987), collected in Davies Reef 
sediments of the GBR Lagoon, that the measured N release 
rates represented only about 5% of the N expected from the 
measured oxygen consumption rates in the sediments. The miss
ing N, we suggest, results from sedimentary bacterial denitrifi
cation. However, at Davies Reef, both benthic diatom and 
cyanobacterial mats were major sources of organic matter to the 
lagoon sediments; other likely sources included coral mucus and 
reef turf. If the C:N ratio of degrading organic matter was very 
high, then our estimate of denitrification would be too high. 
Denitrification rates have not yet been reported for Australian 
coral reef sediments, but the similarity between the NH) and 
NO, fluxes in both Davies Reefand PPB sediments (for com par-



164 D.T. HEGGIE ET AL. 

able o:-.ygen consumption rates) suggests that denitrification 
efficiencies (the N liberated as No gas as a fraction of total N 
liberated from the sediments) at D-avies Reef may be as high as 
those in PPB. 

Ullman & Sandstrom (1987) measured pore-water nutrient 
profiles and sediment nutrient fluxes from cores taken from 
several nearshore sites in Bowling Green Bay (GBR Lagoon, 
Queensland); the cores were incubated in the laboratory to 
measure benthic fluxes. The sedimentary organic material in 
Bowling Green Bay sediments is composed of predominantly 
fresh marine phytoplankton and minor components of old 
terrestrial/marine detritus. The down-core pore-water nitrate 
and nitrite concentration profiles show shallow nitrate and nitrite 
maxima; decreasing nitrate and nitrite concentrations are indica
tive of benthic microbial demtrification. The comparatively high 
ammonia concentrations in near-surface pore waters and increas
ing ammonia concentrations with depth, combined with 
measured NH3 fluxes from sediments, indicate that bacterial 
sulphate reduction also occurs (Ullman & Sandstrom 1987). We 
also note that measured and calculated diffusive fluxes ofnutri
ents from the sediments were comparable, indicating an absence 
ofbioirrigation. Furthermore, the pore-water silicate data show 
profiles of continuously increasing concentrations with increas
ing depth, which are also indicative of an absence of significant 
and deep bioirrigation. Ullman & Sandstrom (1987) estimated 
that the N fluxes from the sediments are (in comparison to the 
riverine input ofN) the principle sources of dissolved N to this 
area of the GBR Lagoon. This result implies significant N 
recycling and flux from the sediments to the overlying waters m 
the nearshore lagoonal system. Furthermore, we infer from 
Ullman & Sandstorm's observations that denitrification exerts 
an important control on available N for phototrophic growth in 
this part of the GBR Lagoon. 

Alongi (1989) measured nutrient fluxes and pore-water chem
istry at several sites in a cross-shelf transect of the GBR Lagoon 
offshore from Hinchinbrook Island. Pore-water nutrients and 
measured fluxes, from core incubations, were low (Table I). 
Sedimentary denitrification was inferred by the departure from 
Redfield stoichiometry of N, P and oxygen fluxes, and pore 
waters apparently depleted in nitrate and mtrite. SimIlarly, 
nutrient release rates and pore-water data were collected from 
Rockingham and Missionary Bays to investigate the effects of 
mangrove detrital outwelling on nutrient regeneration in the GBR 
Lagoon. Nutrient fluxes from these nearshore sediments were 
also low (Table I). The sediments comprised mixtures of organic 
matter sources, with significant components of mangrove detritus 
(with non-Redfield stoichiometry). Pore-water silicate of about 
300 flM suggests significant diatom input to the sediments. 
Because of the refractory nature of the mangrove detritus, it 
was found to have little effect upon sediment nutrient fluxes. 
The benthic fluxes of N were found to contribute only about 
13% (in Rockingham and Missionary Bays) and 6% (cross
shelf), respectively, of the N requirements of phytoplankton in 
these areas of the GBR Lagoon. The comparison suggests mod
erate coupling between benthic and pelagic ecosystems, with 
supplementation of N for phototrophic growth from external 
sources. Other studies of nutrient mass balances in tropical and 
subtropical estuaries (Moresby and Richmond Rivers; Eyre 
1993, 1995, Eyre & Twigg 1997) suggest that during the dry 
winter periods, when there are no significant inputs of nutrients 
from rivers, estuarine bed-sediments may be an Important source 
of nutrients for plant growth. 

Denitrification has been documented only in PPB sediments. 
Our observations and interpretations of pore-water data, respir
ation and nutrient flux measurements of other Australian coastal 
sediments suggest that denitrification is widespread in suboxic 
near-surface sediments, with important implications for local 
water quality. Elsewhere, denitrification is an important pro
cess controlling N budgets and water quality in many other 
coastal environments (Seitzinger et al. 1980, Seitzinger & Nixon 

1985, Seitzinger 1987, 1988, Kristensen et al. 1991, Joye & 
Pearl 1994, Nixon 1995). As such, it is not surprising that 
Australian coastal sediments are also sites of active bacterial 
denitrification. However, despite our collective appreciation of 
the role of denitrification in the general N cycle, we did not 
anticipate (before the start of the PPB Environmental Study) 
the vital importance of tightly coupled sedimentary nitrifica
tion and denitrificatIOn reactions. These linkages maintain the 
impacted waters of PPB in a near-oligotrophic state, with 
chlorophyll-a values consistently below about I flg/L. 

The recognition of sedimentary bacterial denitrification is 
not (by itself), however, a guarantee of good water quality: 
active and significant phototrophic N-fixation must also be 
absent. Phototrophic nitrogen fixation in coastal waters is 
generally associated with pelagiC cyanobacterial blooms in 
estuaries and embayments. A prime example is the summer bloom 
of the nitrogen-fixing Nodularia m the Peel-Harvey estuarine 
system in Western Australia (McComb & Lukatelich 1995). 
During the long summer period of low runoff (and no nutrient 
inputs from the catchment), nutnents stored in the anoxic bed 
sediments are remobilised and recycled to overlying waters, 
resulting in excessive macrophytic growth, cyanobacterial 
blooms and deteriorating water quality. In contrast to PPB, 
massive N-fixation by Nodularia (McComb & Lukatelich 1995) 
negates any apparent effects on water quality by sedimentary 
nitrification and denitrification in the Peel-Harvey estuarine 
system (our inference). There are many environmental factors 
that may affect the growth of pelagic cyanobacteria, but 
Nodularia blooms in coastal waters are ultimately limited by 
salinity; the Nodulana blooms in the Peel-Harvey system 
collapse as the salinity approaches 30 (McComb & Lukatelich 
1990, 1995). Embayments maintained at seawater salinity are 
unlikely to suffer from Nodularia blooms, but Trichodesmium 
(the N-fixing cyanobacterium responsible for red tides) may 
occur in tropical waters and in eddies of warm equatorial waters 
brought down the eastern and western Australian coasts by 
oceanic currents (Hallegraeff 1995). 

Nitrogen-fixing cyanobacteria also occur in evaporitic marine 
enVIronments. Skyring et aI. (1988, 1989) showed that 
Microcoleus in cyanobacterial mats colonising enormous areas 
of intertidal and subtidal sediments in Shark Bay, Western 
Australia, actively fixed N,. Far from being environmental 
hazards, these cyanobacteriai communities are the phototrophic 
proViders of food, energy and physical stability in otherwise 
very fragile mtertidal and subtidal environments, such as Shark 
Bay (Skyring & Bauld 1990). In another example of the advan
tageous activities of cyanobacteria, Wilkinson et al. (1984) 
reviewed the role of the N,-fixing cyanobacterial mats (or turf) 
in Australian coral reef communities and concluded that they are 
major sources ofN to the whole reef community. N fixation 
is known to be an important source of N in comparatively 
N-starved subtropical and tropical ecosystems with very low 
levels of DIN. However, its importance in temperate ecosystems 
and in ecosystems impacted by catchment and sewage treat
ment plant inputs, rich in anthropogenic N, remains unknown. 

Phosphorus 
Donnelly et al. (1994) reviewed recent Australian data on catch
ment phosphorus sources and the impact of phosphate loads 
on algal blooms, and recorded that P from diffuse inputs gener
ally exceeds that from other sources by a wide margin. Cosser 
(1989) and Brodie (1995) similarly reported that most P from 
non-point catchment sources in Queensland is delivered as 
particulates, but some P from point sources such as sewage 
treatment works is delivered as dissolved P. 

P is generally not limltmg in coastal marine environments 
(Harris 1994). However, in some unusual coastal environments, 
such as Hamelin Pool in Shark Bay, P may be limiting because of 
very small catchments inputs ofP and uptake ofP from incom
ing· seawaters by prolIfic seagrass meadows growing on the 



silled-entrance (Smith & Atkinson 1983). The central and south
ern parts of Hamelin Pool are colonised primarily by N-fixing 
cyanobacterial mats, which effectively capture and recycle trace 
amounts of P (Skyring & Bauld 1990). P has also been sug
gested to be limiting in other large evaporative ecosystems, such 
as Spencer Gulf (Smith & Veeh 1989). 

P may be added to coastal waterways, either via phosphate 
fertilisers or a combination of particulate P-rich soils and stream
bank erosion during rains and runoff (Donnelly et al. 1994, 
Brodie 1995). Anthropogenic phosphate inputs have been im
plicated in deteriorating water quality (excessive growth of 
macroalgae and blooms of Nodularia) in some Australian coastal 
environments where N is not limiting, because of phototrophic 
N fixation, e.g. the Peel-Harvey estuarine system (McComb & 
Lukatelich 1995). 

P geochemistry in PPB sediments was studied with a com
bination of pore-water and benthic chamber experiments. A plot 
of metabolic carbon dioxide vs phosphate flux (Fig. 3) shows 
that, at most sites, the amount of dissolved phosphate released 
from the sediments to the overlying waters was less than that 
predicted from degradation of 'Redfield' organic matter. The 
results indicate that the major sedimentary facies act as a net 
sink for P. However, the data for sediments from the Yarra River 
estuary indicate that an excess of phosphate, above the amount 
predicted from combined aerobic and anaerobic degradation of 
'Redfield' organic matter, is liberated from the sediments to the 
overlying water (Fig. 3). One explanation for this result is the 
release of adsorbed P from clay and other particulates intro-
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duced from the Yarra River. The possible source of this P may 
be the basaltic rocks (which, however, are only slowly eroded) 
found on the western perimeter ofPPB in the Maribyrnong and 
Yarra River catchments (Beasley 1966, Link 1967). The sim
plest conceptual model for the mobilisation of phosphate in 
sulphate-rich sediments is that sulphide reacts with the iron 
phosphate (formed in oxic sediment) and, in a simple double 
decomposition reaction, insoluble iron sulphides and soluble 
phosphate are formed (Skyring 1986, Caraco et al. 1989, 1990, 
Roden & Edmonds 1997). 

The importance of Fe and its association with P in oxic/ 
anoxic transition zones in estuarine and shelf sediments and 
waters has been known for some time (e.g. Krom & Berner 
1980, Krom & Berner 1981, Sorensen 1982, Schaeffer 1986, 
Sunby et al. 1986, Froelich et al. 1988). The phosphate fluxes 
from some sediments have been linked to the sulphate concen
trations in the overlying water (Caraco et al. 1989, 1990). 

The similarities in the Fe and phosphate pore-water pro
files in PPB sediment (Fig. 4) suggest that Fe is implicated in 
the sedimentary eycle of P. The pore-water and phosphate 
maxima at about 5-10 cm suggest phosphate is released from a 
particulate phase when Fe undergoes reductive dissolution and 
remobilisation according to Equation 3. The pore-water profiles 
indicate a flux of both P and Fe towards the sediment-water 
interface, but the flux data in Figure 3 indicate that only about 
half the P released from organic matter in the sediments is 
liberated to the overlying water. We suggest that much of the 
trapping ofP occurs in the oxic/suboxic interfacial zones at the 
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Figure 3. Plot of carbon dioxide nux (rate of organic matter metabolised) vs (a) total dissolved 
inorganic nitrogen (TIN) nux and (b) phosphate nux all for sites in Port Phillip Bay. 
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Figure 4. Pore-water distribution of ammonia, nitrate+nitrite, silicate, phosphate and iron from 
site 13 in Port Phillip Bay, representing the major sediment facies. 
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sediment/water interface and the peripheries of animal burrows 
in bioirrigated sediments. 

Similar observations to those in Port Phillip Bay have also 
been made from the Fe and phosphate profiles in pore waters of 
sediment on the continental shelf and slope of northern New 
South Wales. These indicate that the bioavailabilIty of phos
phate is controlled in part by Fe geochemistry (Heggie et al. 
1990). Typical Fe and phosphate pore-water profiles (figs 4-
lOin Heggie et al. 1990) indicate rising phosphate concentra
tions in the zone of sedimentary Fe remobilisation. P diffusing 
from suboxlc sediments to the interfacial oxic sediments is sub
sequently scavenged by the formation of Fe 3+; such that little P 
escapes these o'ddlsed interfacial sediments. P is removed below 
the pore-water maximum concentration by interactions with F 
and incipient carbonate fluorapatite formation (Heggie et al. 
1990, O'Brien et al. 1990). 

A summary of published phosphate fluxes from Australian 
environments shows P fluxes of 0.16 (Peel Inlet), 0.40 (Cockburn 
Sound) and 0.56 (Harvey Estuary) mmol m-2d- ' (Bastyan et al. 
1995), and about 2 mmol m-2d-' in the Swan River Estuary 
(Douglas et al. 1996). The highest P fluxes in Table I were 
measured in the Yarra River and Swan River estuary. P fluxes 
from the impacted Western Australian environments are never
theless higher than the P flux from the major sediment facies in 
PPB. Pore-water profiles and fluxes of phosphate were measured 
in Bowling Green Bay (Ullman & Sandstorm 1987). Phosphate 
pore-water profiles were different in all cores, and showed zones 
of phosphate removal from pore waters to the sedimentary 
phase. Despite all near-surface phosphate profiles suggesting a 
flux of P to the overlying waters, several flux measurements 
(from laboratory core incubatIOns) indicated phosphate fluxes 
into the sediments. Ullman & Sandstrom (1987) suggested that 
the GBR sediments are a net sink for P because of interfacial 
trapping ofP transported towards the sediment/water interface 
from pore waters and also P from overlying bottom waters. 
Hansen et al. (1987) made similar observations in sediments of 
Davies Reef. Phosphate fluxes from the sediments of 
Rockingham and Missionary Bays and the GBR shelf were also 
significantly lower than those measured in PPB. Alongi (1989) 
suggested that binding of phosphate by sedimentary Mn and Fe 
and calcium carbonate contributes to the low phosphate fluxes 
and pore-water concentrations in some sites. 

Silicate 
Silicate is an essential nutrient for diatomaceous phytoplankton 
(Spencer 1983). Silicate, however, has not attracted much atten
tion from environmental scientists as a limiting nutrient to phy
toplankton in coastal and estuarine water, because an abundant 
terrestrial supply is generally assumed. However, Humborg et 
al. (1997) reported that the damming and regulation of the Danube 
River have reduced the silicate load to the Black Sea, creating an 
opportunity for tOXIC phytoplankton that do not require sili
cate. Smayda (1990) reviewed the occurrence of the novel and 
nuisance phytoplankton blooms in European and Asian seas. 
He concluded that anthropogenic enrichment ofthe waters with 
Nand P has lead to a long-term decline in Si:N and SI:P ratios 
and that this has favoured non-diatomaceous blooms. Unlike N 
and P, silicate has no known sinks in coastal sediments. We cite 
at least two Australian examples, viz. PPB (Victoria) and the 
Peel-Harvey estuarine system (Western Australia), where sili
cate biogeochemistry may have an important controlling effect 
on phytoplankton growth and water quality. 

The PPB environmental study (Harris et al. 1996) made 
two important observations concerning silicate cycling. The first 
was that there were systematic year-to-year and large biannual 
variations in silicate concentration (whole bay averages) in the 
waters of PPB [0.53I1M in spring (September-October) to 
11.54 11M during winter (June-July)]. The second was that the 
average ratio between carbon dioxide and silicate fluxes from the 
seafloor was about 106: 17; similar to that expected of the 

degradation of diatomaceous phytoplankton (see Redfield et al. 
1963, Spencer 1983, Harris 1986). These observations showed 
that the major fluctuations in silicate concentration in PPB 
resulted from (i) phytoplankton uptake coinciding with spring 
runoff and (ii) the dissolution of diatomaceous debris, in surficial 
sediments, during winter months, being returned to the overly
ing waters. Silicate, therefore, may on some occasions be limit
ing. In PPB, a unique combination of factors preserves high 
silicate concentrations in the water column during the winter
(i) fast biogeochemical reactions of uptake in the water column, 
rapid settling and dissolution of diatoms in surface sediments 
with fluxes to the overlying waters, (ii) the absence of a seafloor 
sink for silicate, and (iii) slow oceanic exchange. The recycled 
silicate is subsequently utilised during the following spring diatom 
blooms. It was evidence from the water quality and seafloor 
biogeochemical studies that prompted the inclusion of silicate 
in the PPB ecosystem model, and this resulted In more accurate 
representations of phytoplankton growth and chlorophyll-a 
distributions in PPB (Murray & Parslow 1997). We note that, 
even when Nand P appear adequate, dinoflagellates or 
cyanobacteria do not appear to take advantage of the apparent 
lack of diatomaceous competition (G.Arnott pers. comm) during 
SI lImitation. 

McComb & Lukatelich (1995) described a process model 
that accounts for large blooms of Nodularia (cyanobacteria) in 
the waters of the Peel-Harvey estuarine system in Western 
Australia. Diatoms bloom in response to dissolved nutrient input 
from the catchment during the winter, a time of rain and runoff, 
and subsequently sink rapidly to the sediments, building up the 
sedimentary P pool in much the same way as in PPB. During 
the dry summer (a period oflow rainfall), phosphate is released 
from the sediments into the water, resulting in the growth and 
blooms of NodularlG, when DIN in the water is low. The role of 
planktonic diatoms as the major trap for P is a crucial compon
ent of their conceptual model for Nodularia blooms in the Peel
Harvey estuarine system. McComb & Lukatelich (1995) 
attributed the summer-time Nodularia blooms to opportunism 
by the N

2
-fixing cyanobacteria, when N (as ammonia or nitrate) 

for phytoplankton growth is low, but there is plenty of P from 
the degrading diatoms in the sediments. We infer for the Peel
Harvey system that silicate also plays an important and crucial 
biogeochemical role by stimulating winter blooms of planktonic 
diatoms. 

Transport processes in sediments 
Several processes may influence the flux of dissolved species 
across the sediment-water interface of coastal sediments. These 
include molecular diffusion, advection of pore fluids (because of 
sediment compaction), bioirrigation (which occurs because of 
the burrowing activities of benthic organisms), and also ground
water flow through bed sediments (e.g. Berner 1984, Aller & 
Aller 1992, Bird 1994, Moore 1996). 

Shallow groundwater is known to flow into the PPB sedi
ments around the WTP area (Otto 1992), although groundwater 
input of nutrients to PPB is small compared to all other inputs 
(Harris et. AI. 1996). Pore-water chloride concentration and 
distribution in pore waters showed that groundwater advection 
through the sediments in PPB is negligible However, ground
water (and surface/vadose water) flow, carrying tel1iliser phos
phate from the catchment through permeable IIlcrt sandy soils, 
is thought to be responsible for some of the phosphate enrich
ment of waters reaching the Peel-Harvey estuarine system 
(Birch 1982). 

Bioimgation appears to be a common and an important 
process in coastal marine sediments (Bird 1994). The benthic 
chamber results demonstrated that bioimgation is an important 
transport process in PPB. The first set of benthic chamber 
measurements of cesium (a tracer added to the waters captured 
by the benthiC chamber), silicate and radon (both sourced from 
the underlying sediments) showed rates of solute exchange 



between the sediments and overlying waters significantly higher 
than molecular diffusion rates. Radon is a conservative tracer, 
being produced in sediments from the radioactive decay of radium; 
the diffusive sediment-water flux can be predicted from the 
radium standing stock in the sediments (eg. Hammond & Fuller 
1979). A comparison of measured Rn fluxes in chambers with 
predicted fluxes indicated that, in PPB, most sites surveyed had 
fluxes 3-16 times higher than predicted (Berelson et al. 1998). 
These sites showed evidence of animal burrows on the seafloor 
and in the sediments (Nicholson & Bird pers. comm). These 
observations indicated that sediment-water exchanges in Port 
Phillip Bay were controlled predominantly by bioirrigation rather 
than molecular diffusion. Subsequent experiments, using Rn, 
deuterated water (D,O), bromide (Br-) and cesium (Cs) simulta
neously, found comparable rate constants for the exchange of 
each of these tracers across the sediment-water interface. The 
observations confirm that bioirrigation is the process respon
sible for much of the solute transport between the sediments 
and the overlying water (Berelson et al. 1996). 

Bird (1994) estimated, from typical irrigation rates reported 
in the literature, that the entire volume of PPB water 
(26.3 00 109 m3

) could be processed through the sediments in 
about one month, while whole-bay estimates of benthic pump
ing (estimated from Cs removal rates from benthic chambers) 
suggest the water-volume of the bay could be cycled through 
the sediments in 30 to 120 days. The macro benthos has a 
remarkable capacity to shift huge quantities of water and, there
fore, must be of major significance to water quality. 

Bioirrigation is undoubtedly important in Port Phillip Bay 
sediments; it results in the transport of bottom waters of high 
oxygen content mto the sediments, which, we suggest, sup
ports and sustains the oxidation of sedimentary ammonia to 
nitrate (nitrification), and which is subsequently denitrified in 
anoxic microniches to nitrogen gas. We suggest that without 
bioirrigation the nitrification/denitrification couple would be 
short-circuited and much ofthe metabolisable organic matter in 
the sediments of PPB would be oxidised by sulphate-reducing 
bacteria, resulting in the release of ammonia instead of nitrogen 
gas to the overlying waters. 

Bird (1994) recorded that sediment resuspension events also 
result in the release of phosphate (and other nutrients) from 
pore waters, while bioirrigation results in phosphate precipit
ation (probably because of scavenging around the oxic edges of 
animal burrows in sediment). We note from Hansen et al. (1987) 
that, for the most part, the bioturbated sediments of Davies 
Reef Lagoon are net sinks for phosphate. Thalassimd shrimps 
are the main bioturbators, and these mound-building and water
pumping animals ventilate the sediments and, we infer, enhance 
benthic nitrification and also P scavenging and trapping. The 
importance of Thalassinid shrimps in bioturbation, bioirrigation 
and sediment/water nutrient exchanges in tropical reef and 
mangrove environments has been noted by Alongi (1989a). 

Benthic animal activity and sediment-water interaction 
The rate of input of metabolisable organic matter to the sedi
ments drives the early diagenetic reactions controlling the release 
of nutrients and metals from the solid phase into the interstitial 
waters (Nixon et al. 1986). These reactions (and fluxes) may be 
predictable in some sedimentary environments (e.g. the deep 
sea) where reaction, diffusion-transport, bioturbation and burial 
processes govern the distribution of metabolites in pore waters 
and fluxes across the sediment-seawater interface (e.g. Froelich 
et al. 1979, Westrich & Berner 1984, Kristensen et al. 1995). 
Within coastal waterways, the interactions between these benthic 
communities, particulate organic matter (food!) and availability 
of oxidants from the bottom waters control both the spatial and 
temporal distribution, speciation and fluxes of metabolites to 
pore waters and overlying waters. In many coastal environ
ments we suggest it is the complex and largely unpredictable 
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actions of diverse and abundant benthic communities (such as 
those described and reviewed for mangrove and coral reef com
munities by Alongi (1989a) that result in significant distortions 
of the simple and predictable burial-diagenesis and diffusion
transport scenarios. These distortions occur because the feed
ing and carousing activities (bioturbation, burrowing and 
irrigation) of benthic fauna result in substantial redistribution of 
both food and oxidants within the sediments. 

While there may be a strong motivation to develop generic 
and predictive models of sediment-water interaction in Australian 
coastal environments, we suggest that the complex and almost 
unpredictable benthic faunal bioactivity will impede the devel
opment of such models. This is in contrast to lacustrine sedi
ments, where significant bioturbation and bioirrigation are largely 
absent and nutrient release is driven by diffusion/reaction pro
cesses (Harris 1994). 

Sediment-plant interactions 
Perry & Dennison (this volume) have reviewed relationships 
between sediment microbial communities in sediments popu
lated with seagrasses. They note that seagrasses both depend 
upon and influence sediment microbial communities and the 
pool size of nutrients in sediments in three important ways: 
1) seagrass roots pump oxygen from the leaves into the roots, 
maintaining aerobic respiration in root tissue; 2) sea grass roots 
exude dissolved organic carbon, which may be used for bacterial 
growth around rhizome roots in the sediment; 3) seagrasses affect 
nutrient cycling processes and pool sizes in sediments; both 
sedimentary N fixation and denitrification have been identified. 

We simply note here, from more recent surveys, some inter
actions between sediments and benthic flora ecosystems. 
Observations in sediment~ of Moreton Bay seagrass beds 
(Moreton Banks, Qld), found high levels of oxidised nitrogen of 
about 150-180 JlM nitrite + nitrate at shallow depths. < I 0 cm 
in these clean marine sandy sediments. Benthic chamber results 
suggest sulphate reduction is not important in these sediments, 
but denitrification is active. Similarly, high levels of nitrite and 
nitrate (up to about 100 JlM NO) in the top 10 cm were 
measured in the riverine delta sands and fringe sediments of 
Wilson Inlet (Western Australia) containing Ruppia megacarpa. 
These unusually high levels of oxidised nitrogen, from both 
locations, indicate oxidation of buried organic matter and reduced 
N as oxygen, pumped from the leaves of plants, ventilates the 
sediments. The depth distribution of the high levels of oxidised 
nitrogen suggests both nitrification and denitrification in these 
oxic-to-suboxic sediments. N fixation was also measured, and 
complex balances between microbially mediated N fixation, 
nitrification and denitrification probably determine the pool sizes 
of available N for plant growth. 

In muddy sand sediments, populated with mangroves, around 
the perimeter of Moreton Bay, oxygen also ventilates the sedi
ments, either via crab holes or the pneumatophores of the man
grove root zone. Pore-water-oxidised nitrogen was low 
« I JlM), indicating active denitrification, while pore-water 
ammonia was high, indicating sulphate reduction. Chamber results 
also indicate sulphate reduction and suggest denitrification. 
N fixation was also measured. 

During late summer and autumn months in Wilson Inlet, 
when water clarity is high and light penetrates to the sediments, 
we have observed extensive growth of benthic algae with much 
of the shallow waters of the inlet covered with algae. 

We have noted above that sediment nutrient fluxes playa 
major role in providing nutrients for estuarine water-column 
phytoplankton productivity. It is apparent in some benthic 
ecosystems, which include seagrasses, mangroves and benthic 
algae communities, that flora are living commensally with sedi
ment microbial populations. Preliminary results suggest that 
sediment-water interaction is also an important control on the 
maintenance and health of these ecosystems. 
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Organic matter in Australian coastal sediments 
Total organic carbon, total nitrogen, and total 
phosphorus in sediments 
We have assembled a suite of total organic carbon, nitrogen and 
phosphorus (TOC, TN, TP) data from a selection of Australian 
estuaries, coastal lakes and embayments (Table 2, Fig. 5). The 
collection does not represent an exhaustive search of the 
literature, but it is indicative of a range of pristine and impacted 
coastal environments. Some TOC data were calculated from 
% weight loss on ignition and represent only approximations of 
total organic carbon. 

We make the following observations from the data in Table 2. 
The TOC in these sediments is quite variable, between < I and 
> 12 wt %. Surface sediments from unimpacted sites-such as 
Spencer Gulf, South Australia (Smith & Veeh 1989), the New 
South Wales shelf (O'Brien & Veeh 1980), Davies Reef, GBR 
Lagoon (Hansen et al. 1987), and the shelf of the GBR Lagoon 
offshore from Hinchinbrook Island (Alongi I 989)-have TOC 
concentrations <I % by weight. 

Sediments in the tropical Moresby River estuary (Eyre 
1993) were found to contain about 2% TOC by weight, com
pared to <I % wt TOC in the nearshore shelf-sediments. Despite 
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Figure 5.(a) Plot of TOe vs TN, (b) Toe vs TP in 
various Australian coastal sediments. Wilson Inlet, 
open squares; PPB, filled circles; Peel Inlet/Harvey 
Estuary, crosses; Mission Bay, vertical line; Tuggerah 
Lakes, open circles. 

about 50% of the catchment being farmed for sug<lr cane, there 
are no apparent effects on water and sediment quality in the 
river and estuary. 

The sediments of central PPB (Victoria) contain about 1-2 % 
TOC by weight. However, although the bay has been impacted 
by anthropogenic inputs from treated sewage, urban and rural 
runoff from Melbourne, Geelong, and the catchments of the 
Maribyrnong and Yarra Rivers for more than 100 years, PPB 
has recently been shown to have good water quality by world 
standards (Harris et al. 1996). 

Some data from Wilson Inlet show TOC levels exceeding 
10 wt% in fine-grained uncompacted silts and muds in about 
4 m water depth (Bastyan et al. 1995, Lukatelich et al. 1987). 
Wilson Inlet is now thought to be becoming eutrophic with 
excessive plant growth and occasional periods of bottom-water 
anoxia (M. Robb pers. comm.). Low TOC was measured in 
shallow «2m water depth) sandy sediments on the fringe of 
Wilson Inlet. 

TOC in sediments of Cockburn Sound varied between about 
I and 6 wt%, with an average of3 wt% (Chiffings 1987, Bastayn 
et al. 1995). The sound has been impacted by industrial and 
sewage treatment plant discharges and suffered significant losses 
of seagrasses, 

Sediments in Peel Inlet and Harvey Estuary (WA) have 
typical TOC concentrations of about 2 wt% and 6 wt%, 
respectively (Bastyan et al. 1995), and both estuaries have been 
seriously impacted by nutrient runoff from the catchment. Peel 
Inlet has excessive macroalgae growth and the Harvey Estuary 
experienced annual blue-green algal blooms (McComb & 
Lukatelich 1995 and references therein). 

TOC contents of 2-5 wt% were found in sediments from 
central Budgewoi, Munmorah and Tuggerah Lakes, New South 
Wales (Batley et al. 1990, King & Hodgson 1995), where exces
sive plant growth has occurred as a result of high nutrient input 
(King & Hodgson 1995). We note from King & Hodgson's review 
that nutrient and chlorophyll concentrations in the waters of 
the Tuggerah Lakes have not altered significantly for at least 
50 years, but the signs of eutrophication are manifest in the 
anoxic black ooze of the inshore sediments. 

Primarily because the TOC data alone do not indicate the 
source and age of the organic matter undergoing degradation, we 
suggest that TOC is insufficient to predict benthic nutrient 
release rates or to predict potential eutrophication. However, 
we note from the above that most unimpacted sites have TOC 
levels <2 wt%. Those impacted sites that have an active sea
floor macrobenthic community irrigating the sediments (e.g. Port 
Phillip Bay) or are effectively flushed by freshwater flooding 
during the seasonal tropical rains (e.g. Moresby River) also 
have sediment TOC values <2 wt %. 

All other locations which are impacted have sediment TOC 
values >2 wt%. The only exceptions to this generalisation are 
the sediments of various unimpacted tropical mangrove forests, 
which were found to contain 2-6.5 wt% TOC (Alongi 1988a,b) 
and 4-15 wt% TOC (Boto & Wellington 1984), and nearshore 
environments receiving mangrove litter with TOC of 0.2-3.9 
wt% (Alongi 1990). Much of this TOC is composed of refrac
tory organic matter and does not apparently contribute signifi
cantly to pore-water nutrient inventories and benthic nutrient 
fluxes. 

Carbon/nitrogen in sediments. 
TOC/TN ratios of about 7 (Table 2, Fig. 5a), typical of Redfield 
ratios (I06C:16N:IP; Redfield et al. 1963), are found in the 
Spencer Gulf, an open marine 'inverse estuary' environment 
(Smith & Veeh 1989). All other ratios indicate a departure from 
Redfield with a loss of N relative to C. The departures from 
Redfield are indicative of either (i) sedimentary processes that 
rework orgamc matter such that N is preferentially lost relative 
to C or (ii) non-diatomaceous phytoplankton organic matter, 
such as seagrass, macroalgae, terrigenous organic matter and 



mangrove forests (Atkinson & Smith 1983). The data from PPB 
are representative of the top I cm of sediments in the central 
part of the bay, and are characteristic of about 70% of CIN 
ratios measured throughout the bay. High-precision mass spec
trometric measurements of biogenic N, have proved the wide
spread occurrence of denitrification in PPB sediments, and this 
process results in a net loss ofN to an atmospheric sink. Deni
trification is a process that could cause a systematic change in 
TOCrrN ratios. A typical TOCrrN ratio in PPB sediments is 
about II and denitrification (because no other significant sources 
ofTOC, other than diatomaceous phytoplankton were found in 
Port Philip Bay sediments) may explain the TOCrrN ratios 
here. However, denitrification cannot be inferred to be respon
sible for the marked fractionation measured elsewhere in 
Australia (Fig. Sa), as most other environments contain 
seagrasses and macrophytes that have highly variable TOCITN 
ratios (e.g. Atkinson & Smith 1983). The departures from 
Redfield ratios in Figure Sa, therefore, probably represent source, 
age and process (denitrification) signals. 

Carbon/phosphorus in sediments 
A plot of TOC vs TP for the same sediments is shown in 
Figure 5b. Data from PPB, offshore from the Moresby River, 
and three sites in Wilson Inlet cluster about the Redfield line, 
indicating little fractionation between TOC and P in these envi
ronments. TOC:TP for most other environments shows a P 
deficit in the sediments, compared to the Redfield ratio. This 
suggests that either the major TOC source in the sediments is 
not diatomaceous phytoplankton, and that the sediments from 
these environments contain non-planktonic sources of organic 
matter with non-Redfield TOC-TP ratios (Atkinson & Smith 
1983), or that most P is preferentially lost from the sediments 
to overlying waters under anoxic conditions. 

Data from Spencer Gulf show low TOC «0.3%), but an 
excess of P, indicating either a non-planktonic source of P or P 
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trapping in these samples. P in Spencer Gulf, or other inverse 
estuaries, removed from the water column is replenished by P 
input from the sea. When removed from the water column to the 
sediments, P, we suggest, is very effectively trapped in these 
(probably) oxic to suboxic sediments. 

Data to the right of the Redfield line may also indicate that 
an important source of phosphate in estuarine coastal sediments 
originates from particulate-bound P introduced from the catch
ment (see Donnelly et al. 1994, Brodie 1995). We suggest that 
the P content of sediments is controlled by organic matter input, 
source, age (reactivity) and processes of precipitation and 
dissolution, which control the mobility of phosphate in sedi
ments and its flux to the overlying waters under various oxic to 
anoxic conditions. 

Summary 
We present a strategy for identifying the key processes control
ling the oxygen status of sediments, N, P and Si remineralisation, 
recycling, and fluxes to overlying waters, i.e. sediment nutrient 
status and water quality of coastal environments. The strategy 
utilises measurements of (i) the TOC, TN and TP inventories 
and the source and nature of the organic matter, (ii) the pore
water concentration and vertical distribution of nutrients in the 
top half metre or so of sediments, (iii) direct in-situ measure
ments of benthiC oxygen, metabolic CO, and nutrient fluxes, 
and (iv) identification of the transport process or processes 
moving solutes between the sediments and the overlying water. 

This strategy was used in the PPB environmental study. 
I) a range of biomarkers was used to identify fresh diatomaceous 
phytoplankton as the primary source of organic matter in the 
sediments. 2) Redfield stoichiometry was subsequently used to 
interpret the oxygen and nutrient flux data from benthic 
chambers. 3) coupled sedimentary nitrification and denitnfication 
in sediments were identified from both chamber chemistry and 

Table 2. TOe, TN and TP for a selection of Australian coastal sediments. 

Place and Reference Toe TN TP CN e:p 
mmol e g'/ mmol Ng'/ mmol P g' / 

Pon Phllhp Bay (Nlchobon el al 1996) 1.58 0.143 0019 II 84 

Tuggerah Lakes, (Batley et al . 1990) 2.17 0.150 0015 14 144 

Tuggerah Lake, (Kmg & Hodgson. 1995) 3.08 0.171 0.008 18 411 

0. 179 0.008 13 288 

Lake BudgewOl. (Kmg & Hodgson. 1995) 2.25 0.243 0.007 17 606 

Spencer Gulf: Lower (Smith & Veeh .. 1989) 0.12 0016 0.017 8 7 

Spencer Gulf: Upper (Smith & Veeh .. 1989) 0.22 0.036 0.012 6 18 

Morseby River. estuary. (Eyre. 1993) 1.53 0.023 0.003 66 504 

Morseby River. off shore. (Eyre. 1993) 0.61 0.048 0003 13 184 

Wilson Inlet Site I (Lukatehch et a1 .. 1987) 1.43 0.133 0.010 II 139 

Wilson Inlet Site 5 (Lukatehch et a1 .. 1987) 0.43 0.034 0.003 13 154 

W,lson Inlet Site 8 (Lukatehch et a1 .. 1987) 0.60 0.050 0.004 12 148 

Wi Ison Inlet Shallow Sandy Sites (Bastyan et al.. 1995) 0.40 0019 0.000 21 684 

Wilson Inlet Deeper Basin Sites (Bastyan et al .. 1995) 8.67 0489 0.013 18 675 

Peel Inlet (Bastyan et al.. 1995) 1.77 0.103 0.002 17 912 

Harvey Estuary (Bastyan et al.. 1995) 5.43 0.426 0.006 13 887 

COCkburn Sound (Bastyan et al.. 1995) 5.77 0.175 0.009 33 628 

Cockburn Sound (Chiffings. 1987) 2.58 0.133 0.019 19 135 

MiSSIOn Bay. (BOlO & Wellington. 1984) 12.35 0.200 0.011 62 1129 

Davies Reef (The GBR: Hansen et al. 1987) 033 0.02 17 
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pore-water distribution of N species to be key processes 
controlling the concentration and speciation ofN (the limiting 
nutrient) available for phototrophic growth. 4) a suite of 
geochemical tracers was used in benthic chambers to show that 
bioirrig~tion was the process primarily responsible for moving 
metabolites between sediments and overlying waters. Vertical 
pore-water profiles also indicated that the sediments were 
irrigated by overlying bottom waters. 5) biOirrigation ventilates 
the sediments with oxygen and promotes nitrification. 6) low 
denitrification efficiencies may be an early warning indicator of 
deteriorating water quality and impending eutrophication, 
because, under these conditions, biologically available ammonium 
is predominantly liberated from sediments to overlying waters, 
rather than the biologically unavailable nitrogen gas. 

Benthic flux and pore-water data from various tropical 
locations in the GBR Lagoon were reviewed. These included 
Davies Reef, Bowling Green Bay, Rockingham and Missionary 
Bays, and an across-shelf transect from Hinchinbrook Island. 
The results and inferences drawn from the data indicate low 
benthic nutrient (N, P and Si) release rates compared to the 
more temperate PPB and Swan River estuary. Sediment/water 
fluxes of nutrients were as important as riverine inputs in 
Bowling Green Bay, but contributed smaller «15%) amounts 
of nutrients required for phytoplankton productivity in the 
vicinity of Rockingham and Missionary Bays and Hinchinbrook 
Island. Borh pore-water data and inferences from benthic flux 
data suggc<;\ that coupled sedimentary nitrification and 
denitrificatIon are.widespread. 

Sedimentary denitrification is critical in controlling the 
speciation and concentration of dissolved inorganic nitrogen (as 
ammonia and nitrate) available for phototrophic growth in PPB, 
and probably in most Australian estuaries receiving moderate 
loads of organic carbon and nitrogen. In contrast, data from the 
Peel-Harvey estuary show that P liberated from the underlying 
anoxic sediments during summer months promotes growth of 
N-fixing Nodularia when N, as ammonia and nitrate is I imited. A 
variety of microbially mediated sediment/water interactions is 
therefore, an important influence on seasonal water and sedi~ 
ment quality and potential eutrophication. 

An assemblage of TOC, TN and TP data from various 
Australian coastal environments shows a wide range of TOC 
values. These vary from generally < I wt% in Spencer Gulf and 
the GBR Lagoon (Davies Reef) to levels of 2 to about 5 wt% 
generally, in environments which are known to receive som~ 
anthropogenic N input. The highest TOC values (about 12 wt%) 
were found in apparently un impacted sediments of tropical 
mangrove forests . TN and TP in sediments appear to be depleted 
relative to TOC as compared to Redfield organic matter. This 
observation probably reflects a combination of diagenesis in 
sediments, including the fractionation of Nand P (from C) in 
near surface sediments; mixed planktonic and non phytoplankton 
(e.g. terrestrial) sources and comparatively aged organic matter 
in the top few centimetres of sediments. The TOC, TN and TP 
contents of sediments cannot yet be used, by themselves, to 
quantitatively predict benthic nutrient fluxes and to infer water 
qu.ality; the reactivity of the organic matter is more important 
than inventories alone (TOC, TN and TP concentrations) as 
one control on benthic nutrient release rates. 
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The use of sediments to assess environmental impact on a large coastal catch
ment-the Hawkesbury River system 
G.F. Birchl, B.D. Eyre2 & S.E. Taylorl 
Sediment samples (140) acquired from the estuarine and fluvial sec
tions of Ihe Hawkesbury River between Windsor (130 km from the 
coast) and Broken Bay have been analysed for texture (gravel, sand, 
mud), heavy metals (Cd, Co, Cu, Fe, Mn, Ni, Pb, Zn) organochlorine/ 
pesticides (DDT, DOD, DOE, HCB, chlordanes, aldrin, lindane, 
heptchlor, H-epoxide, dieldrin) and nutrients (organic P, available P, 
inorganic P, total P, TOC, TKN). 

Generally low heavy metal and organochlorine/pesticide con
centrations in the sediments of the main river channel reflect low 
intensity land use for the majority of the catchment, whereas 
impacted areas are related to urbanisation and increased industrial 
and recreational actlvtly High nutrient sediment concentrations 
are due to large sewage loads to some tnbutaries of this river. 

Contaminant sources are varied. Light Industry and intense 
boating aCll vlties are the probable source of toxicants for the 
most contaminated area of the Hawkesbury River in southeast 
Pittwater in terms of heavy metals and organochlorine/pesticides. 
Elevated metallic and organic contaminant levels associated with 
a marina and water-related recreation facilities inside parkland 
(upper Cowan Creek) demonstrate the potential for such activI
tIes to affect pristine environments. Increased urbanisation and 
industrialisation In the upper Berowra catchment provide a source 
of heavy metals and nutrients, probably through a large sewage 
treatment plant, as well as via storm water drainage. Sewage efflu-

Introduction 
Eighty-six per cent of Australians live in urbanised areas of the 
coastal zone (UN International Conference on PopulatIOn and 
Development 1994, Arakel 1995, Cook 1995) . Intense 
urbanisation and the concentration of industry have resulted in 
substantial environmental impact, including enrichment in 
metallic and organic contaminants and nutrients in waters and 
aquattc sediments in these areas (SPCC 1975, Roy & Crawford 
1984, Swaine & Irvine 1987). However, information on the qual
ity of aquatic sediments in estuaries and rivers of coastal 
catchments is limited (Batley 1993, MacKay et al. 1992, Birch 
1996, Birch et al. 1996, Birch & Taylor 1999). Sediment data on 
the Hawkesbury River and estuary system are also restricted 
(Barnes et al. 1982, SPCC 1985, Parker 1992, Simons pers. 
comm. 1993, Thoms & Thiel 1995, Shotter et al. 1995). 
Sediments play an important role in environmental assessment, 
as they are the major carrier of contaminants, form a substantial 
repository of toxicants, and provide a long-term integrated record 
of source and dispersion (Forstner 1976). 

The Hawkesbury-Nepean River catchment (22 000 km2
) is 

the largest of the four major river or estuary systems of the 
Sydney region (more than ten times the size of the second big
gest catchment, the Georges River). Like the Port Hacking catch
ment, land use is overwhelmingly rural or parkland, with only 
approximately 5% of its land surface being urban or industrial 
compared to 86% for Port Jackson and 42% for Georges River 
(PAB 1993). Instead of the environment reflectmg this low 
impact land-use pattern, the Hawkesbury system is recognised 
as being under substantial stress (EPA 1993, Arakel 1995). 
Substantial and rapid urban expansion-population currently 
at 500 000 (Parker I 992)-in the catchment and plans to add a 
further one million people in the next two decades (Department 
of Planning 1995) will ensure that continual pressure is main
tained on the system. 

Major contaminant sources have been identified as sewage 
treatment plants (STP), sewer overflows, quarrying and in-

I The Environmental Geology Group, Geology and Geophysics 
Department, University of Sydney, NSW, 2006. 
Centre for Coastal Management, Southern Cross University, P.O. 
Box 5125, East Lismore, NSW, 2480. 

ent discharge from isolated urban areas (Berowra Waters and, to a lesser 
extent, Brooklyn) on the banks of Hawkesbury River results in enrich
ment in metallic and organic contaminants and nutrients and illustrates 
the threat such developments can pose to the estuarine environment. 
These toxicants, especially in the upper reaches of the river. are chemi
cally reactive and are, therefore, potentially mobile and bio-available. 
The flow ofrivers draining large parts of the upper Hawkesbury catch
ment (South and Cattai Creeks) is almost entirely industrial and .do
mestic effluent during periods of low precipitation. However, sediments 
reflect minimal enrichment in heavy metals and organochlorines/pesti
cides, owing to generally low industrial activity, but the hIgh sewage
derived organic content of the water results in marked enrichment in 
sediment nutrients and, importantly, the more bio-available fraction. 
The reservoir of such nutrients in bed sediments of these rivers may 
have important implications for the continual reoccurrence of algal 
blooms and eutrophicatIon in the upper reaches of the Hawkesbury 
River. 

Sediments provide information on source and dispersion of 
contaminants and a long-term Integrated assessment of environ
mental impact In a large dynamic and complex ecosystem. The 
successful management of fluvial and estuanne resources requIres 
consideration of water quality information and a more holistic 
view, including sediment information. 

stream extractive industries (EPA 1993). Of the 100 STPs in 
the catchment, 43 discharge directly into the river and, dunng 
low precipitation periods, >90% of flow can be urban and in
dustrial effluent (Thoms & Thiel 1995). Sewer overflows are 
designed to relieve the sewerage system when capacity is ex
ceeded during periods of excessive precipitation. Although di
luted, overflow from numerous structures in the catchment can 
exacerbate adverse effects on the receiving waters, owing to 
excessive nutrients (N and P), suspended solids, metals, etc. 
(EPA 1993). Other sewage sources are septic systems, and com
mercial and pleasure craft discharging untreated sewage into 
the waterways. With high sewage loading. nutrient levels in 
water increase substantially during low 110\\ periods, resulting 
in frequent algal blooms and eutrophication in some stretches 
of the river (EPA 1993, Arakel 1995). Intense urbanisation and 
industrial activity are restricted to the headwaters of the major 
tributaries (South, Cattai and Berowra Creeks; Fig. 2). 

This comprehensive investigation, the first into the geochem
istry of bed sediments in the Hawkesbury system, was deSigned 
to test the response of aquatic sediments to a variety of land
use distributions and mixed contaminant loads. The geochemi
cal characteristics of the sediment were established to determine 
the controls on dispersion and storage potential, to assist in 
modelling, whereas background (pre-anthropogenic values) and 
base levels (current contaminant levels) were investigated to 
provide better tools for managing the waterway. 

Methods 
One hundred and forty sediment samples were retrieved from the 
Hawkesbury River, Broken Bay, and tributaries downstream of 
Windsor during August 1995. The top I cm of sediment collected 
with a stainless steel grab was subsampled for heavy metal, 
organochlorine and nutrient analysis. One sample per site was 
collected, except in the dynamic and complex fluvial environ
ments of South, Cattai and Waitara Creeks, where five 
subsamples were aggregated to compensate for small-scale vari
ability (Thoms 1987). Multiple sampling was also carried out at 
five localities to quantify small-scale spatial variance for the vari
ous sedimentary facies in the estuary and tributaries (Fig. 2, Table I). 
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. For heavy metals, .polycarbonate storage· containers were 
cleaned in pyroneg and soaked for >24 hours in 10%.nitric acid 
before repeated rinsing in deionised water. Sediment was stored 
at 4°C and samples were size-normalised to <63 /.lmby wet 
sieving with ambient water through a nylon sieve. Samples were 

.digested in a 2: 1. mixture ofHCIO.: HN03 ;mdanalysed for Cd, 
.Co, Cu, Fe, Mn, Ni, Pb, Zn by flame atomic ·absorption spec
trophotometry. Analyses were .carried ·out 011 the <63/.lm and 
>61/.lm fractions al)d total sediment concentrations werecalcu
.lated (expressed as dryweight). J>recision, calculated.by repeat . 
analysis of sediment of several facies ; is better than 10% rela
tive standard, deviation (RSD) for all elements, and accuracy, 

. de'termined using standard .reference materials, was better than 

Figure 1.- Locatio.n .. ofstud,Y .area . . 

.. 5% RSD.Blanks and intemalstandards were run with all batches 
.ofanalyses. 

Extraction and clean up for organochlorine analyses were 
undertaken .on 8.g totaL sediment, ,to which 10 gNa2SO. and 
50 mL hexane (20% acetone) were added and shaken overnight 

. (R ROSe; Department of Crop· Science, University of Sydney, 
·pers . . comm,). The sample was de'canted through .Na

2
SO. and 

100 mL collected. The extract was concehtrated to approxi
mately 7mL, using two hexane exchanges ina Kuderna-Danish 
apparatus .. The extract was poured through aluminium oxide 

' and 3 .g silic acid followed by .40. mLhexane. The eluate was 
collected for PCB andHCB analysis. Another 20mL hexane 
(4% ,acetone) was poured through,the same' mixturefor organo-
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'chlorine analysis. Both fractions were concentrated toapproxi
mately 7 mL in a Kuderna-Danish apparatus and evaporated to 
3 mL,and'lIlL of each fraction-injected into aga§"chromat()" 
graph: Recovery ranged from 60 to 90% and sensitivity is 5 and 
50ng/g dry weight for organochlorines and PCB,. respectively. 

Nutrient analysis was carried out on the <631lm fraction, 
separated by wet sieving with Milli-Q water. Total organic carbon 
(TOC) of the sediment was determined by wet oxidation 
. (Walkley 1947). Total Kjeldahl nitrogen (TKN) of the sediment 
was determined by wet oxidation; using semi-automated 
Gerhardt Vapodest 5 digestion and distillation equipment and 
standard proced'ures (analytical error ± 10% ) (Gerhardt 
Application Notes 86/87 and 87/87). Sediment P was separated 
into three fractions, using a ,series of chemical extractions. The 
first, termed Colwell P,rep~ese.nts phosphorus that is immedi
ately bio~availabk;O.3 g;of sample was mixed with 30 mL 0.5M 

151·00' 

NaHC0
3

adjusted to pH 8.5 with NaOH .for 6 hours at 25°C 
'(Rayment· & Higginson -1992), arid then· centrifuged and the 
supern~tantre1noved. The second fractioh,termed inorgat'iic P, 
·represents phosphorus' that is bio-available over a longer pe
riod; the pellet from Stage 1 was mixed with 30 mLof2M HCl 
at 20°C for 1 hour in a ventila'tedovenand then centrifuged and 
the supernatant removed (Eyre 1994). The third fraction, termed 
organic P, represents phosphorus that is potentially biocavail~ 
able as a result of organic decomposition. The pellet from Stage 2 
wasashed at 550°C for 1 hour, mixed with 30 mLof2 M HCl at 
20°C for I hour, then centrifuged and the supernatant removed 
(Eyre 1994), All P analyses of extractants were carried out 
colorimetrically with molybdate blue and ascorbic acid (Parsons 
et al. 1984) after 1:4dilution(C()lwellP) cir 1: 10 dilution (HCl
P; organic P). Standards, were tiJ:ade in thesamefmitrjxasthe 
extractant. 

151·10' 

Sample Site Locations 

TYPE OF CONTAMINANT ANAYLSIS: 

• . ~ 

~ 
in 
0 
<D 

'" 
~ 
" U) 

:>: 
.0 
E 

'" '. ~ • m 
<D 

'" 

• 
II II .... 

o 5 km 
L..L-L--'---1'---" 

Organic and metallic 
• contaminants plus nutrients 

l' Metallic contaminants plus nutrients 

\I Metallic contaminants 

o Sewage Treatment Plant (STP) 

Catchment boundary 

Urban and Ind ustrial 

• STP > 2000 kllday 

Parkland, Rural, scattered Urban· 

. 5"" . Small:scale spatial variability studies 

Figure 2. Sample locations and type of analysis undertaken. Small-scale spatial variance study is described in the text. 
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Results 
Texture 

The mud content of samples increases in the tidal section of the 
Hawkesbury River system, and the lower estuary tributaries 
are mantled in almost pure mud, e.g. Berowra, Mangrove, 
Mooney Mooney, Mullet and Cowan Creeks, as well as 
Pittwater. The sand content and coarse fraction grain size 
increases upstream, whereas sorting declines. Textural variation 
increases with environmental complexity and is most prom
inent in the main channel upstream of Wiseman's Ferry and in 
fluvial tributaries. 

Table 1. Small and medium scale spatial variance. 

Cu Pb Zn Mud 

Site I. Pittwater Mean 91.4 53.4 153.3 902 
estuarine mud (n=4) 

RSD 5.5 6.9 5.6 1.4 
SIte 2. Pittwater Mean 47.9 38.5 1214 13 I 
estuarine muddy sand 
(n=8) 

RSD 6.6 9.0 6.7 1173 
SIte 3 Hawkesbury Mean 27.9 38.6 148.0 79 
fluvio-tidal sand (n=4) 

RSD 9.7 8.1 15.3 65.2 
SIte 4 Hawkesbury Mean 27.9 38.6 1480 7.9 
fluvlO-tidal muddy 
sand (n=4) 

RSD 11.3 10.9 6.7 269.8 
Site 5 South Creek Mean 366 47.8 1472 53.8 
fluvio sand/mud (n=8) 

RSD 13.7 18.6 23.0 31.7 

Note Heavy metals In ).Ig g-I, mud in % 

100Grlln, SedrlP1'l1 S 0 Gtam $edmant 

2 1 HCl04 HN0:3 Digest 2 1 HC104 HN0:3 Digest 

WelOXIdalIOn 

Gas/liqUid Chromatography 

Heavy metals. 

One hundred and forty heavy metal analyses were carried out 
on the coarse and fine fractions of the sediment samples-33 
from tributaries (Waitara, Cattai and South Creeks) and 107 
from the main Hawkesbury River channel and estuary. Only the 
distributIOn of the major contaminant indicators (Cu, Pb and 
Zn) is discussed here and only the distribution of Cu is pre
sented (Fig. 4). Small-scale spatial variance established for 
different sedimentary facies in various parts of the river pro
duced relative standard deviations (RSD) of 5-26% for the above 
elements (Table 2.). 

Heavy metal concentrations (dry weight) in the fine fraction 
«63 J.1m) of the sediment vary between 17 and 221 J.1g.g-1 Cu,22 
and 388 J.1g.g-1 Pb, and 54 and 680 J.1g.g-1 Zn, but the majorIty of 
the Hawkesbury main channel and estuary exhibit lower and 
more consistent values (17-36 J.1g.g-1 Cu, 25-42 J.1g.g-1 Pb, 
and 82-153 J.1g.g-1 Zn; Table 2). Minor heavy metal enrIch: 
ment is evident at Berowra Waters, and heavy metal concentra
tions are markedly elevated in the upper Cowan Creek and 
southeast Pittwater. Heavy metal concentrations in flUVial sedi
ment from South, Eastern and Cattai Creeks are variable, but 
generally low, whereas the heavy metal content of sediment 
above and below Hornsby STP on the Waitara Creek is consid
erably higher (Table 2). 

Heavy metal analysis of the coarse fraction was undertaken 
mainly to calculate total concentrations for comparison with 
established environmental guidelines (Long & Morgan 1990). 
However, values are low for all elements (Cu < 9 J.1g.g-1

, 

Pb < 9 J.1g.g-1
, Zn < 25 J.1g.g-1

), except in regions rich in faecal 
pellets (muddy areas) and rock fragments (fluvial tributaries). 

Organochlorines/pesticides 
Organochlorine/pesticide analyses were undertaken on 73 sedi
ment samples from the Hawkesbury River main channel and 
estuary and another 17 from the fluvial section of South, Eastern 

KjeldahlOlgeS1 

TKN 

Figure 3. Analytical stream for analyses of heavy metals, organochlorine/pesticide residues and nutrients 
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and Cattai Creeks (Table 2). In addition, 8 analyses from Waitara 
and Calna Creeks have been taken from Shoner et al. (1995). 

DDT was detected in only 7 sediment samples from the 
Hawkesbury main channel and estuary, and these are located in 
Brooklyn and Broken Bay, and in high concentrations in south
east Pittwater(32 ngK') and Mullet Creek (12-19 ngK'). DDE 
was widespread in the estuary and tributaries, and high concen
trations were found at Berowra Waters (29 ng g-I), upper Cowan 
Creek (18 ng.g- I

) , Brooklyn (II ng.g-I
) and In southeast Pinwater 

(29 ng.g- I
) (Table 2) (Fig. 5). DDD was also commonly detected 

(38 samples) and high concentrations were located in upper 
Cowan (9 ng.g- I

) and Mullet (II ng.g- I
) Creeks and in southeast 

Pittwater (24 ngK'). DDT and DDD were not detected in the 
upper and middle Hawkesbury (Windsor to Brooklyn) and 
minimal DDE was detected in this section. DDT, DDD and 

150'50' 151'00' 

0 5 km , , , 

DDE were low in concentration «6, 3, 5 ngK', respectively) 
in South, Eastern and Cattai Creeks, and below detection in 
Waitara and Calna Creeks. 

The majority of the samples contained <5 ng.g-I total chlor
dane, but high concentrations occurred in samples from Mullet 
(up to 13 ngK') and upper Cowan Creeks (47 ng.g-I

), Brooklyn 
(8 ng.g- I

), Berowra Waters (maximum 30 ngK') and in south
east Pittwater (up to 52 ng.g-')(Fig. 6). Isolated, moderate con
centrations « I 0 ng .g- I

) occurred at the Cattai Creek
Hawkesbury River confluence, between Cattai Creek and Colo 
River (up to 8 ng.g- I

) and in the western embayments ofPinwater 
(maximum value 7 ngK'). Alpha and gamma chlordane were 
most abundant adjacent to Berowra Waters (up to 14 ngK'), 
upper Cowan Creek (up to 22 ng.g- I

) and southeast Pittwater 
(up to 25 ngK'). The total chlordane content of samples from 

151'10' 151'20' 

Cu ug,g-1 «63um) 

• > 100 • 
0 SO to 100 I:l 

~ < 50 I<) 

o STP • > 2000 kllday 

figure 4, Distribution of Cu in the mud fraction «63~m) of the sediment, 



Table 2. Summary of heavy metal, nutrients and O.C.s for regions of the Hawkesbury River. 00 
0 

CII Ph Zn Av.P In.P Org.P Tat.P TOC TKN HCB Lind. Hep. Ald. H-epa tt- DDE DDD DDT Die/. 
chlar. 

0 
All Mean 42.9 47.1 140.4 72.2 665.7 191.0 929.0 3.2 0.2 0.6 0.5 0.32 12.0 0.2 7.4 7.6 3.1 1.6 3.5 '-rJ 
Hawkesbury IJ:I 

Minimum 17.1 23.7 82.4 29.6 459.7 58.6 601.6 0.6 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 :;a 
Maximum 221.1 174.3 297.3 160.1 1113.9 323.1 1483.1 7.4 0.4 4.1 13.3 7.1 390.5 6.3 51.8 29.3 23.5 32.2 38.0 n 
Count 104 104 104 104 104 104 104 102 ·101 73 73 73 73 73 73 73 73 73 73 ::c 

Hawkesbury Mean 27.5 35.3 126.3 69.9 672.9 160.5 903.3 2.7 0.2 0.6 0.8 0.2 6.9 0.0 3.9 4.6 1.4 1.0 2.2 
main channel 

Minimum 17.1 23.7 82.4 29.6 459.7 58.6 601.6 1.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Maximum 72.5 75.9 271.6 160.1 965.1 264.4 1333.2 4.1 0.3 3.4 13.3 7.1 247.1 0.0 13.0 24.6 I I. I 19.7 23.4 
Count 65 65 65 65 65 65 65 64 63 43 43 43 43 43 43 43 43 43 43 

SE Pittwater Mean 158.4 88.8 201.6 55 I 649.5 215.6 920.2 3.0 0.2 0.3 0.0 0.2 65.4 1.8 20.5 194 13.8 10.6 6.3 
Minimum 57.5 45.0 143.8 38.0 556.9 132.6 732.6 2.5 0.2 00 0.0 0.0 0.0 0.0 2.9 4.9 3.4 0.0 0.0 
Maximum 221.1 126.1 297.3 69.5 761.9 286.1 1031.5 3.9 0.3 1.7 0.0 0.9 390.5 6.3 51.8 29.1 23.5 32.2 13. I 
Count 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 

Cowan Creek Mean 65.9 86.8 188.7 85.9 628.6 259.6 974.1 4.5 0.3 1.0 0.0 0.3 0.3 0.4 14.0 8.7 2.1 0.0 3.2 
Mimmum 21.1 31.4 111.7 42.6 552.8 187.6 847.0 0.6 0.2 0.0 0.0 0.0 0.0 0.0 1.7 4.7 0.0 0.0 0.0 
Maximum 118.3 174.3 274.4 132.3 811.0 323. I 1177.3 7.4 0.4 4.1 0.0 3.0 2.9 2.3 46.8 18.2 9.0 0.0 12.2 
Count 16 16 16 16 16 16 16 16 16 10 10 10 10 10 10 10 10 10 10 

Berowa creek Mean 31.5 39.0 119.6 79.4 742.1 216.2 1037.7 3.9 0.2 0.3 0.0 0.0 28.1 0.0 13.2 13.2 2.1 0.0 8.5 
Minimum 19.4 24.2 91.5 36.4 539.5 164.0 749.0 2.0 0.2 0.0 0.0 0.0 0.0 0.0 2.5 3. I 0.0 0.0 0.0 
Maximum 60.3 77.7 173.3 152.5 I I 13.9 267.0 1483.1 7.4 0.3 0.7 0.0 0.0 168.8 0.0 30.0 29.3 5.1 0.0 38.0 
Count 9 9 9 9 9 9 9 9 9 6 6 6 6 6 6 6 6 6 6 

South and Mean 36.3 62.0 153.0 92.9 547.6 198.4 838.9 2.3 0.2 0.0 0.1 1.4 0.5 0.5 16.8 1.5 0.6 1.5 1.5 
Eastern 
Creek 

Minimum 21.7 21.8 53.6 15.8 256.7 28.3 324.9 0.8 01 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0 0.0 0.2 
Maximum 64.9 315.2 409.7 370.2 733.7 922.3 1656.8 4.1 0.4 0.3 0.3 5.1 2.4 1.9 37.3 4.4 2.7 5.3 4.9 
Count 26 26 26 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 13 

Cattai Creek Mean 35.5 61.0 171.6 98.2 601.1 283.2 9825 4.0 0.3 0.0 0.1 1.3 0.3 0.5 9.9 1.0 0.3 0.7 1.1 
Minimum 22.3 44.2 65.9 23.6 272.9 283 324.9 3.1 0.2 0.0 0.1 0.5 0.1 0.0 4.9 0.6 0.3 0.3 0.2 
Maximum 44.0 85.9 377.3 151.2 770.4 922.3 1656.8 5.1 0.4 0.0 0.1 2.9 0.5 0.9 14.5 1.4 0.4 0.9 2.4 
Count 5 5 5 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

Waitara Mean 99.2 330.8 609.9 238.0 838.7 291.8 1368.5 6.1 0.6 
Creek 

Minimum 79.7 266.4 487.9 85.4 673.9 230.9 1058.1 3.8 0.4 
Maximum 115.3 388.0 679.9 411.3 1039.0 319.1 1768.7 8.3 0.7 
Count 4 4 4 4 4 4 4 4 4 

Note. Heavy metals and nutrients in ~g g-', O.C s in ng.g-' 
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the lower section of South and Eastern Creeks was high 
(>30 ng.g- I

) and decreased markedly upstream. Concentrations 
were lower for Cattai Creek samples (15 ng.g- I

) and values 
decreased downstream, whereas concentrations were very low 
(I ng.g-I

) or not detectable in Waitara and Calna Creeks. Similar 
distributions are evident for alpha and gamma chlordane in 
Eastern, South and Cattai Creeks, but no such data are available 
for Waitara and Calna Creeks. 

Most of the Hawkesbury main channel and estuary sedi
ment contains minor or undetectable concentrations «5 ng.g- I

) 

of dieldrin (Fig. 7). High dieldrin values were found adjacent to 
Berowra Waters (up to 38 ng.g-I

), upper Cowan Creek (12 ng.g-I
), 

and in southeast Pittwater (maximum value 13 ng.g- I
). 

Detectable, but low (5 ng.g- I
) concentrations of dieldrin occur in 

sediments from South, Eastern, Cattai, Waitara and Calna Creeks, 
except fora singular sample from the lowermost South Creek 
(39 ng.g- I

). HCB is below detection limits for most samples, 
except for a small number of isolated occurrences mainly in the 
lower central part of the estuary between Berowra Creek and 
Brooklyn and in Cowan Creek (maximum value 4 ng.g- I

). 

Aldrin, heptachlor, lindane and H-epoxide are below detec
tion limits in the majority of sediments except for some high 
isolated concentrations. High, singular concentrations of aldrin 
occur at Berowra Waters (169 ng.g- I

), southeast Pittwater 
(391 ng.g- I

), and between Windsor and Wiseman's Ferry 
(247 ng.g- I

). Lower concentrations «20 ng.g- I
) were detected 

in the Brooklyn area, upper Cowan Creek and in Pittwater, as 
well as in the fluvial sections of South, Eastern, Cattai and 
Waitara Creeks. Heptachlor was detected downstream of Windsor 
and in Plttwater, and in minor quantities «5 ng.g- I

) In the pre
viously mentioned creeks. Lindane is present in low «20 ng.g- I

) 

concentrations at several localities between Windsor and 
Wiseman's Ferry and in Cattai Creek, but only in a small num
ber of sItes on South and Eastern Creeks, and is absent from 
Waitara and Calna Creeks. H-epoxide is present in the sediment 
in small concentrations «10 ng.g- I

) in Cowan Creek, southeast 
Pittwater in the fluvial section of South, Eastern, Cattai, Waitara 
and Calna Creeks. Total PCBs were not analysed in the 
Hawkesbury main channel and estuary, but are ubiquitous in 
sediments of South, Eastern and Cattai Creeks, sometimes 
occurring in high concentrations (>50 ng.g- I

); they were not 
detected in Waitara or Calna Creeks. 

Nutrients 

Inorganic P constitutes the major proportion of total P, making 
up on average 71% (48-84%) of the concentration (Tables 2 
& 3). The main Hawkesbury channel has the lowest total P 
concentrations with levels generally increasing in tributaries 
heavily influenced by STPs (e.g. Berowra, Waitara, Cattai, South 
and Eastern Creeks). Colwell P concentrations further highlight 
this trend with very high bio-available levels (up to 411 I1g.g- l

) 

in all tributaries of the Hawkesbury River (Fig. 8). The high 
Colwell P concentrations in Cowan Creek, where there are no 
STP discharges, are possibly associated with septic leakage and 
industrial discharges. Organic P is enriched in the deep mud 
basins ofBerowra, Cowan Creeks and in Pittwater, as well as in 
some sediments of South and Cattai Creeks (Fig. 9). 

TKN concentrations (Fig. 10) range from 0.14 to 0.74%, 
with a mean concentration of 0.23% and, in general, follow the 
distribution of TOC (Fig. II). TOC and organic P concentra
tions are highly variable, ranging from 0.5 to 8.3% and 28 to 
922 I1g.g-1 with mean concentrations of 3.12% and 191 I1g.g-1, 
respectively. The lowest TOC and organic P concentrations are 
located in the main Hawkesbury channel, with the highest levels 
in the lower tributaries (Berowra, Cowan, and Waitara Creeks). 
The elevated organic P concentrations in Mooney Mooney and 
Mullet Creeks and the generally lower TOC and organic P levels 
in the upper tributaries (South, Eastern, Cattai Creeks) illus
trate a minor influence of STPs and other anthropogenic 
discharges on these fractions. 

Forty-six parameters were determined for the majority of 
the 140 samples collected during the current investigation. Inter
parameter relationships for the total matrix produced low 
correlation coefficients, because different contaminant asso
ciations occur in different localities, depending on source type. 
However, correlations within each contaminant type are 
stronger (r = >0.5) and probably more meaningful in terms of 
geochemical processes. Within the metallic group of contam
inants, Cu, Pb and Zn are strongly associated, as are Ni, Co and 
Mn. Chlordane is strongly correlated with DDT, DOD, DOE 
and H-epoxide, whereas for the nutrients, available P and inor
ganic P and, therefore, total P are strongly associated, as is 
TKN, total P and TOC. 

Discussion 
Generally, heavy metal and organic contaminant concentrations 
are low for Hawkesbury River sediments relative to other central 
New South Wales estuaries, using comparative data (Irvine 1980, 
Birch et at. 1996, 1997, Birch & Taylor 1999). Isolated localities, 
i.e. Berowra Waters, upper Cowan Creek and Pittwater are 
exceptions; however, even these areas are not enriched in heavy 
metals to the same level as extensive parts of Port Jackson or 
the Georges River (Table 4). Enrichment over background (pre
anthropogenIc values) for the fine fraction as determined from core 
data (Shotter et at. 1995) is close to unity for the majority of the 
waterway except for the affected areas, which are enriched up to 
12 times for Cu, 18 times for Pb, and 12 times for Zn. On a total 
sediment basis, however, only restricted parts of southeast 
Pittwater exceed the adverse biological effects thresholds of Long 
& Morgan (1990). 

Because single samples were collected at most locations in 
the current study, mUltiple samples were analysed for heavy 
metals in a representative number of sedimentary facies to 
establish small-scale variance and to validate regional contaminant 
trends. Four sedimentary facies-estuarine mud (southeast 
PIttwater), sandy estuarine (Pittwater), fluvio-tidal (two sites 
between the Colo River and Wiseman's Ferry), and complex 
fluvial (South Creek) were selected for repeated sampling (Fig. 2, 
Table I). Small-scale variance is lowest for estuarine deposi
tional environments (RSD 5-7%), slightly higher in the more 
complex tidal reaches of the main Hawkesbury River channel 
(RSD 8-15%), and most pronounced in the fluvial environment 
(RSD 13-23%). Small-scale spatial variance is similar to 
analytical variability (RSD 10%), except for upper parts of the 
fluvio-tidal and fluvial sections of the river. As results in the 
current study are for single samples, cognisance must be given, 
especially in the more complex fluvial environment, to this level 
of small-scale variance in interpretation of the data. 

The distribution of contaminants in fluvial and estuarine 
sediments is generally related to land use in the catchment 
(Forstner 1976, Thoms 1987). The comparatively low concen
tration of metallic and organic contaminants in sediments in this 
part of the Hawkesbury River is due to most of the catchment 
being low-density urban, rural and national park, whereas high 
nutrient levels are related to excessive sewage-derived effluent 
discharge. 

Spatial distribution and source 
Generally, metallic and organic contaminants exhibit similar 
spatial distributions, i.e. the Hawkesbury main channel and 
estuarine sections have consistently low values, except for 
Berowra Waters, upper Cowan Creek and southeast Pittwater, 
which have elevated concentrations. Nutrients correspond 
spatially with some of the above contaminants, but indIvidual 
species have separate distributions. The contaminant character
istics of these areas are discussed below. 

In Berowra Creek, all contaminants display a similar distri
bution pattern of gradually increasing concentrations from the 
Hawkesbury-Berowra Creek confluence towards Berowra 
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Waters and a subsequent declining trend to the headwaters of 
Ber6wra Creek. This'distribution suggests that discharge at 
Berowra Waters is an important source of contaminants, with 
an additional source being the headwaters ofBerowra Creek. ' 

Three areas in upper Cowan Creek exhibit elevated cpn
taminant concentrations, i.~ . Bobbin Head, Coal and Candle 
Creek and Smiths Creek. All contaminants increase in concen
tration up Cowan Creek, and' most attain a maximum enri.ch~ 

mental" Bobbin Head:' This' distribution suggests that the recre
ational"area 'and boating fatilities at Bobbin Head are a major 
source of contaminants, with the upper catchment, acting as an 
additional contributor. ·[n Coal and Candle Creek,allcontami
nantsincrease in concentration towards the Akuna Bay boat 
facilities. This distribution corresponds well with more detailed 
metal trends ' of Shotter et al. (1995). Akuna Bay is the only 
develop~ent p~rmitted in this p~rtof the p~istine Kuringa i 

Table 3. Average sed im ent phosphorus concentrations· in a number of A.ustralian estuaries (/lg.g-l). 

Estuary Bio-available Inorganic Organic Totdl Sourc~ of data 

Hawkesbury 87.2 ' 669.0. 90..8 947 Thi s study 

Moresby 55.4' 323 .98 290. 669.5 Eyr~ 1993 . , ' . 
Johnstone 6.0.' , 568.0. 346.-8 92.4 ' ,Palli~se t al. 1993 

Johnstone 4.8-9 '. 30~87 .0 P. Moody pers. comm. 1995 

Peel 76.8' 35.0.' 6.2 . 206.6 Hill et al. 1992 

Harvey 20.2.6' 30.9.5' 0.5.4 ' 43.0.' Hill et al. 1992 

Leschenau l.t 7.7' 234 .0' 76.7 330.7, Hill e t a I." 1992 

Swan-Canning 537 .0.' 793.5' 44.5 877.0 Hill .el aL 1992 

IColwell; ' Bray 30.; 3Bray7; 'NaO.H; ' Sum of NaOH + HClextr,!ctable phosphorus, 
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Chase NatiorialPark and is a good example of the impact such a high Zn concentrations for sediments some distance up theCo.io 
facility can have on a sensitiv'e estUarine environment. The·sourceRiver. They suggested a source in the upper catchment of the 
of moderate' metallic and organic co~taminant enrichment iIi ; .. . Colo River. 
Smiths .creek. in the same parkismo're problematical, except 
that this is the venue for high-power boating and. water skiing. 

Southeast Pittwateris the most contamipated region in the 
Hawkesbury system. One 'of the most extensive systems of 
marinas and boat moorings in New South Wales is located in this 
region (Murphy & Cardew 1987) and this may be a source of 
some of tlie metallic ' contamil1ants in .this area. However, it 
would not account for the high concentrations of organic tbxi" 
cants,. which indicate possible discharge from light industry in 
the immedIate catchment. . . . . 

Some unexpected anomalies arereveaIed by the current stUdy. 
The origin of organic contaminants in Mullet Creek, surrounded 
by pristine parkland, is unknown. The source of moderate 
enrichment in heavY metals in sedinients adjacent to Gunderman 
on the main Hawkesbury River,'which is not accompanied by 
high organic contaminants, is also unknown. Heavy metal COIl-

Table 4. Comparison of heavy metals iii four Sydney 
estuaries . . . 

EstualY 

Hawkesbury R: 

n=108 

Georges R.I . 

Botany Bay 

n=260 

Port Hacking ' 

n=42 

Mean 

Min. 

Max. 

Mean 

Min. 

Max. 

Mean 

Min. 

Max. 

42.5 

17 

221 

21 

415 

62.0 

33 

140 

46.7 

174 

155.4 

29 

827 

123.9 

71 

291 

140.4 

82 

297 

393.0 

76 

2132 

183.0 

III 

367 
centratiolls in sediments of the main Hawkesbury River are · Port Jackson 

reasonably uniform, except for Zn, which shows substantial 
enrichment at the confluence of the Colo River. This distribu
tion is similar to the findings ofShotter et al. (I 995), who showed 

Mean 121.8 '268.1' 

·26 

552.8 

n=208 Min. 

Max. 
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Figure 6. Distribution of total chlordane in the total sediment. 
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. Arakel (1995) presented heavy metal results aggregated 
according.tostream order for the Hawkesbury River and tribu
taries, making comparisons difficult. However, Arakel (1995) 
found the highest heavy metal concentrations were associated 
with sediments ofhigh"order catchment streams, rather than the 
estuarine section·ofthe.river. The current data indicate a strong. 
relationship betweencontaminantloading and source, irrespec~ 
tive'ofstream order. 

Comparison of average bottom-sediment P concentrations 
in the Hawkesbury River with a number of other estuaries from 
around Australia (Table 3) jllustrates the high level of enrich
ment; ' bio-available P, totalP; organic p. and inorganic P, in 
particular, can be directly compared, as similar analytical methods 
have beerf.used to .measure them. The Hawkesbury River has 
the highest average total Pconcentrations ofthesevenAustralian 
estuaries. In terms ofland use, the Swan-Canning estuary is the 
most comparable to the Hawkesbury River, being located in the 
Perth. metropolitan area and fed by rivers that drain agricultural 
land. The Swan-Canning estuary, which i~ considered eutrophic 
with the occurrence of regular algal blooms in the upper and 
lower: reaches (Hill et al. 1992), has similar sediment total P, 
organic P and inorganic Plevelsto the Hawkesbury River. The 
Peel Inlet and Harvey Estuary are also highly.eutrophic: with 

150·50' 151 ~ 00' . 
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35·40' 

o 5 km 
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Figure 7. Distribution of dieldrin in the total sediment . . 

nuisance accumulations of aquatic macrophytes and regular 
blooms of bluecgreen algae (HiWet aLI992), but they have 
considerably lower total P, organic P and inorganic P concentra
tions than the Hawkesbury system. 

The regional distribution of nutrients and TOe displays 
soine similarities with metallicimd organic contaminants, but 
different species exhibit separate spatial pattems. ·For example, 
organic P,TKN and TOC have similarspatlal distribution 
pattems, being most elevated at Berowra Waters and in the 
upper Cowan Creek, which is consistentwithhigh heavy metals 
and organic. contaminant concentrations. However; these com
ponents are. low . in southeast Pittwater; where metallic' and or-· 
ganiccontaminantconcentrations are high. Because of the 
frequent association of nutrients with STPs; spatialdistribu
tions and potential sources are discussedJor the. fluvial section 
in the following section. 

Influence ofST(1s on sediment quality 
A limited number (27) of streambed samples were taken from 
South, Eastem and Cattai Creeks to determine the influence of 
STPs on sediment quality. They show that heavy metal values 
anislightiy higherdowrrstreain of some STPs than above them, 
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.;Broken 

Bay 

DIELDRIN (ug.kg·1 ) 

.. >20 

~ 

D 
¢ STP 

5 to 20 

below detection 0 

• STP > 2000 kl/day 



USE OF SEDIMENTS TO ASSESS ENVIRONMENTALIMPACT 185 

but other than fOf Zn, there-is no evidence that metallic con
taminants discharged from theseri,versaffeCt the main 
Hawkesbury River channel. There is al~9no consistent evidence 
of increased concentrations of any organic. t()xicant downstream 
from STPs. Organic contaminant concentrations, with the pos
sible exception of chlordane (alpha, ,gamma and total), DDT 
and.heptachlor, decline downstream in South, Eastern and Cattai 
Creeks such that at the confluence with the Hawkesbury River 
they are at the same level as the main channel. A similar study 
undertaken above and pelow an STPon Cattai Creek showed 
that heavy metals are -elevated for only a small distance « 100 
m) downstream from the discharge point (ArakelI995). A high
density (139 samples) study of the fine fraction of South· Creek 
bed sediments indicated a gen-eral enrichment of two to five 
times in heavy metals in the urban reaches of South Creek over 
the upper rural reaches (Thoms & Thiel 1995). Although samples 
were taken every 500 m, no relationship between metals and 
STPs is evident.. '. ' . 

SedimeI1t samples taken from above and below the Hornsby 
STP on Waitara Creek are 5-10 times enriched in heavy metals 
compared to background andto average concentrations for the 
main Hawkesbury channel and estuary:Ine same applies to 
sedimentabove and below the STP 6nth~Calna Creek, except 
enrichment there is approximately 2-5 times. Sediment samples 

0 Skm 
, I 

frbm a.nearby controlriver (Old Mans River, Fig. 2), unaffected 
by the Hornsby STP, have heavyrnetal concentrations close to 
qackground (Birch et aL 1998). Organic contaminants are absent 
or in very low concentrations in sediments ofWaitaraand'CaIna 
Creeks. Data of Shotter etal. (1995) shbw that heavy metal 
concentrations decline rapidly downstream of the STPandprobc , 

ably do not affect sediments at the head ofBerdwra estuary.. ,. 
The effect of STPs on the bed sediment oftheHawkesbury 

River and its tributaries in termS of heavy metals. and .organic 
contaminants does not appear to be excessive, from the data 
acquired during the current investigation: ,The relatively high 
heavy metal concentrations in Waitara Creek and; to' a lesser 
extent,.CalnaCreek; occur above and below the STPs; sedi" 
ments downstream of the large number'of STPs in the South, 
Easteinand Catttai Creek catchments show no marked elevac ' 
tion in,heavymetals. High heavy metal «oncentrations were 
also found above and below STPs on Cattai Creek by Arakel 
(1995), and metal values decreased to base level within 50 m 
downstream of the STP. Organic contaminant concentrations' 
from the South, Eastern and CattaiCreek catchments are inc on
clusivewith regards to STP sourcing, and these toxicants are 
absent or in very low concentrations below the STPs onWaitara 
and Calna Creeks .. 

• > 200 II 

III 100 to 200 &. 
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Figure 8. Distribution of available phosphorous in the mud fraction «63)lm)'of,the .sediment. 
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All nutrients and TOC, e?,cept inorganic'P, are elevated 
below STPs on Waitara,' South and'Cattai Cr'eeks; however, 
available P, organic P and TKN exhibit a strongassociaiion with 
STP discharge. Arakel (1995), likewise, found elevated TKN 
and TP concentrations in sediments downstream of STPs iIi 
Cattai Creek, but that enrichment' declined to base level within 
50 mof the discharge point. The high TKNconcentrations in 
most tributaries influenced bySTPs suggest' that some organic 
nitrogen 'and ammonium may be supplied by anthropogenic 
sources. This combination of elevated bio-available P and TKN 
levels in Waitara,Berowa and Cowan Creeks highlights the 
sediment as ii possible causative factor in the poor water qual~ 
ity associated with these water bodies (Williams & Callaghan 
1991, Savage pers. comm~ 1992;James 1993). The relationship 
between nutrients and contamin'antsmay .also have implications 
regarding source. The absence ofavailable P·enrichmentasso
ciated with elevated metallic and organic contaminant concen
traticinsin southeast Pittwater suggests a source either than STPs 
for 'these areas. 

J5.lamer et al 1990; Luoma 1990), potential storage is largely a 
function of sediment texture· and hydrology: The Hawkesbury 
River. is divisible into an, upper fluvio-tidal reach, dominated 
by COarse sediments, and an estuarine section, whiclibecomes 
increasingly muddy seawards. The 'upper fluvio-tidal channel 
does not appear ~o have . the capacity for extensive fine-sedi
ment storage and, according to Hughes (1995), it acts asa 'sedi
~ent transfer zone', where predomin;mtly coarse sediment is 
temporarily stored. Moderately high heavy metal concentrations 
identified in flood plain sediments between Richmond and Cattai 
Creeks" especially in flood basins and levee toes (Parker 
pers.comm.1992,.simons 1993), may constitute an important 
potentiai'storage inthe upperreaches of the Hawkesbury Rivet 
These sediments may act either as a temporary storage between . 
floods or a longer term sink for contaminants; The moderate 
heavy metal contents of fluvial channel sedimentin. the upper 
Hawkesbury Riverare easilyerodable, but the sigll'ificance of 
these deposits to' store contaminants and act as, a secondary 
source depends on their texture and lateral and vertical extent. 
The thick and extensive accumulations of contaminant-rich mud 

Contaminant and nutrient storage in the upper reaches oflower estuary tributaries may be erodable 
Because most contaminants and nutrients are associated with by tidal and fluvial processes (Taylor & Birch 1995) and may 
the fine fraction of sediment (Forstner & Wittmapn 1979", . constitute a large secondary source of toxicants. , 
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, Bed sediments in the upper tributll;riesofthe Hawkesbury 
River appear to be actihgas a sinkfor'Pdischarged froIhSTPs 
imd other anthropogenic' sources:: Pho~jJhorus assocIated, wIth 
freshwater discharges may be , incorporated into bottom sedl
inents in the tributaries by a number of processes,· including 
coagulation or sorption onto particulate material, which is sub
sequently removed through sedimentation (Eyre 1994), biolog
ical uptake and sedimentation (Kemp & Boynton 1984), and 
flocculation, and , precipitation reactions with iron and -humIc 
material (Brayet al. 1973, Sholkovitz 1976; Boyle et aL1977, 
Smith & Longmore 1980). This benthic removal ofP plays an 
important roie, as it largely determines the system's ability to 
buffer changes in external P inputs (Van Raaphorst et al. ', 1992), 
However, accumulating Pmay have re'achedlevels that will cause 
the bott;m sediments to act as , a secondary pollution source 
(Eyre &'McConchie 1993) that Significantly affects theoverly~ 
ing water column., Whether 'sediment acts as a source or smk 
fof P in the 'Hawkesbury River system will be determmed by 
the depositional environment and associated early diagenetic 
reactions (Ruttenberg 1993), ' 

, 150' 50' 151'00' 

35 ' 30' 

, 35'40' 

5 km 
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l\1obUity andbio .. availability '., ' 
Jh~ to~i·city. of heavy ~etalsin oxic sediments' from· aquatic 
\~nvironinents'ismore closely related tot~e free m~tallOnac" 
tivity than tototaJ concentrations. Extensive sequential parti
tioning on.oxic bottom sediments through.olltthe Ha:vkesbury 
River by Arakel (1995) gives an insight, into thereaEtJvI~y level 
and, hence, the potential bio-,availability of contamjnants m these 
river bed sediments. The data indicate that >50% oqhe total 
metal load is chemically reactive, especially in the upper catch
ment streams and fluvio-tidal section,Jor Cu, Ni, Pb and Zn for 
both 'th~upper, oxic" easily transportable m~terial,. asweIl as 
the undeflying anoxic sediment. ~oreover, the reactIvIty levels 
of Cd, Gr; Cu, Ni and Pb in sediments collected downstreamof 
STPs are markedly higher.than il)samplesllP.stream of the pomt 
soUrce. Arakei (1995) found ,Cll t.o be ,the main .. oxide-b()und 
metal in the estuarine section, wher~as Cd has the highest 
reactivity leyel and Pb is th~ only metal with a substantial 
association with organic matter, Work done during l?,w;floW 
conditions, when sewage-derived effluent contributed >70~ of 
runoff on Cattai Creek fine sediments indicates a relative1Y.hlgh 
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reactivitylevet and mobility for Pb; Zn (>40%) and, to a lesser 
degree, Cd. The high organic loading of the sediments during 
these conditions may increase reactivity through the" interpla'y 
of bottom dynamics and potentiaf'redox changes." 

Bio-available(Colwell} P is the fraction most applicable to 
considerations of water quality; however .caution needs to be 
applied when comparing bio-available concentrations between 

. estuaries (Table 3), as a number ' of different analytical pro
cedures have been used. · IM ·NaOH was used to extract bio
available P in the Peel, Harvey, Leschenault and Swan~Canning 
estuaries (Hill et al.I992). This is a much stronger extractant 
than the Cowell extractant(bicarbonate) and,as such, extracts a 
much l'arger proportion of the total P. The highly bio-available 
P levels in the Moresby estuary are probably alsoanoveresti

'mate, because a.Bray extnictantLsample, ratio of 30:·1 was used 
instead of the standard 7: I . The most comparablebio-available 
concentrations are those from the Johnstone.estuary, which are 
significantly lower than, those from the Hawkesbury River. An 
adequate soil for crop production has a Colwell-P concentration 
ofabout30Ilg.g~I(P. Moody pers. comm. 1995); also signifi
cantly 'lower' than the ' average sediment concentration fOLthe 
Hawkesbury River. Furthermore, many of the sediment samples 
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from ,the more polltited tributaries have bio-available (Colwell) 
P concentratipns apprQaching or exceeding total P levels in ,the 
P.eel, HarveY"and Leschenault esniariei. Clearly; elevated sed i
ment'Plev~ls in the Hawkesbury system have', the potential to 
significantly affect overlying. water quality. " . 

Bottom sediments are ·an Important source ofnutfients for 
'primaryproduction in estuarine systems (e.g. Fisheret al.1982, 
Kunishi & Glotfelty 1985; Seitzinger 1991). Phosphorus may 
be supplied tothe water column via a nUl:nber of m~chanisJ;Ils, 
including pore water diffusion, d~sorptionariq' dissQJution. These 
processes 'may regulate dissolv<;d inorganic P (DIP) concentra
tionsin estuarine wateicolumns in the approximate range of 
20-40 Ilg.V (i.e. bufferirig rriechimism) (Jitts 1959,Pomeroy 
et al. 196~, Froelich. 1988). rhis buffering mechariism predicts 
that whenI)IP corice~trations in the water column are 10w;DIP 
will be s'uppl(ed from suspended m~terialand .botfpm s,ediments, 
and when DIP concentrations.are high, DIP will be removed 
from the w~ter C'6lUlllU. Clearly, thishas important implications 
for managem'ent of the HawkesbulysysteITI, since sediments 
with elevated P levels may still provide a sigilificant supply of 
P to the water column when external s~JUrces? e.g. STPs,are 
regulated,or removed; .c,; " 
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Contaminant dispersion and accumulation 
The Hawkesbury River system is the least affected of the major 
central New South Wales estuaries in terms of metallic and 
organic contaminants, either because of a limited source or the 
hydrology and geomorphology of the river system. 

During low flow, the upper fluvio-tidal section of the 
Hawkesbury River is static, with neither fluvial nor tidal pro
cesses able to mobilise substantial sediment, whereas in the 
I?wer estuary, large amounts of fine sediment are mobilised by 
tidal processes (Hughes 1995). During flood events, fluvial pro
cesses are responsible for transporting substantial material 
through the upper reaches into the estuarine section. Here, the 
predominant depositional morphology is muddy inter-tidal and 
subtidal point bars, tidal levees and backplain mangrove 
swamps. Residence times for surface water in the main drain
age channels commonly exceed a period of weeks (ArakeI1995) 
and sediment flushing is probably restricted to times of flood
ing. Estuarine tributaries (Berowra, Cowan, Mooney Mooney 
and Mullet) are not filled by marine or fluvial deltas, but thick 
deposits of mud from the upper reaches of the Hawkesbury River 
accumulate in these deep basins. 

The hydrodynamics and sedimentary characteristics of the 
upper and lower reaches of the river are fundamentally differ
ent; however, on a size-normalised basis, sediment contami
nant and nutrient concentrations are consistently low for the 
entire length of the malO channel of the river, as well as in the 
deep mud basins of the lower tributaries. This is also true for 
cross-river distributions, where fine sediment from mid-chan
nel, intertidal and mangrove mud flat environments have con
sistently low metal concentrations (Shotter et al. 1995, Birch et 
al. 1998). These distributions are in contrast to steep contami
nant concentration gradients at the heads of mud-filled tribu
taries (Cowan and Berowra Creeks, and Pittwater) in the lower 
estuary and downstream of STPs in the fluvial section, where 
va~ues decline to base level a short distance from the discharge 
poIOt. 

Consistently low size-normalised contaminant and nutrient 
c~ncentrations in the upper, vigorous reaches of the Hawkesbury 
RIver, steep contaminant gradients away from point sources in 
the lower depositional section, and minor impact of tributaries 
on sediments of the main channel all suggest that a limited 
source, rather than hydrodynamics or geomorphological fac
tors, is the dominant control on contaminant and nutrient distri
bution in the Hawkesbury system. 

Conclusions 
The. generally low concentrations of metallic and organic con
tammants for most of the Hawkesbury River and tributaries re
flect the dominant land use of low-density urban, rural and 
parkland (5%) for the catchment. Isolated areas with" high 
contaminant concentrations-Berowra Creek, upper Cowan 
Creek and southeast Pittwater-are associated with more intense 
land use. 

A concentration of marinas and intense boating activities, 
probably supplemented by local industry in the catchment, 
results in high concentrations of metallic and organic contami
nants, but low nutrient loads in surficial sediments of southeast 
Pittwater. Maritime and recreational activities in pristine 
parkland in Cowan Creek produce similar contaminant load
ing, a~d elevated nutrients suggest additional sewage input. 
UrbamsatlOn and mdustrial activity in the Berowra Creek 
catchment are associated with high levels of contaminants and 
nutrients in sediments of the upper creek. Additional contami
nants and nutrients are being introduced into the middle reaches 
of Berowra Creek at an isolated urban development at Berowra 
Waters. 

Of particular interest to this study is the influence of large 
volumes of STP-derived effluent on bed sediments of the 
Hawkesbury River and estuanne system. Of primary concern 

in this regard are the catchments of South, Cattai and Waitara 
Creeks. Except for a few anomalies, the heavy metal content of 
sediments in South and Cattai Creeks is similar to that of the 
Hawkesbury River main channel and close to background, 
whereas organic contaminants are only marginally enriched 
relative to the Hawkesbury main channel. Heavy metal 
concentrations are substantially enriched below the Hornsby 
STP on Waitara Creek, but high values above the STP indicate 
a substantial contribution from stormwater drainage in the up
per catchment and the STP contribution per se is problemati
cal. Nutrient concentrations are substantially higher in alJ creeks 
supplied by STPs and in the case of South and Cattai Creeks 
nutrients affect the main Hawkesbury River channel sediments: 
This considerable reserve ofreadily available nutrient, as welJ 
as those in the upper Berowra and Cowan Creeks, needs to be 
recognised in understanding instances of algal blooms and 
eutrophication and in modelling of the river system. 

Although contaminants and nutrients from local sources 
affect some tributaries substantially, the main channel of the 
Hawkesbury River shows consistently low concentrations, ow
ing to low contaminant loads rather than dilution or rapid dis
persion. The use of metalJic and organic contaminants as well 
as nutrients has helped differentiate the contribution of a num
ber of different sources, e.g. marine activities (mainly heavy 
metals), urban/industrial output (organochlorines/pesticides and 
heavy metals) and the contribution of STPs (mainly nutrients 
with irregular metallic and organic contaminants). 

The results of this investigation emphasise the usefulness 
of sediments in environmental impact assessment, because they 
provide time-integrated information. This is a valuable comple
mentary aspect to the dynamic and synoptic water quality data. 
The fact that there are few contaminant data presently available 
for aquatic sediments in Australia 'and no sediment quality guide
lines should be of considerable concern to authorities manag
ing Australian water resources. 
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Behaviour of aluminium and iron in acid runoff from acid sulphate soils in 
the lower Richmond River catchment 
Angus Ferguson I & Bradley Eyre l 

Aluminium and iron concentrations and panitioning between par
ticulate, colloidal and dissolved forms were examined in acid run
off from known acid sulphate soil environments in the lower 
Richmond River catchment during dry season conditions. Chroni
cally acid drains in the Tuckean Swamp and Rocky Mouth Creek 
exhibited extremely high concentrations of dissolved metals 
(8-10 mg/L AI, 5mglL Fe). Dissolved aluminium and iron were 
quickly transformed to solid hydroxide species, which were rapidly 

Introduction 
Potential acid sulphate soils occur in Holocene backswamp de
posits along much of Australia's eastern and northern coast
lines. They remain 'potential' and, therefore, harmless as long 
as the local water table is kept high enough to maintain reducing 
conditions in the soil. If soils are disturbed or the water table is 
lowered either during an extended drought or by artificial drain
age, pyrite in the soil can oxidise, producing large amounts of 
sulphuric acid. The soil then becomes an actual acid sulphate 
soil. Subsequent rainfalls can flush accumulated acid from the 
soil into adjacent drains and waterways, reducing pH to below 
3.0, mobilising dissolved metals such as aluminium and iron, 
and reducing dissolved oxygen. 

High levels of dissolved metals in acid runoff may poten
tially have a range of acute and chronic effects on estuarine 
biota. Large fish kills after rainfall in acid sulphate soil environ
ments are believed to be linked to toxic levels of aluminium in 
acid runoff combined with low dissolved oxygen levels (Brown 
et al. 1983, Sammut et al. 1993). Flocs of iron and aluminium 
oxides in acid runoff may smother aquatic plants and benthos 
(Dent 1986), and cause shifts in the makeup and diversity of 
aquatic plant communities towards a simpler suite of acid- and 
aluminium-tolerant species (Klepper et al. 1992, Sammut et al. 
1994). Acid runoff and associated aluminium toxicity may also 
impact directly on human populations if allowed to contami
nate domestic drinking water, as in coastal areas of Vietnam and 
Indonesia (Dent 1995). 

Increasing concern over environmental impacts on estuarine 
ecosystems has prompted numerous studies looking at acid run
off from acid sulphate soils (e.g. Callinan et al. 1992, Lin & 
Melville 1992, Virgona 1992, Willet et al. 1992, White et al. 
1993, Sammut & Melville 1995). However, most of the hydro
logical and physicochemical studies have focused on isolated 
events (e.g. Sammut et al. 1993), and small areas (e.g. White & 
Melville 1993), with no long term regional studies undertaken 
to assess the off-site seasonal impacts of acid runoff in the 
wider estuarine environment. Estuaries function as important 
sinks, sources and transformers of trace metals, thus modifying 
the quantity and quality of trace metals transported from the 
land to the ocean (Eyre & McConchie 1993). These estuarine 
processes also control the partitioning and, ultimately, the ef
fect that high metal concentrations in acid runoff will have on 
the estuarine ecosystem (Benoit et al. 1994). 

This study looks at aluminium and iron concentrations and 
behaviour in acid waterways of the lower Richmond River catch
ment to the Richmond River estuary. Filtration through pro
gressively fine filters was used to separate particulate, colloidal 
and dissolved fractions, while thermodynamic computer mod
elling was used to estimate likely metal speciation. 

I Centre for Coastal Management, Southern Cross University, PO 
Box 5125 East Lismore, NSW 2480, Australia 

removed from the water column by the aggregation and precipita
tion of diaspore and hematite in distinct flocculation zones, as 
water was subjected to steep pH and salinity gradients. This sug
gests that high metal concentrations may be found In benthic 
;ediments and biota. Dissolved metals in acid runoff represent a 
major source of environmental pollution and, combined with the 
effects of acidity and low dissolved oxygen levels, pose a signifi
cant threat to estuarine ecosystems. 

Study area 
Geomorphology 
The Richmond River catchment on the north coast of New South 
Wales is part of the Clarence-Moreton Basin and has an area of 
about 6900 km2 (Fig. I). The underlying geology of the catch
ment comprises various metasediments, dating back to the 
Palaeozoic, partially overlain by basaltic rocks of the Tertiary 
Lamington Volcanics-lava flows from the Mt Warning/ 
Wollumbin shield volcano Neranleigh-Fernvale Group 
(McTaggart 1961). 

The present lower Richmond River catchment consists of 
an extensive floodplain of Quaternary alluvium, extending in
land past Lismore and Casino. The Richmond River estuary is 
believed to be a mature infilled barrier type (Roy 1984), with 
barrier systems and mixed sediments of Pleistocene origin largely 
overlain by Holocene alluvium and estuarine sediments. The 
Post Marine Transgression, occurring since the end of the last 
ice age inundated the Pleistocene landscape of the lower Rich
mond, and infilling with Holocene sediments and reworking of 
Pleistocene sands have created highly variable floodplain envi
ronments (Morand 1994). 

Acid sulphate soils in the Richmond River catchment 

Significant areas of potential acid sulphate soils have accumu
lated in protected estuarine embayments and behind barrier sys
tems during the formation of Holocene floodplains in the lower 
Richmond River catchment. Large acid sulphate soil deposits 
have been identified in the Tuckean Swamp (R. Smith pers. 
comm. 1995) and in the Rocky Mouth Creek area (Naylor 1992), 
with smaller more localised deposits occurring around North 
Creek, Maguires Creek, and Bungawalbyn/Sandy Creeks. 

Climate and hydrology 
The Richmond River region enjoys the highest annual rainfall of 
New South Wales, with summer ma\lma and fairly high 
interannual variation. The climate is controlled by two major 
influences: the subtropical high-pressure belt during winter/ 
spring, bringing clear, mainly dry conditions; and easterly mon
soonal tradewinds during summer/autumn, bringing warm hu
mid conditions. Tropical cyclones may affect the region from 
about January to April, bringing heavy rainfall and flooding. 

Baseflow conditions 

Baseflow conditions exist in the Richmond River catchment 
from approximately July to December. Surface runoff during 
this period ceases and streams in the upper Richmond and Wil
son River catchments are fed by groundwater. In the floodplains 
of the lower catchment, including acid sulphate soil environ
ments, watertables drop, owing to evapotranspiration, and fresh
water flows all but cease. Tidal influence becomes stronger in 
floodplain waterways as the estuary migrates upstream. The 
freshwater/saltwater interface may reach as far inland as Coraki. 

In areas where tidal inundation has been excluded by one
way flood gates (e.g. Tuckean Swamp; Rocky Mouth Creek) 
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the water table may fall below water levels in drains and qeeks, 
causing the ground to be irrigated by sub-surface flow from the 
watercourse (e.g. White & Melville 1993). While tidalgatt;:s are 
effective inJeducing the bulk of tidal flow, most tend to leak to 
a limited degree sothat the water quality of drain waterreflects 
that·ofthe main tidal channel during periods oflow freshwater 
flow. Acid conditions recede Jo . the top of the Rocky Mouth 
Creek, Salldy.Creek arid North Creek systems during the dry 
seasori. In the Tuckean. Swamp; watertable.levels may be kept 
higher by groundwater flow from higher surrounding areas, so 
that drain. water che!llistry is still· influenced by.1)cid ground~ 
water, although a brackish-water wedge' may migrate some 
kilometres upstream of the Bagotville Barrage. In low-lying 
swaf!lps without. artificial drainage and tid" gates (e.g. · Ballin1) 
Nature Reserve), watertable.levels are f!laintained f!lUcblligher, 
owing to regular tidal inundation. Drains in· BalliJ;la]Mature 
Reserve are fully tidal and their physicochemical watetquality 
is usually the same as the main estuarine channel. 

Wet season 
The -.ye.t season in the Richmond River catchment occurs from 
approximatelyDecember-to May, as weather patterns become 
inc;r~asingly .. dominated by a northerly monsoonal influence. 
Trop·icalcc.YcI9nes during this periogcan bring torrential rains to 
the upper Wilson River and Richmond .River catchments, 
resulting inflo.octing .. Relatively small floods {L in 2. year return) 
can ·flush the Richmond River estuary fresh.· to. the mouth at 
Ballina (Eyre & Twigg 1995) .. puring the recovery phase 
(dependent on .freshwater inputs), the estuary develops a salt 
wedge.and moves upstream. The freshwater/saltwater interface 
usually staJ:>ilises one to two kilometres downstream of 
Woodburn and the estuary becomes well mixed: .: , ' 

. Water·tablesinthe,1ower.catchment rise in response to high 
rainfall during the wt;:t season. Drains and creeks on the,flood
plain discharge freshwater into the estuary during large.events 
and then at low tides as freshwater discharge decreases. These 

freshwater discharges display variable water quality, depending 
on the presence and extent of acid sulphate soil deposits; the 
magnitudeofth~ rainfall event and. the mechanisms which create 
the flow response. Sf!laller rainfalls may cause discharge of acid 
groundwater alone,while larger, more intense falls create an 
initial overland flow response. followed by groundwater 
discharge. 

Water quality 

Drains in Tuckean Swamp anct'Rocky Mouth Creek suffer from 
severe chronic acidification (pH~3.2)formost oftheyear. Over 
halfthe Tuckean Broadwater is affected by acid freshwater dis
charge (pH ~3.5.} from Tuckean Swamp during the wet season, 
with acid conditions receding during the dry season. Sandy Creek 
also suffers from severe acidification for most ofthe year; how
ever, impacts are largely diluted by BungawalbynCreek.Lower 
drains on the MaguiresCreek floodplain acidify during the wet 
season, but acid discharge is diluted by non-'acid runoff from the 
upper catchment. North Creek suffers some acidification inthe 
tidal creek during the wet season,with neutral conditions in the 
estuary. The Richmond River. suffered only mild acidification 
(pH ~6.8) between the.Tuckean Broadwater and'Woodburn 
during the wet season. It appears that the degree of acidification 
in a waterway largely depends on the extent of acid sulphate 
soil deposits ·in the catchment relative to'the overall catchment 
size' (i.e. acid runoffvs non"acid runoff). Large storm events' 
may inundate low-lying swamps; causing overland flows of 
anoxic water, whichmaymix with and compound the effects. of 
acid groundwater (Ferguson & Eyre 1995). 

Methods 
" 

Trace metals 

Sample runs for trace metal analysis were carried·out over. one 
week during dry season conditions in early September 1995·. 
Acid conditions had receded to their minimum extent and estuarine 

Figure 1. The Richmond River 
catchment, showing locations of 
study waterways 'and sample 
sites."'" 
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influence was at its maximum in each of the study waterways, 
allowing samples to be taken across a full range of pH and 
salinity in most cases. In order to investigate metal partitioning 
between particulate, colloidal and dissolved fractions , samples 
were filtered through progressively fine filters . Nominal cut-off 
sizes were: 

particulate 
colloidal 
dissolved 

>0.45 mm, 
0.45 - 0.05 mm, 
< 0.05 mm. 

Metal speciation in each sample was determined by com
puter modelling, using the MINTEQA2 (version 3) chemical 
speciation program. Thermodynamic parameters (pH, Eh, tem
perature) and total metal concentration for each sample were 
entered into the model , along with brackish water chemical 
composition, estimated by dilutions of average seawater com
position given by Holland (1978). 

Ultraclean protocol was followed during precleaning, sample 
collection, treatment and analysis, as low trace metal levels were 
expected in the non-acid estuarine waterways. Polyethylene 
sample bottles, filter assemblies (Millipore), polycarbonate 
sample vials, and plastic bags were washed with detergent and 
water, rinsed with Milli-Q water, then soaked in 33% HCI at 
600°C for 24 hours. After the acid bath, all plasticware was 
rinsed in Milli-Q water, and sample bottles were filled with a 
storage solution of 0.5% ultrapure HCI (Aristar). Filter assem
blies were loaded with 47 mrn diameter, 0.45 mm cellulose mem
brane filters in a clean area of the laboratory, and then sealed in 
washed zip-lock plastic bags. 

Trace metal samples were taken from mid-stream at inter
vals of approximately 5 on the Practical Salinity Scale from 
seawater to freshwater along the axial salinity gradient of the 
main estuary, and along the waterway associated with each study 
area. The Practical Salinity Scale is defined as a conductivity 
ratio with no units (UNESCO 1985). The acid freshwater sec
tions of each study area were sampled at pH intervals of 1. 
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Samples were collected from I m below the surface (being care
ful not to collect surface scum) in the sample bottle held by a 
2 m wooden extension assembly from the bow of the boat, whilst 
motoring upwind and upcurrent. At each site, a new filter 
assembly was unpacked from its plastic bag and a sample filtered 
directly. Samples were preserved immediately with 2 milL 
ultrapure HN0

3 
(Aristar) . All samples were stored on ice and 

filter assemblies (with filters) were repacked in their plastic 
bags. Field blanks were taken at each site, using Milli-Q water 
and the same filtration and preservation procedures. Salinity, 
pH, redox, dissolved oxygen, turbidity and temperature were 
measured in situ with a Horiba U-IO multiprobe. 

Samples were returned directly to the laboratory and lOOmis 
of filtered sample was refiltered through a 0.05 rpm cellulose 
acetate membrane filter within 4 hours in a clean area of the 
laboratory. All filtered samples were then preserved with 2 milL 
ultrapure HN0

3 
(Aristar). 

Analytical procedures 
Aluminium in each of the filtrates was analysed by the pyrocat
echol violet method (Cleseri et al. 1989), with a detection limit 
of 0.003 mglL and an analytical error of ±O.O I mgIL. lron in each 
of the filtrates was analysed by direct flame atomic absorption 
spectrometry, using an acetylene flame (Loring & Rantala 1992), 
with a detection limit of 0.1 mglL and an analytical error of 
±0.2 mg/L. All samples were analysed in triplicate and analyti
cal errors were determined as the average % Cv. Milli-Q field 
blanks were subtracted from sample concentrations. 

Results 
North Creek 
Aluminium concentration and partitioning in North Creek varied 
little along the salinity gradient of the creek (Fig. 2). Particulate 
aluminium forms made up the most significant fraction, followed 
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Figure 2. Particulate colloidal and dissolved forms of iron and aluminium in North Creek, 9/9/95. Speciation was 
calculated by the computer model MINTEQA2. 
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by dissolved forms, with colloidal forms representing only a 
minor fraction of the overall sample. Computer modelling by 
MINTEQ predicted that the aluminium in North Creek con
sisted entirely of aluminium hydroxides. Solid AI(OH)3 is the 
dominant particulate fraction along most of the creek, and 
decreases in particulate concentration at salinities 10 and 24 are 
consistent with predicted increases in AI(OH)3 and increased 

N 

r 
3km 

"---'----"----', 

Figure 3. Tuckean Swamp, showing the layout drainage 
structures and sample site locations. 

Saunity 

precipitation of solid aluminium hydroxides (diaspore). Overall , 
there is a removal of particulate aluminium in the most saline 
part of North Creek (i.e. before its confluence with the Richmond 
River estuary near the mouth at Ballina) due to increased aggre
gation and precipitation caused by the higher ionic strength. In 
contrast, dissolved aluminium remained relatively stable along 
the creek transect. 

Iron in North Creek existed primarily as particulate forms , 
which gradually decreased along the salinity gradient of the 
estuary (Fig. 2). Colloidal iron existed in minor concentrations 
along the creek, while dissolved iron was detected only at the 
freshwater end. Increases in iron concentration at salinities 19 
and 29 correspond with an increase of colloidal iron. This colloi
dal iron may reflect increases in aqueous Fe(OH)3 and Fe(OH).
which are predicted by MINTEQ. 

Tuckean Swamp 
The Tuckean Swamp sample transect was taken from 
Hendersons Drain at the top of the Tuckean Swamp, along the 
Main Drain and into the Broadwater (Fig. 3). Salinity and pH 
gradients during the sample run were both relatively steep from 
the acid drains down to the brackish estuarine waters of the 
Broadwater. High concentrations of dissolved aluminium made 
up the majority of the sample (Fig. 4) and were detected along 
the acid section (PH <4.0) of Main Drain between Tucki and 
Meerschaumvale Drains (Fig. 3). The MINTEQ modelling 
showed a transition towards aluminium hydroxide species above 
pH 4.0 (at the confluence of Main Drain and Tucki Drains), and 
the precipitation of diaspore caused rapid removal of aluminium 
in the water column. The particulate aluminium fraction became 
more dominant at this stage, probably reflecting supersaturated 
diaspore and aggregated AI(OH)r Further removal of aluminium 
from the water column occurred rapidly as the salinity increased 
to 5.5 at the Bagotville Barrage. Aluminium concentration in the 
Broadwater was low and was predicted by MINTEQ to consist 
almost entirely of AI(OH)] and AI(OH).-. 
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Figure 4. Particulate colloidal and dissolved forms of iron and aluminium in the Tuckean system, 13/9/95. Speciation was 
calculated by the computer model MINTEQA2. 
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Iron concentration in the Tuckean system generally followed 
trends displayed by aluminium; however, total iron concentra
tion decreased further up the system than did aluminium (Fig. 4). 
This is due to the precipitation of solid iron hydroxide (hematite), 
which was predicted to be supersaturated even in the most acid 
sections of the drain. The extreme acid oxidising conditions of 
Meerschaumvale Drain displayed the most heterogeneous iron 
composition, with dissolved ferric and ferrous forms, along with 
chloride, sulphate and hydroxide complexes. As concentration 
increased towards the middle acid section of Main Drain, 
dissolved ferrous iron became dominant over dissolved ferric 
iron. As salinity and pH increased, particulate iron increased, 
with the formation of iron hydroxides in the water column and 
the precipitation of hematite. There was a rapid decrease in 
total iron concentration above a salinity of I. Iron species in the 
Broadwater consisted entirely of iron hydroxides. 

Rocky Mouth Creek 
Concentration of aluminium in Rocky Mouth Creek increased 
exponentially as pH decreased upstream (Fig. 5), with the high
est levels found at the upper limit of the creek, where acid water 
(pH - 3.2) was pooled. Samples from the top section of the 
creek consisted entirely of dissolved aluminium, with All+ the 
dominant species at pH <5.0 and smaller levels of aluminium 
sulphate complexes. Particulate forms became relatively more 
abundant as pH rose and concentration decreased. This corre
sponded with the predicted increase in solid AI(OH)3 and pre
cipitation of diaspore. Acolloidal aluminium fraction was absent 
in this sample run . 

Iron displayed a similar trend to aluminium along Rocky 
Mouth Creek, increasing towards the most acid end of the sys
tem. In contrast to aluminium, colloidal forms were detected at 
all sites and formed the dominant fraction at pH >4 .8. Below 
pH 4.8, dissolved iron was the most abundant, consisting of 
ferric and ferrous iron, ferrous sulphates and iron/chloride com
plexes. Particulate iron formed only a minor part of the total 
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iron concentration at most sites; however, it became relatively 
more important as concentration decreased, with all iron in the 
water column occurring as hydroxides (Fig. 5). 

Sandy Creek 
At the time of sampling, acid conditions throughout much of 
Sandy Creek had been either neutralised or flushed by tidal 
exchange, apart from a small flow of acid groundwater (PH - 4.3) 
at the limit of the tidal creek. pH level was high at the confluence 
of Sandy Creek and Bungawalbyn Creek, owing to the presence 
of an algal bloom in these waters. The rise in pH is caused by a 
high photosynthetic CO

2 
demand from the algal biomass (Morel 

1983). Salinity increased slightly moving up the creek, owing to 
a rise in sulphate level. Aluminium concentration along most of 
the creek was low; however, there was a minor rise below pH 
5.0 (Fig. 6). Minor levels of monomeric aluminium occurred at 
the acid end of the creek. Dissolved, colloidal, and particulate 
forms were present at all sites with dissolved forms increas
ingly dominant at pH <6.0. In contrast to the Rocky Mouth 
Creek and Tuckean systems, aluminium hydroxide species 
occurred in the water column over a large part of the Sandy 
Creek system. 

Iron concentration was also low along Sandy Creek and was 
dominated by particulate and colloidal forms, with a higher con
centration of dissolved-fraction iron only at the most acid site. 
All iron was present as hydroxides, apart from a minor amount 
of ferrous iron at the acid end of the creek (Figure 6). 

Richmond River 
Richmond River samples were taken from the estuary mouth at 
Ballina to the saltwater/freshwater interface just above the 
confluence ofBungawalbyn Creek. Aluminium concentration in 
the Richmond River increased gradually along the salinity gradient 
towards seawater. Although dissolved forms dominated at all 
sample sites, particulate and colloidal forms were also detected 
in significant proportions (Fig. 7). MINTEQ modelling predicted 
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Figure 5. Particulate colloidal and dissolved forms of iron and aluminium in Rocky Mouth Creek, 11 /9/95. Speciation 
was calculated by the computer model MINTEQA2. 
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that dissolved aluminium consisted of AI(OH)4-' while the par
ticulate and colloidal forms were likely to be Al(OH)), Iron 
concentration was below the detection limit at all sites. 

Discussion 
Acid drains in the lower Richmond River catchment characteris
tically have steep pH and salinity gradients from the most acid 
end of the drain through to the estuary. Both pH and salinity 
exert controls on the speciation and total concentration of metals. 
Aluminium and iron mobilised from the soil matrix by acid water 
and subjected to steep physicochemical gradients will be trans
formed to a variety of different forms and possibly removed 
from the water column. In general , metal concentrations during 
the sample runs reflected the increasing solubility of both iron 
and aluminium with decreasing pH . Accordingly, there was a 
high concentration of dissolved monomeric forms in acid water
ways, which were quickly transformed to solid hydroxide 
species and removed from the water column by the aggregation 
and precipitation of hematite and diaspore as both pH and salinity 
increased. 

Concentrations of iron and aluminium in the Tuckean Swamp 
system were both greatest in the acid freshwater section of the 
Main Drain and were dominated by dissolved species . While 
aluminium along this section will largely be present as mono
meric Al l+, AI(OH)2+ and aluminium-sulphate complexes, total 
iron concentration is likely to include supersaturated levels of 
hematite as well as dissolved ferrous and ferric phases. Total 
iron concentration decreased as salinity increased (from sample 
sites 21 to 20), even though pH remained below 4.0. Removal of 
iron at this stage can probably be attributed to coagulation and 
precipitation of hematite as the ionic strength increases (Hart & 
Davies 1981). 

The most dramatic changes occur between sample sites 19 
and 20, where pH rises above 4.0 and there are sharp drops in 
metal concentrations and an increased dominance of particulate 
forms. This zone occurs along a small stretch just above the 
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Tucki Drain junction, where the acid waters of Main Drain mix 
with the more neutral waters of Tucki Drain. The rise in pH 
above 4.0 greatly favours the formation of iron hydroxides (Yan 
et al. 1990), which may then rapidly form hematite and precipi
tate, as shown by the results from the MINTEQ model. At 
around pH 4.5, iron complexing by humic substances reaches a 
maximum (Lefebvre & Legube 1990), creating a further mecha
nism for iron removal. The aggregation of iron hydroxides may 
be kinetically very rapid as pH rises, causing a concentrated 
flocculation zone. Removal of this particulate iron from the 
water column occurs rapidly at salinity > 1 (Anikiyev et al. 
1986), leading to the precipitation of orange/red iron hydroxide 
flocs at the freshwater/saltwater interface. In the Tuckean system, 
pH and salinity usually increase simultaneously over a short 
distance , therefore creating a particularly concentrated 
flocculation zone . This interpretation is supported by the 
obvious presence of iron hydroxides along the banks and cover
ing aquatic macrophytes of this section of drain . The back pres
sure caused by discharge from Tucki Drain serves to keep this 
floccu lation zone upstream of the junction during times of low 
flow; however, during higher flows, when acid water dominates 
the system, flocs have been observed in the Broadwater and are 
evidenced by orange/ red staining along the Broadwater 
foreshores . 

As with iron, aluminium is removed rapidly from the water 
column as pH and salinity rise, owing to the formation of solid 
aluminium hydroxide (diaspore). This transition to a solid phase 
occurs further along the pH and salinity gradients than with 
iron ; therefore, removal of aluminium was initially not as rapid 
as with iron. The flocculation of large amounts of aluminium 
hydroxide suggests that aluminium concentration may be very 
high in sediments, which may have implications for the health 
of benthic communities. Not all the aluminium is removed from 
the water column via flocculation ; however, because of the 
formation of soluble Al(OH)4- in the slightly alkaline waters of 
the estuary. 
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Figure 6. Particulate colloida l and dissolved forms of iro n and aluminium in Sandy Creek, 12/9/95. Speciation was 
calculated by the computer model MINTEQA2. 
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The Rocky Mouth Creek and Sandy Creek systems have 
much smaller salinity gradients than Tuckean and, as such, high
light the major role pH plays in determining metal concentra
tions in acid runoff. Aluminium rose exponentially with decrease 
in pH below 5.0 and reached major concentration in Rocky 
Mouth Creek below pH 3.5. Conditions in Sandy Creek were 
not sufficiently acid to cause extreme concentration of aluminium. 
Removal was still quite rapid along the pH gradient as aluminium 
became less soluble and solid forms precipitated; however, with
out a sharp freshwater/saltwater interface, the flocculation zone 
is more diffuse, and flocs were not as obvious as in the Tuckean 
system. The low salinity in Rocky Mouth Creek and Sandy 
Creek may explain the higher presence of colloidal iron hydrox
ides, since the lower ionic concentration will not induce floccu
lation to the same extent as in the Tuckean system. 

In contrast to the Rocky Mouth and Sandy Creek systems, 
North Creek had a weak pH gradient and a strong salinity gradi
ent; hence, metal concentrations were much lower. Particulate 
iron and aluminium were removed as ionic strength increased; 
however, dissolved phases of aluminium hydroxides (AI(OH)4-) 
are stable at high salinity and pH and, therefore, levels remain 
constant along the creek. The output of aluminium from all the 
study creeks correlates well with levels detected in the Rich
mond River. It appears that aluminium level in the Richmond 
River estuary is controlled by input of disso lved AI(OH)4- from 
its lower estuarine tributaries. 

Water samples for this study were taken during the dry 
season and, because of high evaporation rates, may reflect higher 
metal concentrations than those found in times of high fresh
water flow. This interpretation is supported by the high con
centrations found along Main Drain in the Tuckean system 
(sample sites 20 and 21) in comparison with lower levels 
detected in the extremely acidic Meerschaumvale Drain (sample 
site 22), which was still flowing . Acid water in Main Drain 
appears to be pooled by back pressure from the discharge from 
Tucki Drain, allowing high rates of evaporation and, thereby, 
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Figure 7. Particulate colloidal and dissolved forms of 
aluminium in the Richmond River, 15/9/95. Speciation was 
calculated by the computer model MINTEQA2. 

concentrating dissolved metal levels. Dissolved aluminium con
centration found in Meerschaumvale Drain agrees closely with 
levels measured by Sammut et al. (1994) in the Tuckean system 
during 1993 and may, therefore, more closely reflect wet-season 
levels. An alternative explanation for the high concentrations of 
iron and aluminium along Main Drain is high-level inputs from 
this section of swamp. 

The use of MINTEQA2 modelling in determining 
metal speciation 

The results ofMINTEQ computer modelling appeared to agree 
well with the partitioning of metals as determined by filtration 
to 0.45 mm and then to 0.05 mm, providing good insights into 
the processes operating in acid water systems. Owing to the 
high solubility of aluminium at low pH, it appears that filtration 
to 0.05mm is an unnecessary step in the acid drains (as well as 
costly and tedious), because ofthe low concentration of colloidal 
phase metals. Testing for other potential ligands relevant to iron 
and aluminium may help to more accurately model these metals' 
behaviour in acid runoff. Materials of interest include dissolved 
organic matter, fluoride, and citrates, all of which may affect the 
speciation and toxicity of aluminium. MINTEQ models show 
that fluoro-aluminium complexes (AIF2+, AIF

2
+) may account 

for a sign ificant fraction of dissolved monomeric aluminium at 
pH 4.0- 5.5 if the fluoride concentration is greater than 
0.001 mg/L. High fluoride concentration in natural waters is 
rare, however, since calcium will preferentially bind with the 
fluoride and remove it as stable fluorite. Dissolved organic matter 
is probably the most important consideration, owing to its strong 
affinity for aluminium (Yariv & Cross 1979, Mackin & Aller 
1984, McKnight et al. 1992) and its ability to ameliorate the 
toxicity of aluminium (Birchall et al. 1989). This is particularly 
relevant, owi ng to the high concentrations of fulvic and humic 
acids commonly found in waterways draining low-lying swamps. 

While MINTEQA2 does not take into consideration the 
kinetics involved in the transformation and removal of metals in 
the water column, the model provides good information on the 
likely metal speciation within the given thermodynamic condi
tions. The kinetics of the system may then be inferred from the 
rates of removal (or addition) of metals observed along the sample 
transect. 

Toxicity of acid runoff 

Inorganic monomeric aluminium can be extremely toxic to fish 
at concentrations greater than 0.1 mg/L (Driscoll et al. 1980), 
causing reductions in enzyme activity, impairing gill functions 
and causing lethal osmoregulatory disorders (Witters et al. 1990). 
This highlights the extreme toxicity represented by dissolved 
aluminium (up to 7 mg/L) detected in the acid sections ofTuckean 
Swamp and Rocky Mouth Creek. Although dissolved aluminium 
was confined to the drains and upper reaches of the creeks 
during the dry season, it can be expected that extremely toxic 
levels will be experienced over much greater areas (e.g. Tuckean 
Broadwater) during the wet season. Acid flows during the wet 
season also coincide with large drops in dissolved oxygen, thereby 
compounding the effects of aluminium on fish. 

Aluminium toxicity will also directly and indirectly affect 
phytoplankton and macrophytes, mainly through its competitive 
binding of phosphorous. Some aquatic plant species may com
pensate with an increase in phosphatase synthesis (Joseph et 
al. 1995) ; however, the net effect of acid runoff with high 
aluminium levels is usually a shift in macrophyte communities 
to acid-tolerant species. These effects of acid runoff were 
illustrated during the 1994-1995 wet season by an extensive 
bloom of th e acid-tolerant waterlily, N. caerulea spp. 
zanzibarensis, which extended into the Tuckean Broadwater 
and persisted for the duration of the wet season. These waterlilies 
also appear to be aluminium tolerant and are the major aquatic 
macrophyte species in the chronically acidified Main Drain 
(Sammut et al. 1994). The bloom in the Broadwater probably 
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resulted from these waterlilies' ability to outcompete with other 
species during the period of toxic acid runoff. The impact of 
high iron concentration appears to be mainly manifest as thick 
deposits of iron hydroxide flocs caused by the steep 
physicochemical gradients encountered by acid runoff. These 
flocs can smother macrophytes and benthic communities and 
may contribute to habitat changes and reductions in estuarine 
biodiversity. 

According to the ANZECC (1992) guidelines for the main
tenance of aquatic ecosystems, total aluminium concentrations 
should not exceed 5 mg/L for waters with pH < 6.5. The 
aluminium and iron concentrations (8-10 mg/L) detected in acid 
drain water of Tuckean Swamp and in Rocky Mouth Creek 
during this study obviously far exceed these limits. However, 
the ANZECC guidelines are taken from Canadian Government 
guidelines (CCREM 1991) based on the no-effect concentration 
for the toad Bufo americanis. This raises the question of how 
appropriate the guidelines are for the naturally acidic conditions 
of many Australia's coastal swamps, where native fauna may be 
better adapted to higher metal concentrations. 
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Impact of runoff on nutrient patterns in northern Port Phillip Bay, Victoria 
A.R. Longmorel, D,T. Heggie2

, R. Flintl, R. Cowdell l & G.W. Skyring3 

As part of the Port Phillip Bay Environmental Study, bay-wide 
nutrient (ammonium, nitrate, nitrite, phosphate, silicate) and 
chlorophyll a distributions were measured at monthly intervals 
for two years. Reported here are nutrient distribution and varia
tion in northern Port Phillip Bay during periods of high runoff 
(September 1993) and low runoff (January 1995). 

Nutrient data were collected by a continuous profiling tech
nique, whereby nutrients were measured in a continuously flowing 
stream of seawater pumped into a mobile laboratory aboard ship, 
filtered, and measured by flow-segmented colorimetric analysis, 
using flow-through cells. Measurements were made every lOs and, 
after accountIng for mixing in the apparatus, allowed nutrient 
features to be resolved (at ship speed of 10 kn) over scales of about 
200 m. Hydrographic and chlorophyll a data were collected simul
taneously with the nutrient data. Surveys of the whole of Port 
Phillip Bay (approximately 2000 km') could be completed in 
3 days. 

AmmonIum concentration varied between <0.5 and 40 11M, 
oxidised N (nitrate + nitrite) between <0.2 and 20 11M; phosphate 
between <I and 811M, and silicate between <I and 80 11M. Highest 

Introduction 
Port Phillip Bay is a large, shal
low basin 2000 km' in area, and 
24 m deep in the middle. The 
city of Melbourne is on its north
ern edge and more than 3 million 
people live in the catchment of 
10000 km', making it the most 
populated in Australia. The bay 
is fed by several rivers, creeks 
and many storm water drains, 
but annual evaporation is simi
lar to annual stream flow, pro
ducing an average bay salinity 
close to oceanic. A sand bank at 
the entrance to Bass Strait 
greatly restricts water flow, and 
the residence time of bay water 
is estimated at 12-15 months. 
Several studies in the past 25 
years have shown that the two 
largest nutrient inputs are the 
Western Treatment Plant 
(WTP), and the Yarra River 
(Fig I). The WTP treats about 
60% of Melbourne's sewage by 
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concentrations and greatest spatial variability were measured during 
the period of high runoff, on the northern and western perimeters 
of Port Phillip Bay, showing these to be the major areas of nutri
ent input. Concentrations of all nutrients were lowest and least 
varied in the northern part of the bay during a period of low runoff 
in January 1995. The YarralMaribyrnong River source to the north 
could be distinguished from Werribee sources (the Western Treat
ment Plant and the Werribee River) to the west in ammonium/ 
salinity, (oxidised N)/salinIty and silicate/salinity relationships, 
and nitrogen/silicate relationships. These data suggest that the 
Werribee River may be a significant nutrient source during periods 
of high precipitation and runoff, whereas all previous studies have 
suggested the Werribee River has a minor input. 

Chlorophyll a concentration in Port Phillip Bay was compar
able during periods of both high and low runoff (1-6 I1g L-I

). The 
high-flow data indicate an increase in biomass abundance stimu
lated by freshwater and nutrient inputs, while low runoff data 
indicate a wide range of bIOmass abundance, which we suggest is 
supported primarily by internal recycling, notably, nutnent Inputs 
from the seafloor. 

Melbourne 
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lagooning, irrigation and grass Figure 1. Map of Port Phillip Bay, showing depth contours and locations of major 
filtration. Primary production in freshwater inputs, the Yarra, Maribyrnong, Werribee and Patterson Rh'ers, Mordialloc 
the bay is thought to be nitrogen- Creek and the Western Treatment Plant. The dotted line indicates a typical sampling 
limited, but previous studies track. 

have not been able to predict the impact on the bay of increased 
nutrient input (particularly N). The Port Phillip Bay 
Environmental Study was set up to assess such impacts. One 
task within the study was to determine the nutrient status of 
the water column in Port Phillip Bay. 'Snapshots' of bay-wide 

the northern part of Port Phillip Bay, including Hobsons Bay 
and the YarralMaribyrnong estuary, to the northwest near the 
Werribee River and the WTP, and to the northeast near Patterson 
River and Mordialloc Creek. 

water quality were obtained by continuous on-board analysis Methods 
of inorganic nutrients 25 times over 2 years. This paper com
pares the impacts of a high rainfall period (September 1993) and 
a low runoff period (January 1995) on nutrient distribution in 

I Marine and Freshwater Resources Institute, Department of Natural 
Resources and Environment, PO Box 114, Queenscliff, VIC 3225 
Australian Geological Survey Organisation, PO Box 378 Canberra, 
ACT 2601 

) Skyring Environment Enterprises, 40 Atherton St, Downer, ACT 
2602 

Ammonium (NH.), nitrite (NO,), oxidised nitrogen (NO, + NO), 
phosphate (P0

4
), silicate (Si0

4
), chlorophyll fluorescence, 

salinity, temperature and dissolved oxygen concentration were 
determined continuously from near-surface waters while under
way. By coupling salinity, temperature, depth, dissolved oxygen 
and f1uorometric sensors with continuous-flow nutrient 
analytical systems, it is possible to obtain far greater sample 
density and a measure of inter activity, which is impractical with 
the collection and analysis of discrete samples. This approach 
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Figure 2. Schematic of the continuous nutrient profiler. 

is not novel, having been used for many years to collect vertical 
profiles (Armstrong et a!. 1967, Strickland 1968, Anderson & 
Okubo 1982, Moll et a!. 1984, Jones et a!. 1991 , Yin et a!. 1995), 
but it has seldom been used for collecting horizontal transects 
(Morris et al. 1981 , Morris eta!. 1995) and has only been reported 
once before in Australia (Longmore et al. 1990). A schematic of 
how the system is used for horizontal profiling aboard the MRV 
Melita is shown in Figure 2. The spatial resolution of such sys
tems depends on several factors, including digiti sing interval, 
pump lowering speed (for vertical profiles) or boat speed (for 
horizontal transects), degree of peak spreading in the water 
transmission system and response time of sensors (Mackas & 
Owen 1982, Anderson & Okubo 1982). Horizontal resolution 
varies between 50 and 300 m for the system described here, 
depending on the sensor. 

Salinity, temperature, dissolved oxygen and depth were 
measured with a Yeo-Kal® SDL submersible data logger in direct 
reading mode. Data were transmitted to an on-board computer 
for real-time display and storage. Samples were collected from 
specific depths by Niskin bottle for calibration of salinity and 
dissolved oxygen. Salinity calibration samples were measured 
by a Yeo-Kal® model 601 mark IV bench salinometer to a pre
cision of 0.0 I psu. Dissolved oxygen samples were measured 
by Winkler titration with amperometric end-point detection 
(Strickland & Parsons 1972) to a precision of 0.05 mL.L-1 (about 
1 % saturation). The temperature sensor was calibrated in the 
laboratory to 0.01 °C against an SIS® certified digital reversing 
thermometer. Despite heavy insulation of the pumped water 
supply, some heating ofthe flowing stream occurred as it passed 
through the pump room. Corrections were made to transect 
temperatures for the effect of heating, by comparing temperatures 
measured in depth profiles at fixed sites to those measured from 
the same sites in the flowing seawater stream. 

Chlorophyll fluorescence was measured with a Seatech® 
submersible fluorometer. Data were digitised and stored on com
puter. Fluorescence was converted to chlorophyll a by least
squares linear regression against chlorophyll samples collected 
by gravity filtration through Whatman GFIC glass fibre filters , 
which were stored frozen, then extracted by ultrasonication in 
90% acetone, followed by polychromatic spectrophotometric 
determination (Strickland & Parsons 1972) using the equations 

of Jeffrey & Humphrey (1975). 
The inorganic nutrients NH4, N0

2
, N0

2 
+ N0

3
, PO., and 

SiO. were measured by continuous-flow colorimetry on water 
passed through a 20 micron nylon mesh. NH4 was measured by 
the phenol-hypochlorite method of Solorzano (1969) as auto
mated by Technicon (1973b). This method has been signifi
cantly modified by the Marine and Freshwater Resources 
Institute to eliminate salinity-dependent sensitivity. N02 was 
measured by the method of Bendschneider & Robinson (1952) 
as automated by Technicon (1972). N0

3 
was measured as N0

2 
after reduction with a cadmium coil (Morris & Riley 1963) as 
automated by Technicon (1972) . PO 4 was measured by the 
molybdenum blue method of Murphy & Riley (1962) as auto
mated by Technicon (1973). Monomeric reactive SiO. was 
measured by the method of Koroleff (1972) as automated by 
Technicon (l973c). Nutrient data detected in the field were 
digitised and recorded on computer. Standards and system 
blanks were analysed frequently to detect drift and changes in 
sensitivity. 

Results and discussion 
The following section describes the concentration of nutrients 
(oxidised N, ammonium, phosphate, silicate), temperature, 
salinity, and chlorophyll a during periods of high runoff 

High runoff 

Salinit\! (PSU) 
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_ $$.00-34.00 

_ 34.01-35.00 
_ >$5.00 

Ammonium (iJM) 
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O~=_idised<O~::Ogen(iJM~) h r."u-~ 
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Figure 3. Whole-bay contours of temperature, salinity, 
ammonium, oxidised N, silicate and chlorophyll a, during 
the high and low runoff periods. 
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(September 1993) and low runoff (January 1995). Figure 3 shows 
concentration contours calculated from cruise tracks of whole
bay surveys (Fig I), using an Arc-Info inverse distance-weighting 
interpolation method with a 5 km search radius, and output to a 
I kmgrid. 

Whole-bay contollrs 

High runo!!(September /993). Heavy rainfall in the catchment 
increased river flow into Hobsons Bay from less than 40 mJ.s-1 

at the start of September 1993 to 680 mJ.s-1 on September 20 
(the second day of the cruise described here). 

The lowest salinity «5 psu) was recorded in the Yarra River 
mouth, and salinity was <15 psu in Hobsons Bay. The low 
salinity plume appeared to be restricted to the Yarra/ 
Maribyrnong Rivers estuary, Hobsons Bay and offshore from 
the Werribee River and Altona Bay. There is little evidence of a 
low-salinity plume associated with the WTP during this period 
of high runoff, because of the WTP's capacity to retain 
freshwater inputs. Furthermore, southeasterly winds on 19 
September 1993 drove the YarraiMaribyrnong freshwater plume 
to the northwest and would have also confined any WTP plume 
to the nearshore, which is too shallow for our vessel to sample. 
High-salinity water from Bass Strait is evident at the entrance 
to Port Phillip Bay (Fig. 3a). 

Ammonium concentration was high in northern Port Phillip 
Bay, with the highest concentration, approaching 50 JlM 
(Fig. 3b), in the northwest, notably off the Werribee River, the 
WTP and Altona Bay. Ammonium concentration was some
what lower in Hobsons Bay and south of the YarralMaribyrnong 
estuary «10 JlM), and considerably lower «0.5 JlM) through
out most of the central bay. Similarly, oxidised N concentration 
was high in the northwest, offshore from the WTP, with distinct 
plumes off the Werribee River and Altona Bay (Fig. 3c). Through
out most of Port Phillip Bay, concentration was <0.2 JlM, 
although somewhat slightly elevated levels were detected at the 
entrance to Port Phillip Bay, suggesting oxidised N inputs from 
Bass Strait. There were no ammonium or oxidised N anomalies 
off the Patterson River or Mordialloc Creek, indicating that 
these were not major sources of nitrogen to Port Phillip Bay 
during this period. 

Silicate concentration was also high in the northwest, with 
plumes detected off the Werribee River and Altona Bay, within 
Hobsons Bay and in the Geelong Arm (Fig. 3d). Silicate was 
high offshore from the WTP (2-5 JlM) compared to typical 
concentrations of <2 JlM in the central part of Port Phillip Bay. 
Low-silicate «IJlM) water in the southern part of Port Phillip 
Bay was evidently derived from Bass Strait. No silicate or salinity 
anomalies were evident off the Patterson River and Mordialloc 
Creek in the northeast of Port Phillip Bay 

Phosphate concentration throughout most of the eastern 
part of the bay was in the range 1-3 JlM. No phosphate anoma
lies were evident off the Patterson River or Mordialloc Creek. 

Chlorophyll a concentration was highest around the north
western perimeter of Port Phillip Bay during September 1993 
(Fig.3e). Plumes of elevated chlorophyll a concentration 
(>5 Jlg.L -I) were evident in Hobsons Bay and off the Werribee 
River and the WTP. Chlorophyll a in the centre of Port Phillip 
Bay was generally low «1-1.5 Jlg.L-1

). 

Low rllnojj(Janllary 1995). The same cruise track for the whole
bay contouring was followed in September 1993 and January 
1995 (Fig. I). An intensive survey was also conducted in north
ern Port Phillip Bay during January 1995 to examine the small
scale spatial (tens of kilometres) and temporal (hours-days) 
variations in nutrients. Surface distribution was observed dur
ing seven circuits in and up to 15 km south of Hobsons Bay in 
five days, including four times over 28 hours. At 10 sites, depth 
profiles of salinity, temperature, dissolved oxygen and 
chlorophyll fluorescence were obtained. At a further three sites, 
depth profiles for inorganic nutrients were also obtained. The 
tidal range in this part of the bay is typically 0.5 m. 

1994 was the driest year in Melbourne for more than a 
decade, with rainfall less than half the average. On 6 January 
1995, 28 mm of rain fell, but 20 days later, when this study 
began, river flow was less than half the I O-year January average. 
No significant rain fell during the five days of the study. Wind 
from the SW-NW was about 8-1 0 m.s-I during the first day, but 
fell to 4.5-6 m.s-I for the rest of the study. Nutrient and 
chlorophyll concentrations in this study were lower than the 
averages observed in this area during summer months over the 
past fi ve years. 

Whole-bay contours are shown in Figures 3f-j. There is no 
evidence of large freshwater inputs into the bay during this 
period (Fig. 3f). Highest salinity was measured in Corio Bay, 
probably as a result of evaporation. High salinity was noted at 
the entrance to the bay, indicating Bass Strait water. Surface 
salinity in the northern part of the bay during the intensive 
survey (5 day) period varied by only I psu in the Yarra plume 
outside Hobsons Bay. The salinity of the water column was 
stratified by up to 2 psu near the Yarra mouth, and the depth of 
the mixed layer increased with distance from the Yarra mouth. 
The Yarra freshwater plume (identified by a depression of I psu) 
passed through the centre of Hobsons Bay, and then followed 
the eastern coast. Surface temperature varied by up to 2°C, 
owing to surface heating and cooling over the 5-day period. The 
water column was thermally stratified by I-2°C in the Yarra 
mouth, but was less stratified in Hobsons Bay «0.2°C). 

Surface ammonium concentration was patchy and low 
«I JlM) throughout the bay during January 1995 (Fig. 3g), and 
<0.5 JlM within northern Port Phillip Bay during the intensive 
survey. Surface oxidised N concentration was near detection 
limit (0.02-0.1 JlM) for much of the low-runoffperi<)d (Fig. 3h). 
Little nitrate discharge was observed from the Yarra. There was 
no vertical difference in mtrate concentration at any site, except 
for one brief period «24 hours), when the surface 7 m in the 
Yarra mouth was enriched by 0.2 JlM compar~d to the underly
ingwater. 

Phosphate was in the range 1-3 JlM during the low-runoff 
period. Lowest phosphate «I JlM) was measured at the en
trance to Port Phillip Bay, indicating Bass Strait water. During 
the intensive survey, phosphate in northern bay waters changed 
little with depth, or time, averaging 2.4 JlM. However, a pool of 
higher concentrations (2.5-2.7 JlM), less than 5 km across, out
side Hobsons Bay persisted for four days. 

Silicate was highest (5-10 JlM) in Corio Bay and offshore 
from Werribee during January 1995 (perhaps because of evapo
ration, at least in Corio Bay), low throughout central Port Phillip 
Bay (2-5 JlM) and lowest «IJlM) at the entrance to Port Phillip 
Bay, mdicating silicate-poor Bass Strait water (Fig. 3i). Silicate 
concentration was moderate (6-10 JlM) throughout the inten
sive survey area over the 5-day period. An area of slightly higher 
concentrations (J 0-\2 JlM) was observed briefly in Hobsons 
Bay in a surface 7 m layer. 

Surface chlorophyll concentration was low «1.5 Jlg.L-1
) 

over most of Port Phillip Bay during January(Fig. 3j), but in the 
Yarra mouth during the intensive survey, it rose to 7 Jlg.L-1 

(although high levels persisted for less than a day and were 
restricted to scales of less than I km). There was little vertical 
structure in chlorophyll. 

Nutrient-source relationships 
To investigate the relationship between hydrographic variables 
and nutrient concentration various cross-plots have been con
structed, using salinity as an indicator of dilution/evaporation 
processes. Data from both surveys are overlain on these plots, 
but to simplify the figures, only the data from the intensive 
survey in northern Port Phillip Bay are used to represent the 
low-runoff period of January 1995. These data are typical of 
bay-wide data for this period. 

Figure 4 shows ammonium against salinity. Three trends are 
evident in this plot. One trend, with low «5 JlM) ammonium 
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and salinity down to 13 psu, indicates mixing between low 
ammonium «0.5/lM) bay water and slightly higher ammo
nium concentration in Hobsons Bay, probably sourced from 
the Yarra lMaribyrnong Rivers. As the freshwater end-member 
concentration has not been identified, it is not possible to com
ment upon conservative/non-conservative mixing in the low
salinity reaches of the estuary, but in the brackish/marine region 
(> I 0 psu) ammonium appears to be conservative. This may be 
because, at high flow, mixing occurs much more rapidly than 
biological uptake. 

Another trend in this plot indicates higher (but more varI
able) ammonium concentration than observed in Hobsons Bay 
at comparable salinity. These data are from the western portion 
of the bay and include data from the vicinity of the Werribee 
River and the WTP. A non-linear trend (ammonium <30 /lM 
and salinity> 16 psu) was identified offshore from the Werribee 
River, indicating that this may be an important ammonium input 
to Port Phillip Bay under high flow conditions. The 'wave-like' 
patterns in this trend line may represent combinations of non
conservative behaviour, mixtures ofWerribee River water and 
WTP water, or end-member concentration variations associ
ated with changing flow conditions, such as those identified by 
Kaul & Froelich (1984). Extrapolating ammonium concentra
tion to zero salinity, and multiplying by the measured discharge 
volume, we can estimate a discharge from the Werribee River of 
70-120 t ammonium-N in the flood during September 1993. 
While not large in comparison to total annual input to the bay, 

A 

such a discharge, if completely assimilated, could have increased 
phytoplankton chlorophyll biomass by about 17 t, or 70% of 
the average standing stock. 

No distinct freshwater plume from the WTP was observed, 
but those data at salinity >20 psu with ammonium approaching 
50 /lM were identified offshore from the WTP. Ammonium con
centration in the WTP effluent varies seasonally, as a result of 
temperature effects on nitrification/denitrification in the WTP. 
During summer, when denitrifying bacteria are most active, 
ammonium concentration in the WTP discharge is about 370 /lM. 
However, during winter months, ammonium is higher, typically 
about 1500-2200 /lM (Murray 1994). These data and the typi
cal summer ammonium concentration are plotted with the sur
vey data on Figure 4B. At relatively high salinity (>30 psu) 
during the period of high runoff, the data in Figure 4A suggest 
that WTP ammonium IS simply being mixed into the centre of 
Port Phillip Bay. The low runoff data (January 1995) are con
fined to the low ammonium «0.5 /lM)/high salinity (>33 psu) 
region of the plot, and represent typical bay-wide concentra
tions, indicating minimal input from the WTP. 

At least four oxidised N trends under high runoff are evident 
in Figure SA. One trend of moderate nitrate «12/lM) at salin
ity > 16 psu occurs off the Werribee River and represents the 
Werribee River plume. Another trend was identified near 
Hobsons Bay with higher nitrate than the Werribee River plume 
at comparable salinity, probably representing inputs from the 
YarraiMaribyrnong River estuary plume. The highest oxidised 
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Figure 4. (A) Salinity vs ammonium data for September 1993 (high runoff) and January 
1995 (low runoff); (B) as above, with the predicted conservative mixing trend of WTP 
effluent and central Port Phillip Bay water. 
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N concentration was measured in Hobsons Bay, approaching 
20 JIM at salinity of about 16 psu . This trend also appears non
linear and may indicate nitrate variation with changing flow and 
varying contributions from both the Yarra and Maribyrnong 
Rivers. Support for this conclusion is given by the third trend, 
of relatively low oxidised N at low salinity, which also corre
sponds with data from Hobsons Bay There is a fourth trend, at 
high salinity (>30 psu) of relatively high nitrate (> 10 J.lM), ofT 
the WTP. Oxidised N has been measured In the WTP effluent at 
approximately 160 11M, and does not vary significantly with 
season (Murray, 1994). These data are plotted with the survey 
data in Figure 5B. Because the WTP could not be approached 
nearer than a few kilometres, reliable departures from non
conservative behaviour could not be identified. The low runoff 
data (January 1995) indicate very low nitrate «0.5J.lM) at high 
salinity (>33 psu). 

Silicate/salinity data are summarised in Figure 6. There are 
two clear trends evident on this plot. One includes high silicate 
concentrations (approximately 40 JIM) at salinity of 16-17 psu, 
ofT the Werribee River. Another trend includes higher silicate 
concentration at comparable salinity, and these data, which are 
from Hobsons Bay, probably represent the YarraiMaribyrnong 
River input. There is no evidence of a signt ficant WTP silicate 
input. Silicate measured in the WTP eflluent during 1995 aver
aged 250 J.lM, and the predicted trend line for conservative 
behaviour is shown in Figure 6; departures from non-conservative 
behaviour cannot be distinguished . The low runoff (January 
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1995) data are confined to the low silicate «5 JIM) and high 
salinity (>33 psu) region typical of bay-wide conditions. 

Several other cross-plots were constructed to explore the 
possibility ofa source (the Werribee River) of nutrient input to 
Port Phillip Bay, previously thought unimportant. One such 
plot-silicate/ammonium-is shown in Figure 7. This plot 
clearly delineates three trends in the data: a WTP trend of high 
ammonium at low silicate; a trend of high silicate and low 
ammonium from the Hobsons Bay area; and a trend of increas
ing silicate and increasing ammonium identified off the Werribee 
River. No fixed ratio is apparent in the last trend, suggesting 
variable end-member concentration with changing flow 
conditions. 

ChlorophyU 
Chlorophyll a concentration over the survey periods discussed 
here did not vary greatly, and the whole-bay contours show 
chlorophyll being patchy and generally low. Highest chlorophyll 
a level , during the period oflow runoff, appears to be confined 
to the Hobsons Bay area. The chlorophyll a/salinity and 
ammonium/chlorophyll a plots (Figs 8A,B) show high (up to 
6 J.lg.L-1

) chlorophyll a levels associated with freshwater inputs 
and nutrient inputs. However, high biomass (chlorophyll a up 
to 7 J.lg. L -I) was also evident during periods of low runoff, and 
no significant freshwater nutrient inputs Chlorophyll concen
tration may be altered by growth, grazing , dilution or sedimen-
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Figure 5. (A) Salinity vs oxidised N for September 1993 and January 1995; (B) as above, 
with the predicted conservative mixing trend of WTP emuent with central Port Phillip 
Bay water. 
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tation, and so there is no a priori reason to expect a linear 
response with increasing salinity, unless dilution occurs rapidly 
compared to the other processes. High chlorophyll at low salin
ity indicates significant production in the riverine/freshwater 
end member. 

A high standing stock in Hobsons Bay observed in summer, 
when freshwater nutrient inputs were low, may be supported 
by internal nutrient recycling, especially of ammonium and 
silicate from the shallow sediments. Converting chlorophyll 
concentration to its nitroge n equivalent, and adding to the 
inorganic nitrogen (ammonIUm + nitrate + nitrite) concentra
tion, we estimate short-term increases in the nutflent pools in 
the water column of Hob sons Bay in summerof< IO mg N m2.d-1 

for nitrogen, and <5 mg Si m2.d-1 for silicate. Benthic fluxes of 
nutrients in Hobsons Bay have been observed several times 
over two years (Nicholson et al. in press, Berelson et al. 1998), 
and fall in this range. Benthic recycling could, therefore, account 
for the changes in nutrient concentration in the overlymg water 
column observed in Hobsons Bay during a period oflow runoff. 

Summary 
1. Continuous profiling and measurement of nutrient 

concentration at lOs intervals, using flow-segmented 
analysis in a mobil e laboratory installed on a ship, has 
provided a capability to examine spatial and temporal 
distribution of nutrients on both bay-wide and local spatial 
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scales and closely spaced temporal scales. These data can 
be contoured to produce bay-wide perspectives of nutrient 
concentration and distribution and, thus, identify both point 
and non-point source inputs of nutrients to Port Phillip 
Bay. 

2. During a period of high runoff in September 1993, plumes 
oflow-salinity water were identified in northern Port Phillip 
Bay, in Hobsons Bay, and also to the west, off the Werribee 
River, Western Treatment Plant and Altona Bay. Associated 
with these plumes, high nutrient concentrations were 
measured. Ammonium concentration was up to 40 JlM, 
nitrate and nitrite up to 20 JlM, and silicate up to 80 JlM . 

3. No nutrient anomalies were detected in the vicinity of 
Patterson River or Mordialloc Creek, suggesting that they 
did not contribute significantly to nutrient load into Port 
Phillip Bay. 

4. Cross-plots of nutrients and salinity identify at least three 
trends in the data. They show that the Yarra/Maribyrnong 
mixing trend can be distinguished from the Werribee area 
mixing trend on the basis of nutrient concentration. However, 
variable end-member concentration with changmg flow 
conditions and the possibility of non-conservative behaviour 
complicate the determination of unique nutrient/salinity 
ratios for each potential source. One trend distinguishes the 
WTP effluent source, characterised by high nutrient 
concentrations and high salinity. The identification and 
existence of another trend from the Werribee River is 
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Figure 6. Salinity vs silicate for September 1993 (high runoff) and January 1995( low 
runoff). The predicted conservative mixing trend for WTP water and central Port Phillip 
Bay water is shown. 
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Figure 8. Chlorophyll a vs (A) salinity and (8) ammonium for September 1993 (high 
runoff) and January 1995 (low runoff). 

confirmed from the silicate/ammonium plot. The Werribee 
River may contribute significantly (to a greater extent than 
previously recognised) to nitrogen input to Port Phillip Bay, 
although additional work is needed to clarify how important 
this contribution is on an annual basis. 

5. Data collected during a period of low runoff in January 
1995 showed low nutrient concentration throughout Port 
Phillip Bay. The concentration was considerably lower than 
that measured during high runoff, indicating that the major 
nutrient variation in the bay results from source input 
variation around the perimeter of the bay, notably from the 
west and north. Small variations (of a factor of two or less) 
during the low runoff period probably result from wind
driven advection, vertical mixing, biological productivity, 
and benthic recycling. 

6. Phytoplankton biomass is supported by external nutrient 
inputs under high runoff and by internal recycling during 
low runoff. The Werribee River in flood may have discharged 
enough nitrogen to support a bay-wide increase in 
phytoplankton biomass of 70%. 
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Flushing of Australian estuaries, coastal lakes and embayments: an overview 
with biogeochemical commentary 
David T. Heggie l & Graham W. Skyring2 

Examination of a simple, but quantitative parameter, SF/SO' the 
ratio of average salinity of a coastal waterway/marine source wa
ler salinity, both geographically and temporally, identified five 
major types of coastal environment around Australia: (i) runoff
dominated annually-found moslly on the eastern seaboard, where 
rainfall is near continuous year-round; (ii) seawater-dominated 
annually-large embayments with small runoffs; (iii) evapora
tion-dominated annually-found on the fringes of arid climate 
zones of western Australia , such as Shark Bay and in South 
Australia, Spencer and SI. Vincent 's Gulf; (iv) runoff-dominaled in 
the summer monsoon and evaporation-dominated in the WInler
e.g. Ihe northern AustralIan eSluaries near moist-tropical and semi
arid zones wilh summer rains; and (v) runoff-dominated in the 

Introduction 
The State of the Marine Environment Report (Zann 1995) 
identified declining water and sediment quality as a major issue 
affecting Australian marine and coastal environments. The 
deterioration is the result of inappropriate urban discharge and 
catchment land-use practices. Sediments and nutrients (Brodie 
1995, Furnas 1995), oil pollution (Connell 1995), heavy metals 
(Batley 1995), and chlorinated hydrocarbons (Richardson 1995) 
have been identified as the key culprits threatening coastal envi
ronmental quality. Furthermore, serious regional issues were 
identified: (i) deteriorating marine and coastal environments in 
the southeast and southwest ' urban' coastal regions and 
(ii) elevated nutrients in the Great Barrier Reef. 

Rochford (1951, 1959) developed a schematic zonal system 
of hydrological properties in Australian estuaries. This pioneer
ing work was conducted, in part, to assess the potential of 
AustralIan estuarics as mariculture environments. Rochford 
noted that the nutrient-poor status of Australian coastal waters 
resulted from soil nutrient deficiencies and limited runoff from 
the land . How things have changed! Forty-five years on , 
Australians are coming to terms with threatened water and sedi
ment quality of the recreational and commercial marine estate as 
a result of increased urbanisation and lImited appreciation of the 
consequences of exploitative land and catchment use. 

Bucher & Saenger (1991 , 1994) and Saenger (1995) pub
lished descriptive inventories for 783 Australian estuaries and 
marine embayments, of which 198 were in temperate regions 
and 585 were in tropical or subtropical zones. Saenger (1995) 
determined that at least half of Australian estuaries have good 
water quality, but for most estuaries in New South Wales (NSW), 
Victoria, South Australia and Tasmania water quality is poor. 
This parlous state is a direct consequence of European indus
trial, agricultural and urban practices, and indicates real threats 
to conservation of the environment. 

Finlayson & McMahon (1988) compared streamflows of 
Australian rivers with global systems and concluded that 
Australia is a dry place, but not just a drier version of North 
America or Europe . They documented, quantitatively, from an 
analysis of monthly and annual data, that precipitation and 
runoff in continental Australia are characterised by extreme 
events of short duration with long periods of little or no flow. 
Even the Yarra River, in a cool temperate climatic zone, has a 
seasonal rainfall (Beckett et al. 1982). Harris (1994), with special 
reference to eutrophication, reviewed the question ' Are 
Australian waters different from those overseas?' He concluded 
that nutrient export regimes in Australia are quite different and 

I Petroleum and Marine Division, Australian Geological Survey 
Organisalion. GPO Box 378 Canberra, ACT, 260 I 
Skyring EnVironment Enterprises, 40 Atherton St, Downer. ACT, 
2602 

winter and evaporation-dominaled in the summer-e.g. the estu
aries and coastal lakes of southwestern Australia. A general equa
tion of salt and waler mass balances, including an evaporation 
term, was used to estimate freshwater residence time, a proxy for 
dissolved anthropogenic input. Geographic and temporal varia
tion in climate forcing factors , notably seasonal variation in rain
fall and runoff and the net of evaporation and precipitation, exert 
major controls on residence time and flushing of Australian coastal 
environments. The inverse of the residence lime (I/T day-") is an 
important parameter in the estimation of quantities of dissolved 
anthropogenic inputs flushed from the coastal environment to 
the sea. As such, it is one important parameter for evaluating 
coastal water quality. 

advised that ' we do need to develop models to suit Australian 
conditions' . 

Estuaries may be viewed as either conveyor belts to trans
port catchment- and urban-sourced materials to the continental 
shelf and the sea, or as traps where gravitational settling, rapid 
particulate/solute interaction, phytoplankton production and 
death, and zooplankton grazing and fecal pellet excretion result 
in the deposition of nutrients and pollutants into bed-sediments. 
The balance between input and export determines, in part, the 
health of estuarine ecosystems. When input of toxicants from 
non-point (catchment) and point sources (sewage treatment 
plants) exceeds output (such as flushing to the sea, burial in the 
sediments and, notably for N, loss to the atmosphere via sedi
mentary denitrification), estuarine ecosystems are stressed and 
under threat of deteriorating water and sediment quality. We 
investigate, in this paper, the flushing time of estuaries, coastal 
lakes and embayments calculated from salt and water balances, 
includmg the effects of evaporation, and the geographic and 
temporal distribution of these around the Australian coastline. 

Methods 
Thejlushing of Australian estuaries 
Australian estuaries have been classified from geomorphologic 
and evolutionary perspectives, which imply much about the 
flushing of an estuary and how and where sediments are distrib
uted and deposited (Roy 1984, 1995, Chappell & Woodroffe 
1995, Boyd et al. 1992, Dalrymple et al. 1992). 

Bucher & Saenger (1991 , 1994) developed an inventory of 
properties of Australian estuaries and classified the tropical! 
subtropical estuaries into three distinct groups on the basis of 
rainfall, tidal range and wetland type. Bucher & Saenger (1994) 
found that saltmarsh was predominant in low-rainfall estuaries; 
water and tidal flats were important under medium rainfall con
ditions; and mangroves were dominant in high-rainfall areas (see 
Table 3 in Bucher & Saenger 1994). Digby et al. (1998) further 
developed a physical classification of Australian estuaries, us
ing easily quantifiable biologically important physical charac
teristics to explain much of the variability in proportions of 
mangroves and salt marshes in estuaries. 

Rochford (1951, 1959) developed, for Australian estuaries, 
a zonal concept of estuarine circulation, based on the interaction 
of freshwater runoff and tides. Eyre (1998) classified Australian 
estuaries into five groups, based on variations in hydrology. 
Furthermore, conceptual models of material processing in wet 
and dry and subtropical estuaries were described during flood 
events, estuarine recovery (post flood) and normal (low-flow) 
conditions. 

We have used freshwater as a proxy for inputs to an estuary 
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and salt as a tracer of the storage and dispersion of freshwater 
throughout an estuary. The water and salt balance functions 
available from the scientific literature, mostly applicable to 
Northern Hemisphere estuaries (Ketchum 1951, Dyer 1973, 
Officer 1983), were not generally applicable to Australian es
tuarine systems because they considered only the effects of 
near-continuous rainfall and neglected evaporation. Because of 
Australia being a dry continent with geographic and temporal 
climatic extremes, our intuition was that the effect of evapor
ation on the water/salt balance may be significant for a large 
number of Australian coastal waterways. We have compiled 
estuarine salinity data, rainfall , runoff and the net of evapor
ation and precipitation, both temporally and geographically, 
and estimated residence time in various coastal environments, 
using published data and unpublished reports from various local , 
State and Federal Government departments and authorities. 

We have not examined the effects of barometric pressure on 
the exchange of water between estuaries and the sea. However, 
in some large embayments (e.g. Shark Bay), smaller estuaries 
and coastal lakes of southwestern Australia, where tidal ranges 
are small , barometric pressure may be important in determining 
both the timing, frequency and volume of new marine water 
entering a waterway. 
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Figure 1. Schematic of terms used in the salt and water 
mass balances to calculate residence times of water. 
(a) Positive estuarine circulation in which runoff exceeds 
evaporation. In all cases, the average estuarine salinity is 
less than the salinity of the marine source water. 
(b) Negative estuarine circulation in which the evaporation 
exceeds the runoff. Inverse estuaries have average salinities 
higher than that of the marine source water. 

Results 
Salt and water mass balances 
We derive, in the following, a general equation for calculating 
freshwater residence time, and it contains both precipitation 
and evaporation terms. This function calculated the water bal
ance between runoff and the net of evaporation and rainfall and 
is suitable for ' positive' estuaries, where runoff exceeds the net 
of evaporation and rainfall, and for ' negative' or ' inverse ' estu
aries, where evaporation exceeds runoffand rainfall. 

The following symbols and notations are used throughout 
and all are in metric notation. A = Area of the estuary; Z = depth; 
V = volume; So = Ocean or marine source water salinity; 
SF = Estuarine salinity; QR = Runoff rate (freshwater input); 
QI' = Precipitation rate; QF. = Evaporation rate; QF = Estuarine 
water outflow rate (discharge to the sea); Qo = Ocean water 
inflow rate ; T= Residence or flushing time. 

We consider a simple system, whereby marine source water 
penetrates inshore, but its properties are modified by seasonal 
variation of rainfall , runoff and evaporation. The predominance 
of rainfall and runoff over evaporation (positive estuary, 
Pritchard 1952) infers a general estuarine circulation (Fig. I) , 
where the addition offreshwater at the head of an estuary drives 
a surface layer outflow, with an underlying return flow from the 
sea. In this scenario, the average estuarine salinity (SF) is less 
than the salinity of the marine source water (So), Generally, 
three types of salinity distribution are recognised in the estuary: 
(i) the salt wedge or stratified estuary; (ii) the partially mixed; 
and (iii) the vertically homogeneous environment. When SF < So 
a general seaward flow of freshwater predominates (Fig. 1). In 
contrast, when SF >So' more dense seawater is formed at the sea 
surface, which sinks and flows from the estuary at depth and 
induces a return surface flow of seawater (Fig. I). The calcu
lated values of SISo may be used to imply a general circulation, 
as outlined by Pritchard (1952, Fig. I), into which descriptive 
models of material processing concepts (Rochford 1951, 1959, 
Eyre 1998) can be considered in the appropriate context. 

In any estuarine system, the water balance is inflow = outflow 
Q

R 
+Qp +Qo = Q,+QF Equation I ; 

salt balance is salt influx = salt efflux 
Qo *So = Q,,*SF 

and residence time [T] = [ VjlQF(Dyer 1973) 

Equation 2; 

Equation 3. 

After solving for Qo from equation 1, substituting into 
equation 2, the outflow to the sea is 

QF = SO *QR + So(Qp - QE)/(So - SF) 

and after substitution in equation 3, a general expression for 
freshwater residence time, equation 4, becomes 
T(residence time) = [V](So -S,)ISo (QR + [Qp - QJ) 

Equation 4. 

Finally, l i T is the fraction of water removed per unit time 
from the estuary (Table I). 

We made a variety of assumptions and approximations in 
calculating T and there were difficulties associated with extra
polating and interpolating across and within large and diverse 
geographic regions. We calculated the average salinity for estuaries 
and recognise that we did not account for vertical or longitudinal 
salinity gradients in various segments of the estuary. Where 
possible, we calculated mean estuarine salinity using averaged 
vertical salinity profiles spaced along the estuary. We consid
ered these simplifications were justified because we were 
primarily concerned with gross differences between estuaries 
that were imposed by geographic and seasonal factors. For 
example, a thin lens of freshwater at the surface flowing over 
seawater is characteristic of positive estuarine systems and, if 
the salinity of this surface layer is used in equation 4, calculated 
residence times would be lower than those reported in Table 1. 
Our estimates, therefore, represent an average residence time. 
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We used the salinity of marine or ocean water from published salt exchange in these scenarios, namely, variations in rainfall, 
data and if these were not available we used 35. We endeavoured runoff and evaporation. Where possible, we matched the tim-
to account for the seasonality of the driving forces for water and ings of rainfall, runoff, evaporation and salinity. Sometimes this 

Table l. Computed values of (i) the ratio of anrage estuarine salinity to salinity of marine source water ~/So), 
(ii) residence time and (iii) daily exchange volume, liT, of water, in some Australian coastal environments. 

Place Source water Average Residence time lfF(day-l) Reference 
salinity eSUIarine (days): 

salinity 
So SF SFiSo T=(V/{bJ 

Yarra R Low Flow 15 0.067 Beckett et ai, 1982 

Yarra R, High Flow UXXl Beckett et ai, 1982 

Yarra R Low Flow 34.00 20.20 0.59 28 0.036 This study 

Yarra R, High Row 33.60 21.20 0.63 1.325 This study 

Yarra R Low Row 32.60 31.10 0.95 2 0.663 This study 

Yarra R Mean Annual Row 33.60 21.00 0.63 4 0.275 This study 

Brisbane River 29.00 11.86 0.41 23 0.043 This study 

Riclumnd River (high flow) <f>.01 I 1000 Eyre & TV.1G£.I9% 

Rlclumnd RIver (low flow) 0.50 196 0005 Eyre & TV.1GG, 19% 

Upper Derwent River <1.0 0.7 1.429 Davies & Kalish, 1994 

Upper Derwent River <1.0 14 0.071 Davies & Kalish, 1994 

South Alligator River 0.88-1.04 100 0.010 Wolanski 1986 

Norman River 0.94-1.06 40 0.0?-.5 Rldd et aI. 198); 

Peel Harvey 30 0.033 EPA, WA, 1988 

Peel Harvey (Low Flow) 35.00 40.00 1.14 83 0.012 This study 

Peel Harvey (High Flow) 35.00 15.00 0.43 60 0.017 This study 

Peel Harvey (Low Flow) 35.00 40.00 1.14 46 0022 This study 

Peel Harvey (High Flow) 35.00 18.70 0.53 62 0016 This study 

Peel Harvey (Low Flow) 36.40 41.10 1.13 42 0024 11us study 

Peel Harvey (High Flow) 35.20 28.30 0.80 26 0.039 11us study 

Port Phillip Bay (Hunter) 35.00 34.00 0.97 494 0.002 This study 

Port Phillip Bay (Black & M) 35.00 34.00 0.97 228 0.004 This study 

Port Phillip Bay (Jun 1993) 35.50 34.33 0.97 110 0.009 This study 

Port Phillip Bay (Q:t 1993) 35.50 32.97 0.93 197 0.005 This study 

Port Phillip Bay (1Xc 1993) 35.50 32.83 0.92 245 0.004 11us study 

Port Phillip Bay (Jun 1994) 35.50 34.16 0.96 230 0.004 This study 

Corio Bay (Q:t 1968) 33.34 34.17 1.02 82 0.012 This study 

Corio Bay (1Xc 1978) 33.34 34.47 1.03 463 0.002 This study 

Moreton Bay 60 0.017 Ne'M!ll, 1970 

Moreton Bay (lngh flow, Jun 67) 35.50 29.82 0.84 27 0037 11us study 

Moreton Bay (low flow, Aug 67) 35.50 32.62 092 390 0003 This study 

Moreton Bay (low flow, ext 67) 35.50 34.43 0.97 532 0.002 This study 

Moreton Bay (high flow, Jan 68) 35.50 31.13 0.88 25 0.040 This study 

Western Port Bay 84 0.012 Hanis & Robinson, 1979 

Western Port Bay July 35.00 33.40 0.95 91 0.011 11us study 

Western Port Bay March 35.90 37.90 1.06 317 0.003 This study 

Spencer Gulf 90 0.011 Lennon et ai, 1987 

Spencer Gulf 270 0.004 Smith & Veeh, 1989 

Shark Bay 365 0.003 Smith and Atkinson. 1983 

Tuggeral1 Lake 50 0.020 Batley et aI 1990 

Tuggeral1 Lake (low flow) 33.50 44.00 1.31 822 0.001 This study 

Tu&oeral1 Lake (high flow) 33.50 5.00 0.15 61 0.017 This study 

Tu&oerai1 Lake (annual aveTacoe) 33.50 19.20 0.57 65 0.015 This study 

Wilson Wet (low flow) 35.00 16.00 0.46 207 0.005 This study 

Wilson Wet (high flow) 35.00 16.00 0.46 81 0.012 This study 

Wilson Wet (long term average) 35.00 20.70 0.59 110 0.009 This study 

hwin Wet (High Flow) 35.00 5.00 0.14 26 0.039 This study 

Irwin Wet (Low Flow surrnner) 35.00 40.00 1.14 61 0.016 This study 

Irwin Wet (Mar-May typical) 35.00 27.80 0.79 149 0.007 This study 

Princess Royal HaIbour 20 0.050 EPA (WA) 1990 

Princess Royal HarlJour 35.00 34.00 0.97 93 0.011 This study 

Oyster HaIbour 10 0.100 EPA (WA) 1990 

Oyster Harbour (high flow) 35.00 28.50 0.81 25 0.040 This study 
Oyster HaIbour (low flow) 35.00 35.80 1.02 19 0.052 This study 
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was not possible, and we used typical high or low runoff values, 
depending on the month when salinity data were collected. We 
used published values for areas and average depths or computed 
them from maps. 

Discussion 
We calculated T values for several estuaries, coastal lakes and 
embayments around the Australian coast, using those data 
summansed in Tables 1 and 2. The calculated T and the fraction 
of water replaced per day (lIT) are also summarised in Table 1, 
together with residence time calculated by others. Table 2 is a 
selection of values for precipitation, evaporation, and runoff 
that illustrate the wide range of these data from various Austra
lian estuaries. 

From inspection of values of S/So in Table I, three scenarios 
are evident. 
Scenario 1. Runoff dominates net of precipitation and 
evaporation. This represents or approximates the North 
American and European scenes (Pritchard 1967). SF«SO 
implies that runoff QR> >net of precipitation and evaporation 
[Qp - QEl, and T is simplified to and approximated by T - [Vl 
(So- SF)/SO *QR' We have used the complete equation to calcu
late residence times throughout. This scenario implies a general 
circulation with a net seaward flow offreshwater (Fig. I). 

We note that the estuaries of southeastern Australia appear 
to be dominated by values of SF/SO «I, mostly year-round, 
where seasonal data are available. However, there are other 
estuaries that indicate values of S/So only during the winter 
months of May to September (e.g. the estuaries of southwestern 

Australia). Similarly, the estuaries of northern Australia have 
S F/S 0« I, but these are found only during the summer monsoon 
season (November-April). There are clearly strong geograph
ical and seasonal variations. 
Scenario 2. Marine-dominated, where SF - So' but SF is never 
greater than So' This situation is found mostly in large 
embayments, where Qp and QE may be large, but approximately 
equal and QR>[Qp - QEl (e.g. Port Phillip Bay and Moreton 
Bay). While there still exists a seaward flow of freshwater, 
circulation characteristics are probably influenced by other 
factors, barometric pressure and the interactions of tide (of 
various ranges) with the local bathymetry. 
Scenario 3. SF>SO implies that net of evaporation and precipi
tation [Qp - QEl » runoff QR and in this case (So - SF) and 
[Qp - QEl are both negative numbers. The expression for Tunder 
these conditions can be simplified, rewritten and approximated 
by T - (SF - So)/So * QE 

Some localities indicate values of SF/SO> I on a year-round 
basis. However, other places have S/So> I only during the dry 
winter months (May-September) in northern Australia. Simi
larly, those estuaries of southwestern Australia have SF/SO> I 
during the dry summer months (November-Apnl). The estuaries 
or coastal lakes, during these periods, have restricted exchange 
with (or can, in fact, be isolated from) the sea because of a 
narrow and shallow bar at the entrance, and are affected by local 
summertime heating, and evaporation. 

Figure 2 shows the location and timing of values of SF/SO> I 
and those <I, calculated above. What is distinctly noticeable is 
the distnbution of the estuaries dominated by runoff annually. 
Note there are more estuaries plotted here than shown in Table I. 

Table 2. Values of (i) rainfall, (ii) runoff, (iii) evaporation, and (iv) the net freshwater input for a selection of Australian 
estuarine environments. 

Place PrecipITatioll EvaporatlOll River flow QR+Qp-QE Estuary Area 
(Qp, ML( 1

) (QE, ML(1
) (QR, MLday'l) (MLday'l) (km2

) 

Peel Harvey (Low Flow) 0 665 410 -255 133 

Peel Harvey (HIgh Flow) 0 0 1400 1400 133 

Peel Harvey (Low Flow) 0 665 210 -455 133 

Peel Harvey (HIgh Flow) 0 0 1120 1120 133 

Peel Harvey (Low Flow) 0 665 210 -455 133 

Peel Harvey (HIgh Flow) 0 0 1120 1120 133 

Port PhIllIp Bay 3471 6416 41;-(<) 1445 1950 

Port PhIllip Bay 4056 5402 +176 3130 1950 

Port Phillip Bay (Jun 1993) 5207 1619 4562 8150 1950 

Port PhIllip Bay (Oct 1993) 10394 5187 4648 9855 1950 

Port PhIllIp Bay (Dec 1993) 13065 9419 4735 8381 1950 

Port PhillIp Bay (Jun 1994) 1287 1619 4821 4490 1950 

Cono Bay (Oct 1968) 328 640 9 -303 200 

Cono Bay (Dec 1978) 180 1140 9 -951 200 

Western Port Bay July 1224 SS.J 1111 1451 ()XO 
Western Port Bay March 1224 1 g36 102 -510 680 

Moreton Bay (hIgh flow, Jun 67) 3556 5208 72600 70948 1400 

Moreton Bay (low flow, Aug 67) 1414 2016 3100 2498 1400 

Moreton Bay (low flow, Oct 67) 2940 4060 1800 680 1400 

Moreton Bay (high flow, Jan 68) 7000 6860 59000 59140 1400 

Moreton Bay (low flow, Apr 68) 5936 6720 600 -184 1400 

Spencer Gulf 9500 30000 1027 -28023 7500 

Shark Bay 7900 89000 no entry -81100 13119 

Tuggerah Lake (low flow) 10 174 44 -35 58 
Tuggerah Lake (high flow) 95 44 1008 1282 58 
Wilson [nlet (low flow) 182 158 200 224 48 
Wilson [nlet (hIgh flow) [82 158 550 574 48 
Wilson [n1et (long tenn average) [ 15 [78 380 318 48 
IrwIn Inlet (HIgh Flow) 46 40 800 806 12 
IrwIn [nlet (Low Flow summer) [2 84 16 -56 12 
IrwIn Inlet (Mar-May typical) 28 44 50 33 . 12 
Princess Royal Harbour 96 96 18 18 29 
Oyster Harbour (hIgh flow) 67 24 330 373 16 
Oyster Harbour (low flow) 10 96 27 -59 16 



We were able to find salinity data from many estuaries to make the 
calculation of SF/SO' but not enough data to estimate residence 
times. The open circles (those places dominated by SISo <I) are 
found on the eastern seaboard, mostly in southeastern Australia. 
Those places that show SISo <I in summer are confined to north
ern Australia. Those places that show SF/So>1 in summer are 
limited geographically to southwestern Australia. Lastly, we found 
only two locations (Spencer Gulf in South Australia and Shark 
Bay in Western Australia), both of which are large open marine 
environments with minimal or zero runoff and SF/SO> I annually. 

Freshwater(runoff)-dominated estuaries of southeastern 
Australia 
Reference is made frequently to Figures 3,4 and 5, which illus
trate Australian climate and precipitation patterns (Johnson 
1992). The data in Figure 5 were obtained from published tables 
(Newell 197Ia,b, MMBWS & FWD 1973, Smith & Atkinson 
1983, Hodgkin & Clark 1988, Cossins 1990). The large estuar
ies of eastern Australia from BrISbane to Hobart are characterised 
generally as freshwater-dominated systems year-round, with 
values of SF/SO <I (Table I). Note the near-constant rainfall data 
for the eastern Australian cities, Melbourne, Sydney and Hobart 
(Fig. 3). 

The Yarra River drains a large catchment (6119 km2
) and 

also receives the runoff from Melbourne, Australia's second 
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largest city (Figs 3, 5). There is a year-round freshwater input, 
but significant variations in flow occur. Values of SISoare always 
<I and vary between 0.63 for high flow and 0.95 for low-flow 
conditions. Beckett et aL (1982) calculated several T values for 
the Yarra River under high and low runoff conditions during 
1977, by the tidal prism and water/salt balance methods . 
Dependent upon measured salinity and flow, Tranged from 0.2 
to 15 days. The winter, summer and annual average residence 
time for the Yarra Estuary, which we calculated from Beckett 's 
data, varied between I and 2 days for high-flow conditions and 
2 and 28 days for low-flow conditions (Table I). Using an annual 
average river flow (2420 ML day·l) and the annual average 
salinity (the depth-integrated summer and winter values), we 
calculated the annual average residence time to be 4 days (Table I). 
The results of Beckett et aL (1982), who used a segmented 
method for the estuary, are in reasonable agreement with the 
simplified salt and water balance used here and provide some 
measure of the credibility of this simplified approach. 

The Latrobe River estuary (Victoria) enters Bass Strait via 
Lakes Wellington and Victoria . The flow pattern of the Latrobe 
River is seasonal, with highest flow in winter and spring (May
December) and low flows during summer 1987, January-April 
(Newell 1978). A salt wedge penetrates the Latrobe River estuary 
during periods of low flow and EI Nino years. We have not 
estimated residence times in the Latrobe River estuary. How-
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Figure 2. Location of the estuaries and embayments for which we obtained data to categorise the environment 
and also estimate residence time. Also shown are the types of estuarine environment identified from comparison 
of the anrage salinity with that of the salinity of the marine source water. Open circles represent environments 
always dominated by runoff. Closed circles represent environments dominated by evaporation. Open/closed 
(reading left to right) circles represent environments dominated by runoff in summer and evaporation in winter. 
The closed/open circles represent environments dominated by winter rains and runoff, dry summers and 
evaporation . 
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ever, values of SF/SO were calculated from salinity data (Newell 
1987) for the years 1976-1978, at the mouth of the Latrobe 
estuary; these were 0.12 during low flow (May 1977) and <0.02 
during high flow (July 1977). This indicated that, in the Latrobe 
estuary, runoff was abundant and easily exceeded the net of 
evaporation and precipitation. 

Davies & Kalish (1994) estimated residence time for 90% 
replacement of the upper sections of the Derwent River 
(Tasmania), between about New Norfolk and Dogshear of2-32 
days for high and low-flow conditions, respectively. Our inter
pretation of the longitudinal salinity profiles for the upper 
Derwent indicated that although the position of the salt wedge 

ElDAA~N 

~. PERT" 

varies between high and low runoff periods, values of S/So are 
< I, indicating river runoff exceeds the net of precipitation and 
evaporation. Davies & Kalish (1994) concluded that two prin
cipal factors resulted in decreased flushing of the upper Derwent 
estuary: (i) a high level of regulation since 1916 coupled with 
hydroelectric operations since 1968; and (ii) a 25% reduction in 
flow from 1977 to 1988, owing to a dry period, in which recorded 
flood events were reduced by 30%. The decreased flushing of 
the river as a result of a long period of regulation coupled with 
climatic conditions has contributed to a degradation of water 
quality in this river. 

Climatic conditions in southeastern Queensland give rise to 
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Figure 3_ Map of Australian climate zones, and the seasonal variations in rainfall and temperature (Johnson 1992). 



stream flows characterised by large runoffs during summer 
months and long periods oflower flow (Auliciems 1990, Cossins 
1990); note the continuous year-round rainfall for Brisbane, but 
an increasing bimodal distribution toward northern Australia 
(Fig. 3). The Brisbane River catchment is approximately 
13560 km2

, the largest of which is the Bremer River catchment. 
While rainfall continues year-round, highest rainfall occurs during 
the summer months (OctOber-Apnl , see Fig. 5). We estimated 
an average salinity for the length of the Brisbane River, between 
Bishop Island in Moreton Bay and Tennyson (50 km upstream) 
from the graphic salinity data presented in Steele (1990), for the 
period OctOber 1974, when summer rains commenced. The 
average value of SF/SO was 0041, and a residence time of23 days 
was calculated, using a runoff of 3700 ML day-I. This T value 
of23 days, based on 1974 data, is probably low, as regulation of 
the Brisbane River by construction of the Wivenhoe and Somerset 
dams, weirs on creeks, and sewage treatment plants (STPs) 
have decreased the runoff, and, consequently, residence times 
will have increased. The Brisbane River currently receives point 
and non-point source inputs ofN and P. The middle and lower 
reaches of the estuary are enriched in nutrients and the estuary 
is highly turbid, probably because of sediment resuspension 
and dredging activities (Bennett 1990, Moss 1990). Bennett 
(1990) found that during (i) high-flow conditions, the estuary is 
flushed, with an improvement in water quality, although during 
(ii) intermediate flow, there is a deterioration in water quality, 
because nutrients and toxicants are delivered to the estuary from 
the tributaries, and during (iii) low flow, nutrient levels are 
enhanced by input from the STPs and a quasi-steady state exists 
between inputs, in-situ processes and poor flushtng. Despite 
nutrient enrichment and contrary to conventional expectation, 
phytoplankton blooms are not a feature of the Brisbane estuary, 
because photosynthesis is severely light limited, owing to high 
turbidity imposed by suspended fines (Moss 1990). 

The Richmond River (northern New South Wales) drains a 
catchment of about 6900 km2

. We estimated only S/So values 
from data reported in Eyre & Twigg (1997). The S/So values 
were <0.0003 during a small flood event in March 1994, when 
the estuary was flushed to the mouth, and 0.50 when runoff 
was minimal during September 1994. Flow in the Richmond is 
highly variable with large differences (140,000 fold) occurring 
between maximum and minimum runoffs. Highest runoff occurs 
during summer months from February to May. Eyre & Twigg 
(1997) calculated that residence time increased as the fresh
water flow decreased in the Richmond River for a short time 
after this ' small flood event'. Residence time varied between 
< I and about 5 days. A longer residence time of 196 days was 
estimated for the estuary about 6 months after the flood event, 
during pen ods of very low runoff during September. Eyre & 
Twigg (1997) found that, during the flood event, sediments from 
the catchment and scoured from the river bed, nutrients, and 
freshwater are discharged onto the continental shelf. However, 
as the estuary 'recovered' and residence time increased, in-situ 
estuarine processes (rather than flushing) controlled nutrient 
distribution. Phosphate was desorbed from iron and aluminium 
oxyhydroxides at higher salinities and nitrate and silicate were 
removed by phytoplankton growth . During periods of long 
residence time, the estuary is nitrogen limited and primary 
productton is supported by internal cycling processes, notably 
a benthic flux of ammonium from the sediments. During periods 
of ' recovery' , residence time of estuarine water is long relative 
to biogeochemical processes in the sediments and water column. 

Salinity, temperature, turbidity and tidal data for several of 
the estuaries (Moruya, Clyde, Crookhaven, Shoal haven and 
Tomago Rivers) of southeastern NSW were presented by 
Anderson & Storey (1981). There were insufficient data to 
estimate residence time, but salinity data yielded SISo values 
which were always < I, indicating that these estuaries are runoff
dominated systems. 

The estimates of flushin'g time for the Yarra and Brisbane 
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Rivers, and calculated by others for the Derwent (90% replace
ment) and Richmond Rivers, vary over a wide range of between 
< I and about 30 days (Table I) during high and low runoff 
periods. An exception is the Richmond River in northern NSW 
during a period oflow-flow noted above. However, SF/SO values 
for these estuaries of eastern and southeastern Australia (Table I) 
were always < I during periods of both high and low runoff. 
This scenario predicts that these estuaries will have a circu
lation typical of , positive' estuaries outlined in Figure I. There 
may be considerable variation between those characterised by a 
salt wedge and a partially mixed structure, which depends on 
interaction between buoyancy associated with fre shwater run
off and turbulence associated with the tidal range There is also 
a considerable' concertina' effect, as freshwater runoff and the 
distance the salt wedge penetrates into the estuary vary (the 
transitional zones of estuaries). 

Marine-dominated coastal lakes and embayments of 
eastern and sOlltheastern A IIstralia 

Coastal lakes and embayments are found in many parts of 
Australia, and those close to urban and metropolitan centres are 
important waterways for recreation, commercial fishing and, in 
some instances, for cooling water in coal-fired electricity 
generation plants . The Port Phillip Bay hinterland is highly 
urbanised (3.2 million residents) with Melbourne straddling the 
Yarra and Maribyrnong Rivers flowing from the north (MMBWS 
& FWD 1973). The catchment of the bay is about 12250 km2

• 

The average total river input of freshwater has been estimated at 
around 4000 ML day-I, with about 2400 ML day-I coming 
from the Yarra River in 1968 (MMBWS & FWD 1973). The 
freshwater input is seasonal. To the southwest, the Werribee 
Treatment Plant discharges treated sewage effluent (appro\im
ately 420 ML day-I) into the bay. Port Phillip Bay is largc 
(1950 km2

, volume, 25 x I 06 ML, with an average depth of about 
14 m). There is a relatively narrow entrance to Bass Strait. 
Values of SISoare always >0.92 , using data from MMBWS & 
FWD (1973), indicating that Port Phillip Bay accumulates some 
freshwater year-round. The observations suggest that the bay 
may show a positive estuarine circulation, but stratification is 
generally weak, because the bay is well-mixed by wind forcing . 
The residence time of water in Port Phillip Bay has been 
estimated at around one year to 460 days (MMBWS & FWD 
1973, Hunter 1992). We used salinity, rainfall, and river data 
from Longmore et al. (1996) to estimate residence time during 
high and low-flow conditions from 100 to 494 days (Table I). 
Longmore et al. (1996) indicated a somewhat higher bay-wide 
salinity for 1994 and 1995 than in previous years; SISo values 
were from 0.93 to 0.99. Values of SISo> I were never found 
from the data we examined for Port Phillip Bay. 

Our observations indicate that the effects of both evapor
ation and rainfall are important in large embayments such as 
Port Phillip Bay. The seasonal variation in Australian rainfall 
and evaporation (Fig. 5) indicates the predominance of evapor
ation over rainfall during the summer months, even in the cool, 
temperate areas of the southeast. Because of the large area of the 
bay, the net balance between rainfall + runoff and evaporation is 
important in the water balance and the estimation of residence 
time (Tables 1, 2). Other factors may be important in control
ling residence time. For example, Black & Mourtikas (1992) 
concluded that mixing across the Sands may more directly 
determine inner bay residence times, rather than the exchange 
rate at the entrance. Harris et al. (1996), in a recent report on 
Port Phillip Bay, reported a flushing time of380 days calculated 
from two-tidal-cycle data (Pattiaratchi et al. 1995). Harris et al. 
(1996) also presented a discussion for estimating flushing time 
for Port Phillip Bay. Their conclusion is that T is roughly 
constant in Port Phillip Bay because of the very large volume to 
runoff ratio. 

Recent work (Longmore et al. 1999, this volume) has 
demonstrated that primary productivity in Port Phillip Bay is 
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Figure 4. Map of Australia, showing the geographic variations in (a) evaporation and (b) seasonal rainfall (Johnson 
1992). 



stimulated by nutrient input from the Yarra, Maribyrnong, and 
Werribee Rivers, other creeks that drain into the northern and 
western perimeters of the bay, and ammonia discharge from the 
Werribee Treatment Plant. Input is stochastic (although most 
occurs during late winter and spring) and, between periods of 
rainfall and runoff (and nutrient input), internal recycling of 
nutrients, notably nitrogen, between the overlying waters and 
sediments has been argued as supporting primary productivity 
(Longmore et al. 1999, this volume, see also Harris et al. 1996). 
Denitrification in the sediments is now known to be a major 
control on water and sediment quality in Port Phillip Bay 
(Bere Ison et al. 1998, Heggie et al. 1999). These studies indicate 
that nutrient loads into Port Phillip Bay undergo rapid 
biogeochemical recycling and transformation within the bay 
ecosystem, including the near-surface sediments. One conse
quence of the comparatively long residence times in the bay is 
that nutrients are recycled many times between the overlying 
waters and the sediments before being exported to the sea. 
Notably, the bay appears to be a sink for N, as much of the N 
from runoff never escapes to the sea, but is mostly lost to the 
atmosphere via denitrification in the sediments. 

Corio Bay is at the western end of the Geelong arm of Port 
Phillip Bay. Using data reported in the Phase One Study 
(MMBWS & FWD 1973), we estimated residence time of water 
III Corio Bay at 82 days during spring to 463 days during sum
mer (Tables 1,2). In this area of Australia (Fig. 5), evaporation 
exceeds rainfall during summer. The headwaters of Corio Bay 
would be trapped, resulting in a slow exchange with the waters 
of Port Phillip Bay. The SISo values indicate that Corio Bay is 
dominated by evaporation and the circulation and exchange with 
Port Phillip Bay could be characterised by an inverse circulation 
(Fig. 1). 

Western Port Bay (Shapiro 1975, Harris & Robinson 1979, 
EPA Victoria 1975, 1989) to the east of Port Phillip Bay (Fig. 2) 
is doughnut shaped with French Island in the middle and Phillip 
Island to the southeast restricting a direct exchange with the sea. 
The direction of flow through Western Port Bay has been 
observed to be from west to east (Shapiro 1975). The catch
ment for the bay is about 2205 km2 and is subject to urban and 
agricultural development. The average daily input offreshwater 
is about 1100 ML with seasonal variation occurring (Dale 1974 
cited in Cowdell 1982). We estimated values of SF/SO from data 
in Shapiro (1975) to be 0.95 during winter (July) and as high as 
1.06 during summer (March). Western Port Bay is open at both 
ends and, while it may flush via flow-through processes, salin
ity data suggest a sluggish circulation during summer, when 
evaporation exceeds rainfall and runoff. We estimated residence 
time from 91 days during winter, when runoff and rainfall exceed 
evaporation, to 3 I 7 days during summer, when net evaporation 
exceeds runoff. Shapiro calculated an average T of 40 days. 

Moreton Bay (Crimp 1992) is a large embayment of 
approximately 1380 km2

, with a volume of approximately 
1200 106 ML, and receives runoff from several rivers, the largest 
being the Brisbane River, which drains a catchment of2400 km2

• 

This includes urban runoff from metropolitan Brisbane, the Albert 
and Logan Rivers in the south, and the Pine and Caboolture 
Rivers in the north and west. Moreton Bay receives runoff from 
the fastest growing urban development in Australia. The aver
age annual input of freshwater from the Brisbane River is about 
1.3500 106 ML (Cossins 1990). Rainfall is highest in summer 
months from November to April (Fig. 5). Seasonal variation in 
rainfall and evaporation is shown for two areas near Moreton 
Bay (Cape Moreton and Brisbane; Cossins 1990) in Figure 5. 
Also shown in Figure 5 are data from the Brisbane area during 
dry EI Nino years, indicating a predominance of evaporation 
over rainfall during these times; decreased rainfall and runoff 
and increased evaporation result in increased residence times. 
We used salinity data, collected from 1967 to 1968 (Newell 
1971 b). During periods of high runoff(June 1967), SF/SO values 
were 0.84 and 0.88, respectively. Residence time was estimated 
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at about 26 days during periods of high summer runoff, when 
Moreton Bay probably behaves as a typical positive estuary. 
During periods oflow flow, SF/SO values were between 0.92 and 
0.97, and the estimated residence time was between 390 and 
532 days (Table I). These high residence times are comparable 
to those of Port Phillip Bay. 

Both point and non-point inputs of nutrients and toxicants 
to Moreton Bay have been identified. Isolated incidences of 
toxic 'red tide' blooms have been observed in the western sector 
of Moreton Bay, which is affected by runoff from urban and 
sewage treatment (secondary) plant outlets. Moreton Bay might 
be predicted to behave in some respects similarly to Port Phil lip 
Bay, particularly during periods of low runoff, when internal 
recycling of nutrients may be important in sustaining 
phytoplankton growth. Recent work in Moreton Bay has shown 
that the sediments are an important source of nutrients to the 
bay waters, and coupled sedimentary nitrification and 
denitri fication are processes that regulate the fluxes and 
speciation of N recycled to bottom waters, with implications 
for water quality (AGSO 1998). 

The Tuggerah Lakes system (Batley et al. 1990) is around 
90 km north of Sydney and consists of three interconnected 
shallow coastal lagoons (Budgewoi, Munmorah and Tuggerah 
Lakes) that exchange waters with the sea via Tuggerah Lake and 
a narrow channel (The Entrance). The catchment area is around 
5800 km2

• The lakes are characterised by large temporal varia
tion in temperature and salinity, and are, for the most part, well
mixed via wind forcing, although occasional stratification does 
occur. A Simple volumetric calculation based on the tidal prism 
gives a flushing time (90 percentile) of around 76 days, indicat
ing that tidal flushing must be an important process. Major 
inflows of freshwater lead to significantly reduced salinity, 
and rainfall and runoff were found to be the major controls on 
salinity variation (Batley et al. 1990). Tuggerah Lake salinity 
is <10 psu during the years of high runoff (e.g. 1973-74), and 
it probably behaves as a typical positive estuary (SF/SO; 0.15-
0.57). During drought years (e.g. 1980-81) salinity may reach 
45, indicating that, during this period, the lakes were 
evaporation-dominated (SF/SO: 1.31). We estimate residence 
time of 822 to 61 days during dry and wet years, respectively 
(Table I; although because of the small difference in two large 
numbers of evaporation and rainfall + runoff, there is a large but 
undetermined uncertainty in the residence time estimated 
during dry years). Batley et al. (1990) estimated residence time 
of water in this system at 50-100 days. Salinity higher than 
seawater implies that the waters of this shallow lake are trapped 
for relatively long periods and suggest a sluggish 'inverse' 
estuarine circulation. Either convective cooling during the 
following autumn or winter, with an outflow at depth, or a flood 
would be required to flush hypersaline water from the lakes. 

Parts of Tuggerah Lake are eutrophic (Batley et al. 1990), 
with the sediments containing several cm of highly organic black 
ooze. Not all nutrient sources to the lakes have been identified, 
but estimated diffusive fluxes of Nand P from the sediments 
could sustain the high phototrophic productivity. It appears 
from these data that the Tuggerah Lakes system is a trap for 
nutrients and that internal cycling from the sediments is impor
tant. Comprehensive management strategies for nutrient and 
toxicant recycling in Tuggerah Lakes should account for the 
combined effects of low runoff, a large lake volume, and long 
residence times. 

Salinity data for Lake IIIawarra, Lake Burrill and St Georges 
Basin are reported by Anderson & Storey (1981). We did not 
estimate residence times, but note from the data collected for 
1974-78 that salinity in these lakes does not exceed typical 
seawater salinity of 35.5. Lake Burrill, St Georges Basin, and 
Lake IIIawarra had SF/SO values of 0.97-0.80,0.61-0.43, and 
0.51-0.97, respectively, over summer and winter sampling 
periods. While limited in scope, these data suggest that in these 
lakes runoff and precipitation exceed evaporation. 
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Runoff- to evaporation-dominated estuaries of 
southwestern Australia: the Australian Mediterranean 

McComb & Davis (1993) argued that the estuaries and 
embayments of southwestern Australia are susceptible to 
eutrophication because of the following: I) the sandy soils of 
the catchments permit a free passage of nutrient-charged 
ground waters into downstream water ways; 2) streamflow is 
highly seasonal; 3) most freshwater wetlands are small and shal
low; and 4) the estuaries are poorly flushed . Furthermore, nutri
ents are derived primarily from fertiliser applications to 
catchments, and from sewage and other discharges. 

The estuaries of southwestern Australia are also distinctly 
different to those of southeastern Australia. The southeastern 
coastal cites (Hobart, Melbourne, Sydney, Brisbane) and other 
areas of the southeast experience a more even seasonal 
distribution-of rain than Perth and the coastal areas of the south
west (Figs 3,5). The area has a Mediterranean-like climate with 
the highest rainfall/runoff occurring in the winter months (June
October) and very dry summers, during which runoffis almost 
non-existent (Figs 3, 4). Sixty-four of the eighty estuaries in 
southwestern Australia are closed by a sand bar during the dry 
summer months and there is no exchange between the sea and 
estuarine waters (Lukatelich et al. 1987). 

The hydrology of the Peel Inlet and Harvey River estuarine 
system has been studied intensively, mainly because of the toxic 
cyanobacterial blooms that occur in summer (EPA WA, 1988). 
During the winter to spring months, diatom blooms result in a 
high flux of organic matter to the sediments. As a result of 
bacterial denitrification in the sediments, nitrogen gas is released, 
depleting the system of N, but enriching the water in phos
phate . Toxic cyanobacterial blooms of Nodularia occur in sum
mer as a result of the release of phosphate from the sediments to 
the water column (McComb & Lukatelich 1990). The Peel
Harvey estuary (133 km2

) receives runoff during winter months 
from three rivers, which drain a very large catchment area of 
II 300 km2 (Ruprecht & George 1993), and is connected to the 
sea by the narrow Mandurah Channel. Values of SI So vary from 
0.43 to 0.80 during periods of high runoff, mdicating freshwater 
in the estuary; but the values change to > I during the summer 
months, indicating that net evaporation exceeds runoff. We have 
calculated residence time at 26-62 days during winter, when 
runoff is high, and 42-83 days during summer, when runoff is 
minimal. Residence times of 25-80 days were calculated for 
various flow and salinity values reported in the Peel-Harvey 
estuary (Black & Hearn 1987, Black et al. 1981). Other residence 
times were estimated at 30 and 50 days, respectIvely, for Peel 
Inlet and Harvey Estuary prior to the opening of the Dawsville 
Channel (EPA· WA 1988). Hydrodynamic models predict that 
residence time will reduce to 10 and 17 days, respectively, for 
winter and summer after construction of the Dawsville Channel 
(EPA WA 1988), and this combined with higher salinity is 
expected to reduce the incidences of Nodularia blooms. 

Wilson Inlet (Hodgkin & Clark 1988, Lukatelich et al. 1987) 
with an area of 40 km2

, drains a catchment of approximately 
2263 km2 and receives runoff from three rivers, although most is 
from the Denmark and Hay Rivers during the winter months 
(May-October). During the winter of 1982 to 1983, salinity 
values were lowest (16) because the estuary was isolated from 
the ocean for 5 I days by the closing of the bar. During the 
summer, salinity increased to 21 because net evaporation 
exceeded runoff. The bar was breached each year between about 
July and August from 1955 to 1988. This shallow «5 m) estuary 
remains well-mixed throughout much of the year, but becomes 
stratified after runoff events Values of SF/SO for Wilson Inlet 
were < I during summer and winter, suggesting that the inlet 
traps freshwater (and nutrients added from the catchment) year
round. Residence times were estimated from 81 to 207 days 
during winter (high flow) and summer (low flow), respectively, 
using data from Lukatelich et al. (1987) . We calculated a long
term average of 110 days. Wilson Inlet probably behaves gener-

ally as a typical positive estuary when the bar is breached fol
lowing winter rains and runoff. Lukatelich et al. (1987) ~ound 
that much of the nutrient inventory in the estuary was III the 
sediments and in plant biomass, with comparatively little in the 
water column. Furthermore, nutrient recycling through the plant 
biomass exceeded external supply from rivers. An important 
point made by Lukatelich et al. (1987) in assessing ~utrient 
budgets is that nutrient (notably P) discharge to coastal ml.ets IS 

not simply a function of runoff, but depends also on (I) the 
proportion ofland cleared of native vegetation, (ii) the compo
sition of the soil , and (iii) high drainage density. 

Irwin Inlet (Hodgson & Clark 1988) is small (10 km2
) and 

receives freshwater input from the Kent and Bow Rivers. The 
combined catchment area of2270 km2 delivers freshwater only 
during winter months. Salinity varies seasonally, as the bar is 
open during winter months, and freshlbrackish estuarine ".'a~er 
exchanges with the sea. During the dry summer months, salImty 
is close to or higher than that of the marine source water, because 
of the combined effects of isolation from the sea, by the bar, and 
a dominance of evaporation over freshwater input. Values of 
S /S were estimated from data in Hodgkin & Clark (1988) at 

F 0 d · . d 0.14-0.79 during a period of high flow and 1.14 unng a peno 
of low flow. Residence time was estimated at 26-61 days during 
winter months and 149 days during the summer low-flow months. 

Oyster Harbour and Princess Royal Harbour are adjacent 
embayments near Albany Western Australia (EPA WA 1989, 
1990). They receive markedly different amounts of freshwater 
runoff, because the catchment for Oyster Harbour is large 
(2840 km2

) and that for Princess Royal Harbour is very small. 
Severe die-back (>80% lost) of extensive seagrass areas in both 
harbours has occurred since about 1962, because of industrial, 
urban and rural inputs of nutrients into Princess Royal Harbour 
and combined rural and urban input into Oyster Harbour. The 
seagrass meadows have been replaced by macroalgae. Oyster 
Harbour receives substantial freshwater from the King and Kalgan 
Rivers and, during the winter months (May- September), ·when 
precipitation exceeds evaporation (see Albany data in Fig. 5), 
values of S /S < I predict that Oyster Harbuor would behave as 
a positive ~st~ary. During summer SF/SO> I indicates that net 
evaporation exceeds runoff, and a negative estuanne behavior 
could be expected with thermohaline convection established as 
a result of diurnal heating and cooling. Residence time was esti
mated at 19 and 25 days in summer and winter, respectively; 
similar residence times of 10 to 20 days were estimated by the 
EPA (1990). Runoff to Princess Royal Harbour, in contrast to 
Oyster Harbour, is generally low «20 ML day-I), and Princess 
Royal Harbour is more like an embayment. We estimated a 
residence time of93 days, using EPA WA (1990) data, although 
their estimate was 20 days. 

Salinity data for the Wellshead Estuary and Gordon Inlet in 
the Bremer Bay region of southwestern Australia indicate 
increases in salinity between 1974 and 1977, owing to below
av erage rainfall, high evaporation, and a closed bar at the en
trances 10 the sea (Congdon & McComb 1986). Values of SF/SO' 
calculated from Congdon & McComb's data were 0.12 for a 
pool in the Bremer River, 0.78 for the Wellshead Estuary, and 
0.80 in the Gordon Inlet during November 1974. By August 
1977, these values increased to 1.1 in the Wellshead Estuary and 
2.8 in the Gordon Inlet, while the pool in the Bremer River 
remained almost unchanged. The salinity increases suggest an 
inverse estuary-like circulation with the combined effects of 
hypersalinity and perhaps a seasonal or diurnal cooling result
ing in the formation of more dense waters in the shallow parts of 
the estuary and thermohaline convection cells. Salinity increases 
in the estuaries over this three-year period resulted in the disap
pearance of aquatic macrophytes. 

The freshwater to evaporation-dominated estuaries of 
northern Australia: the wet and dry tropics 
The Australian climate maps (Fig. 3, 4) show that in the northern 



part of the continent there are extreme variations in rainfall 
pattern, expected runoff being highest in the summer months 
with monthly precipitation averages typically >400 mm. For 
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example, a recent (March 1996) extreme event delivered 
approximately 1200 mm rainfall to the Daintree of north 
Queensland in a period of about 3 days (Dr Bradley Eyre personal 
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communication). These extreme variations in runoff are a major 
control on the residence time of water in the estuaries. 

There were insufficient data for the tropical rivers of north
ern Australia.to estimate residence times during the wet season, 
but anecdotal evidence suggests that the rivers and estuaries are 
flushed very rapidly and erticlently by large volumes offresh
water discharged over very short periods. Plumes of turbid fresh
water have been observed many kilometres offshore during these 
wet periods and estuaries have been fresh to the mouth (Furnas 
1995). However, it is unknown if these periods of high runoff 
are (i) predominantly cleansing processes, where dissolved and 
particulate nutrients, pollutants, and scoured riverine bed
sediments are flushed to the continental shelf, or (ii) delivery 
events, where catchment-washout products are retained. Eyre 
(1994, 1995) found that most (>80%) of the nutrients in the 
Moresby River estuary, which discharges into Mourilyan 
Harbour (Fig. 2), were delivered to the estuary from the catch
ment during the wet season (December-March), but that little 
nutrient accumulates in the estuary. Most P was transported to 
the ocean and much of the N was removed biologically by 
in-stream processes. 

Data from Pailles et al. (1993) for the lower 6 km of the 
Johnstone River estuary (Fig. 2) indicate values of S/So of 0.45 
for the dry season and <0.00 I for the wet season. This suggests 
that , in this part of the Johnstone River, runoff exceeds net 
evaporation. However, SF /SO values reflect the large differ
ences in runoff to the Johnstone estuary, varying from 1300 ML 
day-J in the dry season, to 30 200 ML day-J in the wet season 
(Piorewicz & Ryall 1991). Pailles et al. (1993) estimate that 
>90 % of P delivered from the catchment is discharged to the 
GBR Lagoon and Coral Sea during the wet season. During the 
dry season, estuarine processes control P concentration and 
distribution. 

Wolanski (1986) studied the South Alligator River
Van Diemen Gulf estuary, which exchanges with the Arafura 
Sea, the Ducie-Wenlock Rivers , which flow into the Gulf of 
Carpentaria, and the Escape River, which flows into the Coral 
Sea. A hypersaline and hot (approximately 30°C) salt plug 
(S>35.6), formed in the outer reaches of the estuaries. He con
cluded that an internal estuarine circulation is driven by evapor
ation and that the salt plug essentially isolates the upper reaches 
of the estuary from the marine source water; waters in the outer 
reaches of the estuary exchange freely with the adjacent sea. 

Values of SF/SO that we calculated from Wolanski's (1986) 
data for the South Alligator River-Van Diemen Gulf, varied 
between 0.88 and 0.96 for the upper estuary and 1.04 for the 
middle reaches of the estuary. Similar salinity differences were 
noted further east (Port Musgrave area, Cape York Peninsula), 
where the salinity maximum zone (S> 35) is greater than that of 
the waters of the Gulf of Carpentaria (S<35). The salinity of the 
upper reaches of the Ducie and Wenlock Rivers was <35. 
Wolanski (1986) estimates a residence time of about 100 days 
for water in the Van Diemen Gulf from the salt and water mass 
balances of the South Alligator River-Van Diemen Gulfarea. He 
also notes the importance of the salt plug as a control on flush
ing, and the storage and recycling of nutrients in the upper 
estuary. 

Ridd et al. (1988) described salt outwelling from tropical 
tidal salt-river flats of the Norman River, during hot dry summer 
months (October-November) coinciding with negligible runoff 
and spring tides in the southern Gulf of Carpentaria. A salt plug 
was also identified in the Norman River, which, they concluded, 
came from exposed tidal flats during low tide in peripheral 
streams. This salt is flushed into the Norman River during ebb 
tides. Values of SF/SO for the upper estuary were estimated at 
0.94 and 1.06 for the middle estuary within the salt plug. Ridd et 
al. (1988) estimated a minimum residence time for water down
stream of the salinity maximum zone of about 40 days or more. 
The outwelling from the salt flats also exports nutrients to the 
nearshore waters of the southern Gulf, contributing to the pro-

ductivity of Gulf waters. The estuarine section upstream of the 
salt-plug is isolated from a direct exchange with seawater, and a 
longer residence time (relative to the lower estuarine reaches) is 
predicted. This has implications for nutrient recycling via inter
nal processes and the storage of nutrients (or toxicants) added 
from the catchments. High concentrations of dissolved nutri
ents were measured in the upper Norman River estuary, which 
is well-mixed compared to the lower estuary. The nutrient 
gradients indicate a leakage ofnutnents from the upper estuary, 
ac ross the salt-plug hydrographic barrier, to the adjacent 
seawater. 

The high precipitation and runoff from the Ducle-Wenlock 
and Escape Rivers and the South Alligator River are sufficient to 
flush the salt plug from the estuary during the wet season . 
However, the wet season runoff into the Norman River is too 
small and infrequent to flush the salt completely from the 
estuarine flood plain into the sea. 

Cyrus & Blaber (1992) measured salinity and turbidity in 
the Embley Estuary in the Weipa area over a two-year period, 
and found that there were significant differences in average 
salinity between Albatross Bay (marine source water) and all 
reaches of the estuary during the wet season. We calculated 
values of SF ISo that varied between 0.62, 0.13 , and 0.04 for the 
lower, middle, and upper reaches, respectivel y In contrast, dur
ing the dry season, when freshwater runoff is negligible, salinity 
was higher and values of SF ISo for the outer e,tudry were 1.01 
and 0.93 for the upper reaches. The SF ISo value for the middle 
reaches of the estuary was 1.05, indicating that net evaporation 
dominated over runoff. These data suggest the presence of the 
salt-plug in the middle reaches ofthe Embley Estuary during the 
dry season, but this is subsequently flushed to Albatross Bay 
and the Gulf of Carpentaria during the wet season. 

The general pattern of water circulation in the estuaries of 
northern Australia, in which salt-plug hydrology plays a major 
role, dictates the importance of instream and sedimentary pro
cesses in controlling the retention and export of nutrients. 

Evaporation-dominated negative estuaries: 
salt-outwelling 
Smith & Atkinson (1983) calculated water and salt budgets for 
the eastern gulf of Shark Bay, Western Australia, including 
Hamelin Pool, Lahridon Bight, the Faure Sill, and Hopeless 
Reach ; Shark Bay is dominated by a large excess of net evapor
ation over runoff. Two small rivers contribute freshwater to the 
bay only during cyclones. Net evaporation results in the estab
lishment of hypersaline conditions at the head of the bay, with 
salinity in excess of60 having been measured in the most isolated 
sector. An 'inverse' longitudinal salinity gradient is established 
and Shark Bay is a negative estuary. From salt and water mass 
balances, Smith & Atkinson concluded that the average water 
residence time in Hamelin Pool is more than one year The waters 
of Hamelin Pool are extremely oligotrophic and Smith & Atkinson 
(1983) suggested this condition results from the stripping of 
nutrients from Indian Ocean water by extensive seagrass mead
ows on the Faure Sill. Nevertheless, the hypersaline waters and 
sediments of the southern part of the pool support a vast area 
of benthic cyanobacterial communities (stromatolites) with high 
primary productivity (Skyring & Bauld 1990, Skyring et al. 
1988). Phosphorus is recycled in the mat-like or biofilm com
munities and a N supply is maintained by cyanobacterial N2 
fixation (Skyring et al. 1988,1989). Even in nutritionally poor 
coastal environments, benthic communities and sedimentary 
processes play vital roles in nutrient transformation and 
recycling. 

Nunes & Lennon (1986) described the seasonal variation in 
temperature and salinity in Spencer Gulf, South Australia, and 
concluded that an inverse estuarine circulation is established 
because of an excess of evaporation over runoff. Evaporation 
results in salinity at the head of the gulf being higher than in 
waters of the Great Australian Bight, and sometimes as high as 



48 during summer. The water lost by evaporation is replaced by 
an inflow of less dense seawater from the adjacent continental 
shelf. Evaporation at the shallow head of the gulf results in the 
entrapment of the hypersaline waters because of buoyancy 
associated with warming of the surface waters. With the onset 
of winter and cooling of the hypersaline water, vertical 
convection causes the hypersaline water to sink and flow out of 
the estuary along the seafloor onto the continental shelf, where 
it sinks to a level of neutral density. This process appears to 
occur year-round, but is enhanced during the winter with the 
onset of thermohaline convection. Lennon et al. (1987) estimated 
that it would take about 90 days (residence time) for the 
accumulated salt in the head of the estuary to be flushed from 
the gulf to the adjacent Great Australian Bight. 

Smith & Veeh (1989) examined the salt and water mass 
balances to calculate a water residence time of 270 days in 
Spencer Gulf. They assessed the mass balances of nutrients in 
Spencer Gulf and observed that increasing salinity in the head
waters of the gulf was not accompanied by an increase in nutri
ents. The measured nutrient concentrations were, in fact , below 
those predicted by evaporation and mixing; a result that com
monly suggests biological uptake of nutrients into plant mate
rial via photosynthesis. Smith & Veeh (1989) concluded that, in 
the absence of inflow, internal recycling of nutrients supported 
primary production in Spencer Gulf. Input of P to support net 
production was supplied via runoff or new water from the sea; 
input of C was supplied from the atmosphere and inflow from 
the sea; N2 fixation was the inferred N supply. Little of the 
organic C synthesised in the gulf was found in the sediments 
and much of the dissolved P and C was exported from the gulfin 
particulate organic matter. The flushing of trapped particulates 
from the head of Spencer Gulfwas enhanced during the wmter 
months, when surface cooling induced thermohaline convection 
and outflow of bottom waters to the continental shelf. 

The mechanism to export material from Spencer Gulf to the 
sea is distinctly different to that noted by Wolanski (1986) and 
Ridd et al. (1987) for those estuaries in northern Australia. 

Summary 
The major objective of this work was to assemble, in a system
atic way, data and information about Australian estuaries and 
embayments that would assist development of a framework for 
understanding how Australian coastal environments respond to 
a variety of inputs from urban and catchment runoff. 
1. We categorised several Australian estuaries and embayments 

on the basis of the average salinity compared to the salinity 
of the marine source water, i.e. S/So' These values have 
been used to infer a general circulation. Five major types 
have been identified: (i) runoff-dominated annually, 
(ii) evaporation-dominated annually (iii) seawater
dominated, (iv) runoff-dominated during summer months, 
and (v) runoff-dominated during winter months. 

2. We calculated the residence time of water, from salt and water 
balance and using a one-box model, in a selection of these 
environments and computed values of average estuarine 
salinity, marine source water salinity, and the net balance 
between runoff, precipitation and evaporation. The range 
of estimated residence time varied from a few days for riverl 
estuaries receiving comparatively large volumes of runofflo 
more than a year for embayments dominated by marine 
water where evaporation is important. 

3. In the estuaries of southeastern Australia, runoff and 
precipitation exceeded evaporation year-round and residence 
time was comparatively short , but highly variable
generally, a few days to a month or more. 

4. The large and marine-water-dominated embayments of Port 
Phillip Bay, Moreton Bay, and Western Port Bay had salinity 
close to seawater, although SF<SO' River runoff and 
precipitation exceeded evaporation, but residence time was 
long, months to a year. 
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5. Coastal lakes of southeastern Australia (e.g. Tuggerah Lake) 
appear for the most part to behave primarily as positive 
estuaries with average salinity less than seawater. Typical 
residence time for Tuggerah Lake was about two months 
during high-flow periods. However, during periods oftow 
runoff, Tuggerah Lake probably exhibits negative estuarine 
characteristics with limited flushing and residence time 
estimated at more than a year. 

6. The estuaries of southwestern Australia (which are in a 
Mediterranean-like climate) show a seasonal switching 
between freshwater and evaporation-dominated regimes. 
Typical residence time during the wet winter months is 
estimated at less than one to about three months. Estimated 
residence time during dry summer periods was about one to 
seven months. The notable difference between these estuaries 
and those from northern Australia is the timing in seasonal 
rains, which, in the southwest, occur in the winter, in contrast 
to those in the north, which occur during the summer. 

7. The estuaries of northern Australia vary in their seasonal 
flushing processes. They also switch from freshwater to 
evaporation-dominated regimes between the wet (summer) 
and dry (winter) seasons, respectively. The outer reaches of 
these estuaries exchange freely with adjacent marine water 
with residence time of a month or more . However, the inner 
reaches ofthe estuary are isolated from the sea by salt plugs 
and have a longer residence time; only seasonal monsoon 
rains flush the estuary completely. Estuaries in the southern 
Gulf of Carpentaria (e.g. the Norman River and, presumably, 
others in this generally drier climate) may receive insufficient 
runoff to flush the estuary during the wet season. 

8. Spencer Gulf and Shark Bay are dominated by evaporation 
because of low to zero runoff. Hypersaline conditions at 
the head of the estuary characterise these environments as 
inverse estuaries, with long residence time of about three 
months to a year or more. Thermohaline convection (salt 
outwelling) flushes the large embayments in temperate 
climates during the onset of autumn to winter cooling. 
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Microbial nutrient cycling in seagrass sediments 
Christine j, Perry & William C. Dennison l 

Seagrasses are specialised flowenng plants with roots and vascular 
tissue, They differ from algae in that they can absorb and translo
cate nutrients from soft sediments, This provides seagrasses with 
access to the generally higher nutrient pools in sediments com
pared with the overlying water column, The interactions between 
seagrasses and the sediments surrounding their roots are impor
tant in nutrient cycling, Microbial flora in the seagrass rhizo
sphere form an intimate association with the seagrasses, In 
particular, nitrogen-fixing bacteria have a very close association 

Ecology of seagrasses 
The first plant life on the planet evolved in the primordial oceans. 
These plants now fonn a diverse flora of algae, growing both 
attached to the substrate and free floating in the sea. Some algae 
adapted to life on land, fonning another diverse flora ofterres
trial plants (Phillips & McRoy 1980). Of the terrestrial plants, 
only one group of evolutionarily recent plants, the angiospenns 
or flowering plants, have successfully re-invaded the sea. This 
series ofrecolonisations probably occurred three times, begin
ning in the Cretaceous with a functional grouping of plants 
collectively known as seagrasses (Waycott & Les 1996). 
Seagrasses have successfully colonised shallow coastal waters 
around every continent except Antarctica, with only 70 species 
of seagrass worldwide (den Hartog 1970). Over half the seagrnss 
species are found along Australia's coastlines and they form an 
important component of nearshore ecosystems (Larkum et al. 
1989). Their exploitation of the soft sediment habitats of shal
low coastal oceans has had significant ecological ramifications 
for marine food webs, crt'atlng a unique habitat for fishes and 
invertebrates and food for select animals. Seagrass leaf canopies 
provide a baffling effect for water motion, leading to increased 
sedimentation, and the roots and underground stems, or rhi
zomes, stabilise the sediments (Larkum et al. 1989). 

Seagrasses depend on and influence sediment microbial and 
chemical actiVity in three major ways: 
I. Seagrass roots exude dissolved organic carbon (DOC) 

compounds into the surrounding sediment (Wetzel & Penhale 
1979, Penhale & Wetzel 1982, Pollard & Moriarty 1991). 
This DOC provides an energy substrate for bacterial growth 
in the sediment. Little of the carbon is incorporated into 
bacterial biomass. Most is remineralised into inorganic 
nutrients, which are then available for seagrass uptake 
(Moriarty & Boon 1989). DOC may provide energy 
substrates for the fixation of atmospheric N2 by bacteria 
(O'Donohue et al. 1991). Degradation of these bacteria 
ultimately provides nutrients, which can be utilised by 
seagrasses. 

2. Seagrasses pump oxygen from the leaves down to the roots 
to maintain aerobic respiration in root tissue (Penhale & 
Wetzel 1982, Thursby 1984). Oxygen is pumped down 
through internal gas spaces or lacunae, which run 
continuously from the tips of the leaves to the bottom of 
the roots (Kuo 1993). An excess of oxygen results in 
oxygenation of sediments in the rhizosphere (Smith et al. 
1984, Pregnall et al. 1984). Owing to the presence of sea grass 
roots, some of the subsurface sediments are relatively 
oxidised (Hines & Lyons, 1982). 

3. Nutrient cycling in sediments is strongly affected by the 
presence of seagrasses (Wood et al. 1969, Phillips & McRoy 
1980, Larkum et al. 1989). The concentration of ammonium, 
nitrate, nitrite and phosphate is higher in seagrass sediments 
than in bare substrate (Craven & Hayasaka 1982, Iizumi et 
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with seagrass roots. Nitrogen fixed in the sediments can be found 
in seagrass leaves within hours, although seagrasses do not appear 
to have endosymbiotic associations like many terrestrial plants. 
Seagrasses influence the bacteria surrounding the roots via exuda
tion of dissolved organic carbon and oxygen and through seagrass 
nutrient uptake. This association between seagrasses and bacteria 
affects both the rates and pool sizes of various elements in the 
sediments. 

al. 1980, Iizumi & Hattori 1982, Kenworthy et al. 1982, 
Short 1983, Boon 1986, Boon et al. 1986). Seagrasses are 
very productive plants, with leaf growth rales up to 109 
dry wtlm2/d (Hemminga et al. 1991, Pollard & Kogure 1993). 
This high growth rate suggests efficient nutrient cycling in 
these ecosystems. Sediment N2 fixation and denitrification 
rates (Capone & Taylor 1980) as well as total bacterial 
activity (Moriarty et al. 1986) are higher in seagrass 
sediments than in unvegetated sediments. The balance of 
nitrogen fixation and denitrification detennines net loss or 
gain of nitrogen from a sediment. Seagrasses affect both 
these processes and so may control the nitrogen status of a 
particular sediment. 

Seagrass/sediment microbial interactions 
The importance of bacteria in sea grass nutrient cycling has long 
been recognised (Wood et al. 1969, Capone & Taylor 1977, 
Moriarty et al. 1984, Moriarty & Boon 1989), but rarely quan
tified. The abundance and productivity ofrhizosphere bacteria 
increases with increased seagrass root/rhizome biomass and is 
proportional to the density and species of seagrass (Moriarty 
& Boon 1989). Bacterial productivity, sulphate reduction rates 
and nitrogen fixation rates are also higher in vegetated than 
unvegetated sediments (Capone 1982, 1983, Moriarty et al. 
1985). Bacterial numbers are regulated by growth rate and graz
ing, which predominantly occurs at the sediment surface 
(Moriarty & Boon 1989). Bacterial productivity in seagrass 
sediments shows a diurnal pattern, which appears to be linked 
to plant photosynthesis (Moriarty & Pollard 1982). 

Seagrasses exude large amounts of organic matter, e.g. 6-
10% of carbon fixed by Zostera capricorni in Moreton Bay is 
exuded within 6 hours (Moriarty & Boon 1989). Although DOC 
exudation has been quantified, the composition of the exudate is 
not known. Zostera marina root exudate contains a wide range 
of molecular weight compounds (Wood & Hayasaka 1981). 
These compounds chemotactically attract motile rhizosphere 
bacteria and so may be important in the establishment of 
specialised rhizosphere microflora (Wood & Hayasaka 1981), 
Seagrasses are also a large and enduring source of detritus, which 
feeds directly into the sediment (Kenworthy et al. 1982). Dis
similatory sulphate reduction, a strictly anaerobic process, is 
the major pathway for organic carbon oxidation and remineral
isation of nutrients in anoxic sediments (Jorgensen 1983, 
Moriarty et al. 1984, Howarth & Stewart 1990, Pollard & 
Moriarty 1991). However, the presence of seagrass roots allows 
aerobic processes to occur in subsurface sediments. 

Bacterial productivity in soils is often measured using the 
rate of radio-labelled [3H-methyl] thymidine into bacterial DNA 
(Snyder et al. 1994). Unfortunately, this technique does not 
include the activity of a number of groups of bacteria found in 
anoxic marine sediment. The sulphate-reducing bacteria, in par
ticular, cannot take up exogenous thymidine (Pollard & Moriarty 
1984). Thus, the sulphate reduction rate must be measured to 
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obtain an accurate measure of bacterial productivity in seagrass 
sediments. The tritiated thymidine method measures mostly 
the activity of aerobic or facultative bacteria (Pollard & Moriarty 
1984), and could be used with caution, along with sulphate 
reduction rates, to assess the relative importance of aerobic and 
anerobic microbial processes in seagrass sediments. 

Bacterial productivity in seagrass sediments has been mea
sured in only four locations; Moreton Bay, Queensland; the 
Gulf of Carpentaria, Queensland; Florida Bay, Florida, USA, 
and in Fiji (Pollard & Moriarty 1982, Moriarty et al. 1986, 
Pollard & Moriarty 1991, Pollard & Kogure 1993, Perry & 
Dennison 1997). Sulphate reduction rates also have been mea
sured in seagrass sediment in only a few places in the world, 
including Moreton Bay (Moriarty et al. 1984), the Gulf of 
Carpentaria (Pollard & Moriarty 1991) and Jamaica (Blackburn 
et al. 1994). Bacterial productivity in Moreton Bay, the Gulf of 
Carpentaria and Fiji was similar to or exceeded that of seagrasses 
(Moriarty et al. 1984, Pollard & Moriarty 1991, Pollard & 
Kogure 1993). As bacteria generally have a lower C:N ratio than 
seagrasses (Moriarty et al. 1984), in areas of high bacterial pro
ductivity, bacterial nutrient uptake and regeneration rates could 
dramatically influence seagrass nutrient dynamics. 

Bacterial nitrogen cycling 
In anoxic sediments, nitrogen fixation can be a major source of 
nitrogen for plants and microorganisms (Capone & Kiene 1988). 
Nitrogen-fixing bacteria may be very closely associated with 
seagrass roots (Kuo 1993). In Moreton Bay, over half the 15N, 
fixed in the sediments of Zostera capncorni was found in the 
leaves in less than 6 hours (O'Donohue et al. 1991). Seagrass 
leaves may also be seasonally important sites for N2 fixation 
(Goering 1972, Smith & Hayasaka 1982, Wicks 1980, Moriarty 
& O'Donohue 1993); however, nitrogen fixed on the leaves is 
not usually available to seagrasses (Capone et al. 1979, 1980). 
Nitrogen fixation consumes a large amount of energy (Capone 
1983) and is inhibited by high ambient concentrations of inor
ganic nitrogen. 

It has been suggested that sulphate-reducing bacteria are 
responsible for much of the nitrogen fixation in anaerobic sedi
ments (Sisler & Zobell 1951, Capone et al. 1978, Dicker & 
Smith 1980, Nedwell & Abdul Aziz 1980, Blake et al. 1982, 
Capone 1982). Large numbers of sulphate-reducing bacteria are 
present in anoxic sediments (Jorgensen 1988), and DOC re
leased by seagrasses into the sediment could provide a growth 
substrate for these populations. If sulphate-reducing bacteria 
are also responsible for nitrogen fixation, this would presum
ably increase inputs of new nitrogen, which would then be avail
able to the seagrass from the rhizosphere bacteria on cell death, 
lysis or exudation. Sulphate-reducing bacteria may also supply 
phosphorus to sediments through general remineralisation of 
detritus and by direct solubilisation of sediment phosphorus 
(Caraco et al. 1989). 

Rhizosphere bacteria can de-aminate amino acids and re
lease ammonium, which is taken up by the plant and released 
through the leaves (Smith et al. 1984). Concentrations of pri
mary amines are also higher in sediment near seagrass rhizomes 
(Moriarty et al. 1984). Low nitrate concentrations in the 
porewater (Boon 1986) suggest that this form of nitrogen IS 

unimportant in sea grass nitrogen cycling in Moreton Bay. 

Factors affecting microbial nutrient cycling in 
seagrass sediments 
Interaction between seagrasses and their microbial flora may be 
affected by a number of factors. Factors affecting the photo
synthetic rate of the seagrass would change DOC and O2 exudat
ions, while the nutrient status of the plant would affect seagrass 
uptake rates and, thus, nutrient turnover and pool sizes. The 
sediment type, stability, temperature and availability of organic 
carbon sources would affect the rates of microbial processes 

and bacterial numbers. Few of these factors have been investi
gated, but some are summarised below. 

(a) seagrass limiting nutrient 
Nitrogen fixation rates associated with seagrass sediments along 
the Queensland coast are 5-100 times higher than those in 
seagrass beds anywhere else in the world (Perry 1997). Nitrogen 
fixation rates in Moreton Bay seagrasses can supply over 80% 
of the plants' nitrogen demand, compared to less than 30% for 
other seagrasses worldwide (Perry 1997). Fertilisation experi
ments have demonstrated that nitrogen is the primary limiting 
nutrient to seagrass growth in Moreton Bay and Green Island 
(Udy & Dennison 1997). Secondary phosphorus limitation can 
also occur. Phosphate fertilisation can stimulate N2 fixation in 
many seagrass species (Short et a!. 1990). This may account for 
the increase in mterstitial ammonium concentrations in phos
phate-fertIlised sediments (Udy & Dennison 1996). The effect 
of sediment fertilisation on bacterial productivity is unknown. 

(b) sediment C:N ratios 

Growth of seagrasses in the USA and the Caribbean is often 
considered nitrogen limited below a threshold of 100 (M NH4+ 
in sediment porewater (Dennison et al. 1987). Seagrasses are 
rarely found in sediments of the USA and the Caribbean with 
less than 80 J-lM NH4+ (Fourqurean et al. 1992, Powell et al. 
1989, Short et al. 1985), yet actively growing seagrasses are 
present in Australia at very low concentrations (5-10 J-lM NH4+; 
Udy & Dennison 1996). Bacterial nitrogen cycling in Moreton 
Bay, Queensland, Australia and Biscayne Bay, Florida, USA 
were compared to investigate this paradox (Perry 1997). Benthic 
bacterial productivity measured by tritiated thymidine incor
poration and sulphate reduction rates was only 2-3 times higher 
in Moreton Bay than Biscayne Bay; however, N2 fixation rates 
were 10-100 times higher. It was hypothesised that the ratio of 
C:N could be important as well as the total amount of carbon 
and nitrogen available. High nitrogen fixation rates in Moreton 
Bay were attributed to high DOC exudation from the roots of 
fast-growing seagrasses and low interstitial nitrogen availability 
CreJllllg a high C:N ratio in the rhizosphere and stimulating Nl 
fixation. Nitrogen addition inhibited N2 fixation rates in Moreton 
Bay sediments, but not those in Biscayne Bay, suggestmg that 
high concentrations of fixed nitrogen in Biscayne Bay sediments 
may already suppress N2 fixation. The addition of organic com
pounds (glucose and acrylate) stimulated N2 fixation rates by a 
larger factor in Biscayne Bay sediments than those of Moreton 
Bay, indicating carbon limitation. These results suggest that the 
ratio of C:N may help regulate bacterial Nl fixation rates in 
Biscayne Bay (Perry 1997). 

Nitrogen fixation rates are consistently higher at a number 
of other locations in Queensland than those that have been found 
elsewhere in the world, yet seagrass productivity and nitrogen 
demand are within the range of other seagrass beds. Seagrassl 
microbial interactions may be more important in Queensland 
sea grass sediments and perhaps in Australian seagrass beds gen
erally, owing to the low sediment ammonium concentrations 
(Udy & Dennison 1996). 

(c) latitude 

It has been suggested that N2 fixation is more important in 
tropical vs temperate seagrass systems (Patriquin & Knowles 
1972, Capone 1983). However, in Australia, while tropical Green 
Island (I 70 S) had very high rates of Nl fixation, the Embley 
Estuary in Weipa (13°S) had lower rates than Moreton Bay 
(27°S; Perry 1997). Similarly. water temperature and clarity had 
no consistent effect on nitrogtn fixation rates (Perry 1997). 

(d) sediment type 
Sediment grain size can also affect nitrogen fixation rates. Fine 
sediments had higher total organic content and N2 fixation rates 
than coarse sediments in the Bahamas, Puerto Rico, and Australia 
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(O'Neil & Capone 1989). These generalisations do not seem to 
apply to seagrass sediments in Australia. The fine, clastic sedi
ments of the Embley Estuary had lower fixation rates than coarse 
carbonates at Green Island and fine, clastic sediments in Moreton 
Bay (Perry 1997). Coarse carbonate sediments from Rottnest 
Island had even lower rates (Perry 1997). 

(e) seagrass species 

Cymodocea serrulata and Syringodium isoetifolium are the fast
est-growing sea grass species in Moreton Bay, Queensland, with 
the largest biomass per area. These two species almost always 
grow in monospecific beds with sharp delineations between 
species (Young & Kirkman 1975, Poiner 1985). The monotypic 
stands may be maintained by specialisation of microbial pro
cesses in the rhizosphere of different seagrass species (Perry 
1997). The sediments of Cymodocea serrulata appeared to be 
predominantly anaerobic: porewater concentrations of sulphide 
and sediment sulphate reduction rates were high; lacunal cross
sectional area per square metre was small and rates ofN, fixa
tion in anaerobic sediment slurries were higher than those in 
aerated slurries. In contrast, the sediments of Syringodium were 
predominantly aerobic. Sulphide concentrations and sulphate 
reduction rates were low, lacunal area per square metre was 
large, while rates ofN2 fixation in aerated slurries were higher 
than those in anaerobic incubations (Perry 1997). 

Molybdate is a specific inhibitor of sulphate reduction 
(Oremland & Capone 1988). Molybdate inhibition of N2 fixa
tion has been used to suggest that sulphate-reducing bacteria 
contribute to nitrogen fixation in seagrass and saltmarsh sedi
ments (Capone et al. 1978, Dicker & Smith 1980, Nedwell & 
Abdul Aziz 1980, Blake et al. 1982, Capone 1982). Molybdate 
also inhibits anaerobic acetylene reduction rates by 92% in 
Cymodocea serrulata of Moreton Bay, but only 12% in 
Syringodium isoetifolium (Perry 1997), again suggesting domi
nation of anaerobic processes such as sulphate reduction in 
C. serrulata sediments. 

Reciprocal transplant experiments supported these conclu
sions (Perry 1997): Cymodocea transplanted into a Syringodium 
bed died within 2 months, while Syringodium transplanted into 
Cymodocea survived, although with a decreased shoot density 
and biomass relative to ambient controls. In both reciprocal 
transplant areas, the destination species started to encroach on 
the transplant cores. Transplanting had a negative effect on 
Cymodocea transplant controls, probably due to aeration of the 
sediment and dIsruption of the microbial flora. Shoot density of 
transplant controls in Syringodium was similar to adjacent un
disturbed areas, but biomass was higher in the transplant con
trols. This may be due to aeration of the rhizosphere having a 
positive effect on the growth of this species. Nitrogen fixation 
rates in aerated and anaerobically incubated sediment slurries of 
transplant controls were similar to those in undisturbed areas. 
Syringodium appears to be better able to colonise new areas, as 
it not only grew when transplanted into the Cymodocea bed, 
but also grew into the dead transplanted Cymodocea cores. As 
Syringodium colonises new areas, it appears to establish its 
own specialised rhizosphere microflora adapted to relatively 
aerated conditions. 

(f) grazing 

Rates of microbial nutrient cycling in sea grass sediments of 
Moreton Bay, Australia, increased after intensive grazing by 
dugongs (Perry 1997). Nitrogen fixation rates measured by acety
lene reduction were significantly higher in aerated slurries of 
grazed seagrass sediments compared with ungrazed sediments 
(400 vs 70 mg N/m2/d, respectively). These rates are the highest 
measured in a seagrass system. Anaerobic nitrogen fixation rates 
were lower than aerobic rates and did not di ffer between grazed 
and ungrazed sites. Anaerobic bacterial productivity (sulphate 
reduction) and aerobic productivity (thymidine incorporation) 
were also significantly higher in grazed seagrass sediments, 

suggestmg faster recycling of sediment orgamc matter. Seagrass 
nutnent content increased significantly from 1.81 % Nand 
0.10% P in the young leaves of un grazed seagrasses to 2.89% N 
and 0.23% P in sea grasses from recently grazed areas. The tissue 
nutrient content of grazed scagra~ses is hIgher than that of the 
same seagrass species elsewhere in Morcton Bay. Concentra
tions of interstitial ammonium and phosphate were not signifi
cantly affected by grazing. Dugongs have previously been 
described as 'cultivation grazers' in Moreton Bay, where they 
appear to cause large-scale changes in the species composition 
and age structure of seagrass beds (Preen 1995). The current 
study suggests that their feeding method may also increase rates 
of microbial nutrient cycling. The overlapping, plough-like feed
ing trails of dugongs contain buried plant detritus, which pro
vides substrates for nitrogen fixation and sulphate reduction in 
the sediment. Stimulation ofmtrogen fixation by grazing actu
ally increases the nitrogen contcnt of the sediment, which is 
reflected in the elevated nitrogen content of seagrass regrowth in 
grazed areas. Elevated seagrass phosphorus content may result 
from increased remineralisation of organic matter by bacteria 
and solubilisation of phosphorus from sediments by sulphate
reducing bacteria. Repetitive grazing by dugongs appears to 
develop and maintain elevated nutrient content in seagrasses. 

Conclusions 
Seagrasses and their rhizosphere bacteria interact very closely. 
Seagrasses release DOC and O2 into the sediments surrounding 
their roots. Bacteria appear to use seagrass-derived DOC as an 
energy substrate to support nitrogen fixation. Oxygen release 
allows aerobic processes to occur in the rhizosphere at depths 
that would otherwise be anoxic. Nitrogen fixed in the sediments 
of seagrasses is incorporated very quickly into the seagrass 
tissue and can lead to increased tissue nitrogen content in seagrass 
leaves. High sulphate reduction rates in seagrass beds compared 
to un vegetated sediments may be due to the presence of seagrass 
detritus as well as DOC exudations, and may contribute to 
greater availability of phosphorus in these sediments. In sum
mary, seagrass/microbial interactions result in higher microbial 
activity, higher nutrient turnover rates, and larger nutrient pool 
sizes in vegetated vs unvegetated sediments. Many factors may 
influence these interactions, including: (a) the seagrass limiting 
nutrient; (b) sediment C:N ratios; (c) latitude; (d) sediment type; 
(e) sea grass species; and (f) grazing pressure on seagrasses. 
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Contaminant dynamics in offchannel embayments of Port Jackson, 
New South Wales 
S.E. Taylor I & G.F. Birch I 

Iron Cove, Hen and Chicken Bay, Homebush Bay, and Rozelle/ 
Blackwattle Bay are offchannel embayments on the southern shore
line of Port Jackson. These shallow «8 m water depth) embayments 
are mantled by bioturbated surficial sed iments of easi ly resuspended 
oxic material (>90% mud), termed the 'hydrous layer'. Sediment 
in these offchannel embayments is highly enriched in metallic and 
organic contaminants and each embayment is characterised by a 
distinct ratio of heavy-metal concentrations. Heavy-metal con
centrations and total-organic and sulphur contents of sediments 
decrease rapidly seaward from stormw;lter canals and other point 
sources. 

Sediment traps deployed at six locations in Iron Cove, each 
week for two periods of 16 'and 26 weeks, provide time-integrated 
samples and settling rates of particulate matter from the overly
ing water column. Settling rates recorded during summer deploy
ments were four times higher than during winter. Comparable 

Introduction 
Sediment resuspensio.n may be defined as 'reco.nveying par
ticles which have been depo.sited on bo.tto.m sediments into. the 
o.verlying water co.lumn' (Blo.esch 1995). This impo.rtant pro
cess of redistributing particulate material and asso.ciated con
taminants is being widely studied in Euro.pe and No.rth America, 
mainly in lacustrine environments (Bloesch & Evans 1982, Ro.sa 
1985, Hilto.n et al. 1986, Blo.esch 1994, Weyhenmeyer et al. 
1995). Resuspensio.n o.ccurs wherever bo.tto.m shear stress o.ver~ 
co.mes the co.hesio.n o.f the sediments and is no.t restricted to. 
shallo.w water. Resuspensio.n o.f sediments may be due to. 
meteo.rolo.gical, hydrolo.gical o.r anthro.po.genic pro.cesses and may 
be perio.dic (e.g. tidal cycling) o.r no.n-perio.dic (e.g. ephemeral 
wind-generated currents). In so.me lakes, resuspension is the 
do.minant pro.cess (appro.ximately 85% o.f gross sediment flux) 
o.ftransp6rtirig bo.tto.m sedim~nts into. the water co.lumn (Evans 
1994). 

Offchannel embayments o.f the so.uthern sho.reline in Po.rt 
Jackso.n are highly co.ntaminated fro.m a variety o.f so.urces and 
contempo.rary co.ntaminatio.n is o.ccurring thro.ugh stormwater 
canals that drain into. these receiving waters (Shulkins 1994). 
lro.n Co.ve, Hen and Chicken Bay, Ho.mebush Bay and Ro.zelle/ 

Figure 1. Location map, .Port Jackson. 

heavy-metal concentrations between settling particulate matter 
and the ambient hydrous layer at each trap location imply that the 
majority of the trapped material is derived by resuspension. The 
relative contribution of the many processes which may resuspend 
surficial estuari ne sediment, e.g. physical (wind-generated waves, 
tidal action, storm water runoff) ,. biogeochemical (bioturbation, 
flocculation and dispersion), and anthropogenic (trawling, boat
ing, engineering construction) are discussed. 

The implications of these .findings are that toxicants bound in 
sulphidic sediments are continuously remobilised into the water 
column. Resuspension and secondary sourcing of highly contami
nated sediments probably occurs in many of the extensive shallow 
water environments of Port Jackson and other affected estuarine 
systems, thereby providing a pathway for contamin ants to enter 
the foodchain. 

Blackwattle Bay are shallo.w embayments (generally <8 m water 
depth) that have been extensively reclaimed (and co.ntained by 
sea walls) (Fig. I) . Tidal range within the embayments is <2 m 
and intertidal mud flats are expo.sed in bay ends. Within 
embayments, sandy sho.reline sediments generally fine to. highly 
bio.turbated muds in deeper water. A surficial layer (up to. 3 cm 
thick) o.f easily resuspended, lo.w-density, o.xic sediment, termed 
the 'hydro.us layer ', o.verlies. Co.mpacted o.xic and ano.xic sedi
ments in parts o.fthe bays. Hydro.us material o.ccurs extensively 
thro.ugho.ut all Sydney's estuaries (McCleo.d & Birch 1995, 
Sho.tter et al. 1995, Birch et al. 1996) and thus the implicatio.ns 
o.fthis research are widespread. 

Heavy metals are to.xic to many marine species, so.me o.f 
which accumulate heavy metals that may be inco.rpo.ratedinto. 
the fo.o.d chain. The majority o.fheavy metals in an estuarine 
system are asso.ciated with particulate matter rather than the 
disso.lved phase and, hence, understanding the pro.cesses that 
resuspend settled material is critical to. understandingco.ntami
nant dispersal. This paper deals with the spatial distributio.n o.f 
co.ntaminants and processes o.f resuspensio.n in o.ffchannel 
embayments o.fPo.rt Jackso.n. 

I Environmental Geology Group, Geology and Geophysics Department, University of Sydney, NSW 2006 



234 S.E. TAYLOR & G.F. BIRCH 

Methods 
Sediment samples from 140 locations in the embayments were 
collected, using box and push corers (maximum depth 0.3m). 
Subsamples ofthe hydrous layer and oxic and anoxic sediments 
were size normalised by wet sieving with ambient water through 
63 ~m nylon mesh, digested with a strong acid solution (2 : I 
concentrated perchloric:nitric) and analysed for eight elements 
(Cu, Pb, Zn, Ni , Co, Mn, Cd, Fe) by flame atomic absorption 
spectrometry (FAAS) . 

Sediment traps were deployed at six locations in Iron Cove 
each week for 16 weeks from December 1994 to March 1995 
and for 26 weeks from July 1995 to January 1996 to collect 
settling particulate matter (SPM). The sediment traps consist 
of a polycarbonate tube (600 rnm by 79 mm I.D.), sealed at one 
end with the open end held vertically 0.5 m above the sediment 
by a concrete block. The height to width ratio of the traps is 
such that resuspension of SPM out of the traps is unlikely 
under normal conditions (Bloesch & Bums 1980). At sites 1, 4 
and 5, sediment traps were also deployed at heights of 0.25 and 
1.5 m above seabed. The short period of deployment (less than 
8 days) meant that the traps did not require poisoning to prevent 
organic matter metabolism ofthe oxic SPM. The trap locations 
were determined by water depth and proximity to canal mouths 
(Fig. 2). Divers also sampled ambient surficial sediment (or 
hydrous layer) when each sediment trap was collected. The 
entire SPM and surficial sediment sample was dried, weighed 
and analysed, as for sediment samples. Internal laboratory stan
dards (ILS), duplicates, standard reference materials (SRM) (e.g. 
Mag-I) and blanks were run with all digestions. Analytical pre
cision for ILS and duplicates was better than 10% relative stan
dard deviation (RSD) and determinations of SRM were within 
accepted ranges. Total carbon (TC) and sulphur were deter
mined using a Leco carbon/sulphur analyser. Total organic matter 
content was estimated by weight loss on ignition (LOI) after 
heating to 550°C for three hours (precision was 5% RSD). 
Sediment and SPM samples from Iron Cove were analysed by 
laser particle sizing and XRD for grainsize and clay mineralogy. 

Results 
The highest mean value for Cu in Port Jackson sediments occurs 
in Hen and Chicken Bay (Table 1), whereas Iron Cove and 
Rozelle/Blackwattle Bays have the highest mean Pb concentra
tions. Homebush Bay has the highest mean Cd concentration. 
Zn, Cd and Pb concentrations in sediments decrease rapidly 
seawards from stormwater canals in Iron Cove (Figs 3, 4) and 
Rozelle/Biackwattle Bays. Similar trends occur in Hen and 
Chicken Bay, with Cu values decreasing down the bay from 
relatively high concentrations at the bay end. Heavy metal con
centrations in sediments of Homebush Bay are dominated by 
localised industrial sources on the eastern side of the bay. Total 
heavy metal concentrations vary only marginally down core (to 
a maximum of 0.3 m) across the redox boundaries; however, 
element speciation is expected to be considerably different in 
oxic and anoxic sediments. 

The present study has focused on sediments and SPM in 
Iron Cove. Throughout the deeper sections of the embayment, 
sediments are predominantly muds (>90% <63 ~m) and laser 
particle sizing indicates that the majority of the fine fraction is 
silt sized (90% >4 ~m) . XRD analysis of the sediment shows 
the muds from Iron Cove to be composed almost entirely of 
quartz and kaolinite. SPM is composed of aggregates, or flocs of 
finer material and faecal pellets. Total organic matter content for 
both sediment and SPM, as estimated by LOI, decreases away 
from stormwater canals from 15 to 12%. No significant differ
ences in total organic matter content or TC results were recorded 
from SPM samples collected in summer or winter, nor in SPM 
collected at different heights in the water column. Inorganic 
carbon content of the sediment is low (disregarding shell s) and, 
hence, the TC ofthe sediment closely approximates total organic 

Table I. Mea n, maxim um and mlDlmum «63Jlm) 
sediment co ncentrations of Cu, Pb, and Zn in offchannel 
embayments (Jlg.g-I) . 

Cu Pb Zn Cd 

Hen & Chicken Bay Min . 145 265 580 0.5 

n=29 Max. 950 900 1600 3.8 

Mean 345 344 798 0.9 

Homebush Bay Min 90 220 650 1.5 

n=23 Max. 130 400 1000 3.9 

Mean 11 6 232 783 3.5 

Iron Cove Mi n. 135 330 650 <0.3 

n=28 Max. 290 900 1350 11.4 

Mean 225 520 908 2.5 

Rozelle/Blackwatl le Bay Min. 50 65 185 0.3 

n=2 1 Max. 480 2 100 2550 6.0 

Mean 2 10 5 10 820 1.7 

x 
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Fig ure 2. Sediment and sed iment t r ap sam pli ng locations. 
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F igure 3. Zn d istri bu tio n in <63 fJ.m sediment fraction 
(fJ.g.g-I) . 
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carbon content. ,IC content of sediments and SPM decreases 
slightlydownthe embayment from 6.9 to 3.8% and 5.2 t03.3% 
respectively. Similarly, total sulphur content of sediment and 

'_SPM<ilso decreases-away from storm water canals from 1 :60 to 
OA3% and- 1.26 to 0.48% . respectiyely. The clition exchange 
capacity of sediments in Iron Cove.is very low (53-87 milli 
equivalents.kg-') and increases' ~lightly away from the source of 
heavy metals (pers. co~m. D. McConchie 1996). Binocular 
microscope examination of the coarse fraction (>63 flm) of the 
,sediment revealed accumulations of hydrocarbons ('tarballs '), 
_ which decrease in size and. abundarice away from the canals. 
Analysis of the extractant from acetone digestion of these 
hydrocarbons has shown that heavy metals are associated with 
the tarballs. 

Settling rates, determined by gross flux in sediment traps, 
'varied from 2 to 9 g.m-2 .d-' in the summer of 1996 (deploy-

Figure 4. Cd . distribution in <6j_ ~m sediment fraction 
(~g.g-I). 

ments 1-14), but were more erratic and often considerably,higher 
in deployments 30-42 (Fig. 5)_ Winter settling rates 'were con~ 
slstently low; aveniging approximately 1- g.m~2d~' . The weekfy 

- trerids of settling rates are generaityconsistent between sites 
throughout Iron Cove. Traps stacked vertically show the SPM 
to be distributed throughout the water c6lilmii, but lu'creasing in 
settling rate towards the sediment/watediiterface. Heavy meta! 
conceriti'ations ofthe SPMare highee.g. Cu'170':"280m'gK'; PI:> 
365-750 flg.g- ', Zn 700- i 1 00 ~gK') and~decreaseseawatds, 
paralleling the concentration trends in the sediments: SPMheavy 
metal con'centra-tions exhibit lowteinporal variiitionimder normal 
meteorological (low flow) conditioIls. A'p'efiod of heavy rain in 
March 1995produced a thin, buoyant, turbid, freshwater plume 
that persisted for ten days. . ' 

Discussion 
Pre-anthropogenic concentrations of heavy metals '~alculated 
from analysis of cores (IrVine J 980)providebackgroutid values 
that are used to determine ' enrichment (Table ·2),:Thefour 
embayments have mean enrichments over 1 Otimes. ba~'kg~ound 
concentration for Cu, Pb and.Znand maximumenrichm~nt for 
Cu in Hen.and Chicken Bayis 95 timesbackgiound~'Maximum 
enrichment foreu , Pb and Zn is almost 30 times background in 
Iron Cove and.approximately50 times background in Rozellel 
Black\Vattle Bay .. :. c-• 

. The distribution ofCuandPb :in'surfic,ial se_di~ents ofIron 
Cove, sediments is similar to that ofZn (Fig: 3); with-the two 

," -1 '..:, " 

Table 2. Enrichment of Cu, Pb -and Znin' enibayment , 
sedim'ents'over background vahie~; .. : ;';. . .. , , -:-

- 'Background ().Lg g:') 

Hen & Chicken Bay . Max. 

Mean 

Honiebush Bay' . Max: 

Mean 

,Iron Cove Max. 

Mean 

Rozelle/Blackwattle Bay : Max. 
Mean 
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. 1 I I' 
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stormwater canals contributing equally to heavy metal loads, 
whereas the distribution of Cd is dominated by input from Iron 
Cove Creek (Fig. 4). Large quantities of contaminated sediments 
entering Iron Cove and Hen and Chicken Bay via stormwater 
canals constitute an important contemporary source of toxi
cants (Shulkins 1994). High levels of heavy metals in soils of 
the Glebe area (Markus 1993) may indicate that contaminated 
soils have been an important source of heavy metal contami
nants into RozellelBlackwattie Bay and Port Jackson generally. 
Groundwater, particularly leachate from landfill at bay ends, is 
another potential source of heavy metal contaminants. 

Pb, Zn and Cd concentrations in Iron Cove sediments 
decrease rapidly seaward from storm water canals, coincident 
with increasing water depth. Cu, Ni and Co concentration gradi
ents are less pronounced and Mn concentration increases slightly 
with increasing water depth. Mn concentration does not reflect 
anthropogenic sources, but rather the redox conditions required 
for stable deposition. The heavy metal concentrations of the 
sediment are not spatially related to sedimenl gralOsize vari
ation, mineralogical changes or cation exchange C Jpacity. Redox 
conditions and pH of the sediments (Baker & Harris 1993) also 
do not vary systematically with distance from source. Heavy 
metal distribution is probably related to proximity to source, 
with sediments efficiently binding contaminants in oxic and 
sulphidic phases. TOC and total sulphur concentrations and, 
possibly, hydrocarbon accumulations may also be important 
controls of heavy metal distribution, as these parameters paral
lel the general trend of heavy metal concentration. Upper reaches 
of Rozelle/Blackwattle Bay, including Darling Harbour, contain 
sediments highly enriched in Pb and Zn, but decrease rapidly 
seaward, possibly due to dredging. Investigation of the influx of 
contaminant into offchannel embayments is continuing. 

Comparing sediment values with toxicant concentrations 
derived from biological effects-based criteria may assess toxic
ity of heavy metals III these embayments. The threshold values 
for initiation of detrimental effects for sensitive biota are; Cu 
70 IlgKI

, Pb 35 Ilg.g-1
, Zn 120 Ilg.g-1

, and Cd 5 IlgK1
• Sedi

ment concentrations of more than Cu 390 J.lg.g-1
, Pb 110 J.lg.g-l, 

Zn 270 Ilg.g-1
, and Cd 9 IlgK1 are known to frequently or always 

affect biota (Long & Morgan 1990). Pb and Zn in sediments in 
Iron Cove, Hen and Chicken Bay, Homebush Bay and Rozelle/ 
Blackwattle Bays are above levels known to be detrimental to 
biota. Cu values in these embayments are above threshold 
toxicity levels, whereas Cd in toxic concentration is restricted to 
the upper reaches of Iron Cove. 

Sediment traps collect a sample that represents the particu
late material present in the water column at the trap location 
during the period of deployment. This time-integrated particu
late sample origillates from influx of allochthonous material 
(stormwater runoff and direct atmospheric contribution), 
primary production by the biota in the water column (espe
cially phytoplankton), and resuspension of previously depos
ited material. To determine the component of allochthonous 
material 111 SPM, rainfall recordings were averaged and used to 
indicate the volume of stormwater runoff entering Iron Cove. 
While this method does not directly measure the contribution of 
highly variable storm water influx to settling rates, only a poor 
correlation between heavy rainfall and increased settling rate 
was observed. The contribution of atmospheric particles to the 
SPM is assumed to be negligible. Biomass input may vary sea
sonally; however, no significant change was observed in TC or 
total organic matter content of SPM. 

The two processes that transport previously deposited dis
solved contaminants back into the overlying water are direct 
diffusion from the benthic layer and, more importantly, mass 
transfer (Cheng et al. 1995). As shear stress increases, increased 
total metal concentrations in the water column are related to 
particulate matenal increase and not dissolved phases (Slotton 
& Reuter 1995). Processes such as tidal or wind-wave-gener
ated water movement and anthropogenic activities can cause an 

increase in shear stress and resuspension of sediments in shal
low embayments. SPM settling rates over 4 months in summer 
1994-5 varied cyclically and in unison with tidal variation. A 
correlation between settling rate and mean tidal variation im
plies tidal resuspension is an important process in contaminant 
dynamics of the embayments. The effect of wind-generated 
waves in resuspending sediments in shallow water was observed 
at site 3 during a period of strong northeasterly wind in the first 
trap deployment (Fig. 5). Wind-wave-generated resuspension 
is highly variable and dependent on wind velocity, direction, 
duration and fetch . 

Sediment resuspension and a subsequent increase in SPM 
collected in the centre of the bay (sites 2 and 5) occurred during 
a two-week period of prawn trawling in Iron Cove (deploy
ments II and 12). A substantially greater effect of trawling was 
observed in deployments 30-42 over the summer months of 
December-January 1995- 6, when rainfall and other conditions 
were favorable for prawning and settling rates reflect large 
amounts of sediment being resuspended. Divers observed fur
rows, up to 8 cm deep in the surficial sediment, which had been 
s.~eated by 'otter boards' used to keep the mouth of prawn nets 
open and close to the seabed. During the prawning season, from 
November to April, up to 20 vessels were recorded trawling in 
Iron Cove. The amount of particulate material resuspended is 
10-100 times greater than attributable to natural processes. 
Trawling and wind-wave-related processes of res us pension were 
ephemeral or spatially restricted. The cyclical pattern of set
tling rates observed over the summer of 1994-5 was not appar
ent over the same period in the following year. This is probably 
due 10 very large quantities of SPM from intense prawn trawl-
1Ill,! overprinting the subtler trend. 

A strong spatial correlation of the SPM and surficial hydrous 
sediment heavy metal concentration indicates that the suspended 
material is derived directly from the embayment floor. SPM 
collected at each trap location in Iron Cove was marginally lower 
in heavy metal concentration than sediments surrounding the 
trap site (Fig. 6). This divergence ofPb, Zn and Cd concentra
tions is more apparent at sites in shallower water, implying 
either dilution by autochthonous organic matter (primary pro
duction of biomass) or allochthonous material, or that resus
pended material is derived from a source oflower heavy metal 
concentration (assuming conservative behavior). Cu does not 
show a similar divergence in concentration, and the gradient is 
less pronounced. A limited number of sediment and SPM analy
ses for organochlorine pesticide residues indicate that the SPM 
is not only a carrier of heavy metal, but that organic contami
nants behave in a similar manner to heavy metals, supporting 
the notion that resuspension is a major process in the embayment. 

Fluxes of SPM show a large seasonal variation in settling 
rates, which is possibly related to change in water temperature 
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(21 to II 0c) and an increase of threshold velocity required to 
resuspend more cohesive sediments. Other processes that could 
account for reduced settling rates include decreased biological 
activity by infauna, reduced phytoplankton production, and 
algal mats forming on the sediment surface during winter. 

The ecological implication of res us pension is that particu
late matter and associated nutrients and contaminants are con
tinuously recycled into the water column. Highly contaminated 
surficial sediment in these embayments, when resuspended, is 
potentially available to, not only infauna, but also pelagic fauna. 
In addition, resuspended particles with excess potential metal
binding capability may adsorb dissolved contaminants and settle 
again, increasing the estuary's ability to act as an efficient sink 
for contaminants. 

Management strategies for areas of contaminated estuarine 
sediment need reviewing, owing to the widespread implications 
of continuous cycling of potentially toxic materials in shallow 
water environments. Remediation options for contaminated sites 
include in-situ containment or excavation, treatment and remote 
containment (Forstner 1995). 

Conclusions 
Offchannel embayments in Port Jackson are highly contami
nated by Cu, Pb, Zn and Cd from material emanating from 
stormwater canals and other localised point sources . Once 
deposited in these embayments, contaminants are continuously 
resuspended by natural processes and anthropogenic activities 
into the water column and are, thus, potentially available for 
uptake and incorporation into the food chain. Further work 
using high temporal resolution recording and sampling methods 
is being conducted to investigate processes of resuspension in 
these environments. 
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Methane anomalies in seawaters of the Ragay Gulf, Philippines: methane 
cycling and contributions to atmospheric greenhouse gases 
D.T. Heggiel, J.H. Bishopl.2, D. Evans!, E.N. Reyes3 & C.S. Leel,4 

The vertical distribution of methane has been measured in the 
water column of a semi-enclosed basin, the Ragay Gulf, in the 
Philippines archipelago. The methane distribution is characterised 
by unusual mid-water and bottom-water plumes, between 80 and 
100 m thick. The plumes are confined to water depths between 
about 100 and 220 m, where the temperature-depth (a proxy for 
seawater density) gradient is steepest. Plumes of high methane are 
'trapped' within the main thermocline; these are local features, 
persisting over kilometre-scale distances. Geochemical and 
geological evidence suggests that the elevated methane concen
trations are thermogenic in origin (although an oxidised biogenic 
origin cannot be ruled out for some of the methane anomalies), 
and have migrated from the sea floor into the overlying water. 
The mid and bottom-water methane maxima support fluxes of 
methane from depth into surface waters and, subsequently, from 
the oceans to the atmosphere. The average supersaturation of 

Introduction 
The ranges of methane concentration in seawater of continental 
margin and open-ocean environments, were documented more 
than two decades ago and reflect a variety of processes control
ling concentration and distribution in the sea (Atkinson & 
Richards 1967, Lamontagne et al. 1973). Methane distribution 
in some deepwater enclosed basins and fjords reflects a balance 
between methane production and consumption reactions in 
oxygen-depleted deep and bottom waters and the underlying 
sediments, with a net flux toward the surface ocean (Atkinson 
& Richards 1967, Reeburgh 1976, Wiesenburg et al. 1985, Ward 
et al. 1987). Methane is also contributed to the coastal ocean 
from rivers (Scranton & Mc Shane 1991) and, in other open 
shelf environments, from biological activity in both the water 
column and near-surface sediments (Scranton & Farrington 1977, 
McDonald 1976, Cline et al. 1986, Sieburth 1987). 

The surface-waters of the open ocean have been found to be 
generally supersaturated with methane in respect to atmospheric 
equilibrium, the methane being produced from particulate organic 
matter during microbial degradation processes, probably in anoxic 
micromches. The methane distribution in these environments 
often shows maxima around the pycnocline, associated with 
chlorophyll/and or particulate maxima (Scranton & Brewer 1977, 
Scranton & Farrington 1977, Burke et al. 1983, Ward et al. 1987, 
Owens et al. 1991, Karl & Tilbrook 1994, Tilbrook & Karl 
1995). 

Anomalous methane and other saturated light hydrocarbons 
in some shelf-waters have been postulated to result from the 
thermal degradation of organic matter at kilometre-scale depths 
on the continental margin, with subsequent migration into over
lying waters, and as such been used as geochemical tracers of 
seepage from hydrocarbon accumulations and deeply buried 
petroleum source rocks in sedimentary basins (Brooks et al. 
1974, Bernard et al. 1976, Cline & Holmes 1977, Sackett 1977, 
Reitsema et al. 1978, Heggie et al. 1991). 

Methane, despite its comparatively low concentration in 
the atmosphere (1.7 ppmv) is an effective and important green
house gas. The oceans are believed to be a small (0.005 and 
\.8%), net source of methane to the atmosphere (Cicerone & 
Oremland 1988), although seasonal variation may be huge. 

I Australian Geological Survey Organisation, Petroleum & Marine 
Division, GPO Box 378, Canberra, ACT 2601. Australia 
Current address Department of Defence, Canberra, ACT 2601 

3 Office of the President, Office of Energy Affairs, PNPC complex, 
Merritt Rd, Fort Bonifaco, Metro Manilla, Philippines 

4 National Taiwan University, 2 Pel-Ning Rd, Keelung, Taiwan 
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methane in the top 5 m of the sea, at nine locations, was 
206± 16.5%; range 178-237%. The average estimated sea-air flux 
was 101 nmole.cm-'.y-I; range 75-129 nmole.cm-'.y-I, and prob
ably represents a minimum flux, because of low wind speeds of 
<10 knots. These fluxes, we suggest, are supported by seepage 
from the sea floor and represent naturally occurring fluxes of 
mostly fossil methane (in contrast to anthropogenic fossil 
methane), from the sea to the atmosphere. 

The estimated minimum fluxes of naturally occurring fossil 
methane are comparable to those biogenic fluxes measured else
where in the surface oceans, but are less than those naturally 
occurring methane inputs from sediments of the Barents Sea. Ragay 
Gulf fluxes are also less than anthropogenic fluxes measured in 
areas of petroleum exploration and development, such as the Texas 
and Louisiana, USA shelf areas, 

Furthermore, much remains unknown about the marine methane 
cycle, including sources (thermogenic vs biogenic), and locatIOns 
and fluxes of input sources (e.g. the surface and deep oceans, the 
pycnocline, suspended particulates and organic matter degrada
tion, gas venting from seafloor seepage, estuaries and rivers, and 
the sediments of estuaries and the broard continental shelves. 
The relative biogenic and thermogenic contributions have not 
yet been quantified, although Lowe et al. (1988) estimated that 
approximately 23-32% of atmospheric methane was derived 
from fossil sources, while Quay et al. (1991) estimated the 
fossil content of atmospheric methane at about 16%. 

We report here unusual, but high-resolution, vertical 
distributions of methane in the water column of the Ragay Gulf
a semi-enclosed basin in the Philippines archipelago. Many 
methane anomalies were measured, using continuous profiling tech
niques, during a summer (April 1994) survey by the AGSO vessel 
Rig Seismic. The data reported have implications for the marine 
methane cycle, contributions of marine methane to the green
house atmospheric gas inventory, and offshore exploration for 
hydrocarbon resources, although the latter is discussed elsewhere. 

Shipboard methane measurements 
The data reported here are part of a combined seismic/surface
geochemical survey conducted jointly by AGSO and the 
Philippines Department of Energy, in the Ragay Gulf(Evans et 
al. 1992). Methane was measured as one component of a suite 
of light (methane through butane) hydrocarbons continuouslv 
extracted from seawater and measured in the shipboard 
laboratory, by a technique we refer to as Direct Hydrocarbon 
Detection (DHD). The methods of light hydrocarbon 
measurement are similar to those described earlier (Sigalove & 
Pearlman 1975, Sackett 1977). Seawater is continuously pumped 
from a submerged tow-fish through a hollow umbilical into the 
geochemical laboratory on the ship (Fig. I). The umbilical is 
medical grade nylon tubing wrapped in a stainless steel braid, 
and includes electrical conductors to transmit power from the 
vessel to the submerged pump and also to transfer data between 
the vessel and the tow-fish. Seawater is passed into a gas extractor 
in the laboratory, from which gases are continuously analysed 
for light hydrocarbons (methane through butane) by gas 
chromatography, using activated alumina columns and flame 
ionisation detection. Methane is carefully separated from oxygen 
which, while not detected quantitatively with flame ionisation, 
is eluted in close proximity to methane and provides an artefact 
response as it passes over the d.etector. Analyses ofC

I 
through 

C4 are completed every 2 mIns. Gas chromatographs are 
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calibratedanc\ 'blanke'd~ eVl;!ry day. DetectoL,sensitivity ,is 
<0.01 ppm in the extracted gas head"space~ T\1e;detection limit 
of methane is <0.01 ppm (v/v inthe gas phase) and thepredsion 
is better than' lO%: . .. " . .. . . .. :. . ... ' , 

Asonar in the towfish records the altitud~ot the to'w~'fish 
above the seafloor, and a "CTD record~water depth of the 
towf'ish and hydrographic parameters' temperature and salinity. 

. The vertical disfributi'ons of methane and the C; ~C4 hydfo-
'carbons were detern1inedby' keeping the vessel ina stationary 
posit\onand carefully lowering the DHD towfish at eiih~r. 5 m 
or' i 0 m intervals; at least two measurements of methane and 
other 1ight hydrocarbons were made at ,each sampling diPth. 
This technique of continuous extraction and measurement 
provides detailed depth resolution of uncontaminated arid 
art~fact-free vertical profi'les, which could not easily be obtained 
with traditional seawater bottIe~sanlplers at various depths on a 
hYdrocwire. · . , ,. . .. 
".,. The concentration of methane in se'a water has been calcu
lated from the' head-space. methane coricentrationand the total 
dissolved-gas inventory' ( using oxygen, nitrogen and argon as 
Ihe'domlnant gaseous' components present), at the kTu;nvn 
te'mperatureand salinity of seawater (Weiss 1977). The total 
dissolved gas' iiiventorY was calculat!!d for a temperature of 28° 
C (near-surface temperature' varied 'betWeen 25:9 and 28.9°C), 
and a salinity of39 psu. Temperature-depth (seawater density) 
gradient, between the near-surface and about220 m water depth, 
varies over a range of about 4°C bl;!tween all nine stations. Hence, 
tbe total dissolved gas inventory, over tbis temperature range 
may result in uncertainties of approximately J 0% in calculating 
the seawater methane cbn~entration arid the degtb" listribptions 
illustrated bere; however; this will not change the ipterpretation 
of the profiles or th,e calculations presentedhere~" 

Vertical distribution of methane in the water 
column " ,,' 
Tb~.Ragay Gulfis asemi~eridosed bod; of water with'a central 
~asiii, wpere'water depth is ,>600 IIi .• Much orthe seafloor is 
deeper than 500 m, andthe waters ofthe gulf exchange with the 
adjacent shelf across a bro1jdsill at about 150 m water depth 
(Fig. 2).Tbe sub-surfac~sedimentary environments, potential 
sources of deeply foirrieo 'metbane, are indicated by the struc
turalelements; whicb includethe depocentres oftheRagay Sub
basirito the east, separated from the~ondoc Subibasin to the 
west by the Alabat~Burias High (Fig.2). . 

Nine vertical profiles were conducted in three different areas 
of the Ragay Gulf. The first part of this survey collected 
approximately 5000 km ofDHD data, by towingtbe submerged 

. towfish horizontally through tbe water, seekjrig evidence of 
hydrocarbon anomalies, which may indicate gas seepage' from 
subsurface hydrocarbon ,;.a,ccumulations-and several such 
an(lmalies were found (Evans ~taL 1997). . 

The vertIcal profiles described bere were loc/ned in identi
fiedanomalies, (i) on the flank oftheAlabat-Burias High (VP's 
69.-7:2; Figs .2, 3) intheRagay Sub~basin to the easUn water 
deptbs <180 m; (ii)on,the flank of the Bondoc Sub-basin to .the 
west (VP's 75 & 76; Figs. 2, 4), where water depths are <300 m; 
~nd (iii) within the central ' deepw~tet'part Or the RagayGulf, 
where.water depths are >600 m. The!ocations of the vertical 
profiles, in relation to the batbymetry and the identified struc
tural/ elements, are shown in Figure .2. Light-hydi-ocarbon 
anomalies were frequently very strong (anorderipf magnit~de 
or more above typical background concentration), and persisted 
over distances of several kilometres (Evanset 'ill. 1992). r . '. ,- ' . 

J. ". . -. 
Methane in the soutlI'elistern RagayGulf 
(waterdepth152-179111) \ .' 

. Three vertical profiles(VP '109170,71 ,72)were collected in the 
southeastern p'art of the Ragay Gulf (Fig. 2), These ' vertical 
pfoftleS'are sUrhmarised iriFigllte 3:'Data frotnprofile VP 109170 

in water,of 164 m depth sbows.methane concentration increases 
significantly .with increasing' water depth, fromnear~surface 

;concentratiorrof2:5n¥, to inaximum c.oncentration of approxi" 
mately 15,7nM; l!bout 20 m·above the sea .floor. A significant 
temperature gradient of about 4°C appears to confirie the high 
methanec0!1cent~ations near the sea floor. Similarly; data from 
VP ' 1 f)9171 . in ,-[ 52 . m ' of· water, ' show;;methane concentration 
increasessystematicallywith increasing depth , from about 3:3 
nM in shallow water «10 inYta between about 22.3nM and 
35.TnMatbetweenabout 130 m and .145m, .about 10-20 m 
above the sea floor. ' " , .-
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Figure LSchematic of the ,Direct Hydrocarbon Detection 
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strudl{rai elements. ' . ' . ... . ". . ,'" ' . 
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Surface water concentration from VP 109172 is similar to 
that measured in other profiles from this area, and methane also 
increases systematically with increasing depth, but there exists 
two plumes of elevated methane concentration near the sea
floor. l\1ethane concentration approaches 54 nM in both plumes, 
which together are about 40 m thick. The methane plumes are 
confined to bottom-waters in that part of the water column 
where temperature stratification is greatest. 

Another vertical profile, VPI09/69, collected in the south
eastern part of Ragay Gulf, near the boundary with the Alabat
Burias High (Fig.2; data not shown here), in 179 m of water, 
shows methane concentration of about 3.3 nM in surface waters, 
increasing dramatically with water depth, below depths of I 50 m, 
to concentration >465 nM-the highest measured-less than 
10m above the sea floor. 

The data from the southeastern Ragay Gulf show that, in all 
vertical profiles, the highest methane concentrations were found 
over narrow depth intervals of 10-30 m, approximately 10-
4~ m above the sea floor, with concentration decreaSing rapidly 
with decreasing water depth toward the sea surface ThiS distri
bution suggests a sea floor source of methane, which supports a 
flux toward the sea-surface. 
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Methane in western Ragay Gulf (water 
depths 223-274 m) 
Two vertical profiles were conducted in the western Ragay Gulf 
(Fig. 2). Vertical methane distribution is shown in Figure 4. Data 
from VPI09175, collected in a water depth of 223 m, shows 
methane increasing with increasing water depth to concentra
tion approaching 179 nM about 10m above the sea floor. The 
significant change in the methane concentration gradient appears 
confined to the water column below the steepest temperature 
(density) gradient, indicating a control on methane distribution 
by the local hydrography. 

Data from VP 109176 show methane concentration als~ 
increases with increasing water depth, but this increases 
dramatically below about 130 m, with the highest concentration 
exceeding 90 nM at depths between about 150 and 200 m. 
Methane concentration increases dramatically below the region 
in the water column of the highest temperature gradient (100-
150 m), and the plume of highest methane concentration
between about 30 and 70 m in thickness-appears to be 
'trapped' near the base of the stratified layer. These data similarly 
indicate a control on methane distribution by the local 
hydrography. Methane below about 225 m increases somewhat 
toward the sea floor at 274 m water depth. 
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Figure 3. Vertical distribution of methane and temperature from VP's 109/10,71,72, in water depths between 152 and 179 m. 
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Methane in the central 'deep' of Ragay Gulf 
(water depths 522-609 m) 
Three vertical profiles (VPI09177, 78, 79) were collected in the 
relatively deep sector of Ragay Gulf, (Fig. 2), where water depth 
is >600m. These data are shown in Figure 5. The vertical tem
perature structure indicates a two-layer water column, with 
stratification above about ISO m and near uniform temperatures 
below 150 m. Surface water methane concentration from VP 
109177 is similarly 3.3 nM and increases systematically with 
increasing water depth to maximum concentration approaching 
14 nM between 120 and 160 m, where the temperature data 
indicate a marked stratification; data indicate a methane flux 
from mid-depth to the surface waters. There exists a mid-depth 
plume of elevated methane concentration, about 50 m in thick
ness, below which methane is near-constant with increasing water 
depth to about 275 m. 
' . The methane concentration and depth-distribution data from 

VP 109178 are similar to those data from VPI09177. Methane 
concentration below the mid-depth plume and maximum of 
approximately 14 nM increases slightly with increasing water 
depth. Data from VP 109179 show similar surface water con
centration as measured at the other locations and methane 
increases dramatically with increasing water depth below about 
100 m to maximum concentration approaching 40 nM at about 
ISO m depth. The mid-depth plume is about 80 m thick and 
again confined to that part of the water column near where the 
temperature gradient is greatest. Unfortunately, oxygen data 
were not available, but there was no evidence of anoxia in bottom 
waters (at least to about 300 m depth), as hydrogen sulphide 
was not detected at the vent from the shipboard gas extractor. 

All the high-resolution and unusual methane water-depth 
profiles show some similar characteristics. (I) the highest meth
ane concentrations were always found in the water column 
between about 120 and 210m water depth, in a plume, between 
about 10 and 80 m thick. (2) the maximum methane concentra
tion, or the region of rapidly rising methane concentration was 
always found in the steepest temperature (density) gradient 
(100- 150 m water depth) or below where temperature stratifi
cation decreases, indicating a control on methane concentration 
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by the local hydrography. (3) the gradients in methane concen
trations in the top 150 m of the water column qualitatively 
indicate leakage and flux of methane from the mid-water plumes 
into surface waters and perhaps the atmosphere. The nature of 
these gradients between the maximum concentration and surface 
water concentration suggests also (at least under conditins of a 
constant vertical mixing coefficient) that methane is consumed, 
probably via methane oxidation processes, in the surface-water 
column. This process, if operating, would therefore exert an 
important control on the flux of methane into the surface waters. 

Methane saturation and fluxes to the 
atmosphere 
Supersaturated methane, of a biogenic origin, has been identified 
in sea waters (Ward etal. 1987, Scranton & Brewer 1977, Scanton 
& Farrington 1977; Burke et al. 1983; Cline et al. 1986; Owens 
et al. 1991; Scranton & McShane, 1991). A notable feature of 
the vertical methane profiles measured in the Ragay Gulf, is the 
concentration gradient between the methane maximum at depth, 
and the sea surface, which sugg<:sts a flux of methane from the 
mid and bottom-water deplh~ \0 the sea surface (Figs 3-5). We 
have calculated the equilibrium concentration of methane in 
surface waters of the Ragay Gulf, at ambient temperature and 
salinity (assuming the global average methane atmospheric con
centration of 1.7 ppmv), from the algorithm provided in 
Weisenburg & Guinasso (1979) . Subsequently, we have com
pared the measured methane concentration at the shallowest 
depths (between 6 and 12 m water depths) from each profile, 
with the calculated equilibrium concentration, to estimate the 
apparent percentage saturation at each location . From all nine 
locations of vertical profiles, the sea water was supersaturated 
in methane, with the percentage saturation varying between 
178% and 237%, with an average of 206.6± 16.5%. 

Furthermore, we have estimated the methane flux from the 
sea to the atmosphere, using the piston velocity concept 
(Broecker & Peng 1974) and the equation: 

methane flux = {[Cm] - [C,q]}DIz. 

C and C are the measured and equilibrium methane 
m 'q 
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Figure 4. Vertical distribution of methane and temperature from VP's 109175 and 76, in water depths between 223 and 274 m. 
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concentrations, respectively, D is the molecular diffusion coefficient ofmeth
ane (2 00 1O-5.cm2.sec-') and z is the boundary layer thickness (100 microns) at 
low wind speeds « 1 0 knots) typical of those during the survey. For values of 
the piston velocity (D/z) of600 rnIyr, methane flux was found to vary between 
75 and 129 nmole.cm-2.yr-'(average IOO±IS). These fluxes are considered to 
be minimal fluxes, using low wind speeds during a period when the water 
column was stratified. During storms and seasons when the stratification is 

Table). Sea-air nuxes of methane from the Ragay Gulf compared to 
nuxes elsewhere. 
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weakened or destroyed entirely, methane flux 
would be expected to increase dramatically. Simi
larly, seasonal variations in the source strength 
of the methane would impact o'n the flux. 

These Ragay Gulf fluxes are comparable to 
open ocean and pristine shelf methane fluxes 
measured elsewhere-western subtropical Nonh 
Atlantic (Scranton & Brewer 1977); the Cariaco 
Basin (Hanman & Hammond, cited in Ward 
1986); the Gulf of Mexico (Cline et al. 1986); 
and the Barents Sea (Lammers et al. 1995) 
(Table I). Ragay Gulf fluxes are lower than those 
biogenic fluxes measured in the productive waters 
of the Bering and Arabian Seas, respectively 
(Cline et al. 1986, Owens et al. 1991, Table I). 
Similarly, Ragay Gulf fluxes are lower than those 
thermogenic fluxes from the Texas and Louisiana 
shelf, cited in Cline et al. (1986), which result 
from hydrocarbon seepage and anthropogenic 
petroleum production activities. 

Origin of the methane 
Elevated methane concentrations, with both sea
surface and sub-surface maxima have been found 
elsewhere (Scranton & Brewer 1977, Scranton 
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Figure 5. Vertical distrihution of methane and temperature from VP's 109177,78,79, in water depths between 532 and 609 m. 
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& Farrington 1977, Burke et al. 1983, Owens et al. 1991). Some 
of these profiles are characterised by methane maxima focussed 
about a change in hydrographic properties, at depths of about 
100 m in the water column. These observatIOns argue for elevated 
methane concentrations produced in-situ, either from zoo
plankton guts or associated with the degradation of particulate 
organic matter, accumulating around the pycnocline, by 
methanogenic bacteria active in anoxic microenvironments. 
Methane derived from biogenic activity in shelf sediments and 
transported offshore has been suggested to contribute to elevated 
sub-surface methane concentrations in some environments 
(Scranton & Farrington 1977, Scranton & McShane 1991). 

The methane in the Ragay Gulf, we suggest, is derived from 
the action of heat on deeply buried organic matter, at kilometre
scale depths in the sediments. It migrates upward into the over
lying bottom-waters via fractures in the sediments, and then 
migrates laterally within the thermocline. In shallow waters, 
where the thermocline intersects the sea floor, methane anoma
lies are trapped in a near-bottom layer. In deeper waters, the 
methane anomalies are still trapped within the thermocline, but 
relatively higher above the sea floor. The evidence for a ther
mogenic origin for the methane includes the following: 
1. The radiocarbon content of nine samples of methane gas varied 

between 0.6 pMC (percentage modern carbon) and 
15 .2 pMC, indicating mostly a fossil origin (Evans et al. 
1992). 

2. The 1)IlC content of methane varied between -37.8%0 and-
57.3%0 (Evans et al. 1992), indicating a predominantly 
thermogenic origin. However, two samples (1)I3C < -50%0) 
are near the empirical cut-off used to distinguish biogenic 
and thermogenic methane (Fuex 1977). These few samples 
may be methane of a biogenic origin or mixed biogenic and 
thermogenic origin, although more recent data suggest 
biogenic methane in recent sediments has a 1)I3C less than-
600/00 (Whiticar et al. 1986). While these results suggest 
primarily a thermogenic origin for the methane, the 
possibility of aerobic oxidation, in the surface waters, of 
migrated methane of a biogenic origin from the surficicial 
sediments, cannot be ruled out. This process leaves residual 
methane enriched in the heavy isotope, and oxidised biogenic 
methane may thus appear thermogenic 

3. Observations from seismic and onshore geochemical data that 
indicate the presence of mature sourc~ rucks for hydrocarbon 
generation and the presence of thick sequences of sediment 
of comparable age to those onshore sediments known to 
have generated petroleum hydrocarbons (Lee et al. 1994). 

4. The fact that many methane anomalies appear either over 
deep sedimentary structures, which may be potential traps 
for migrating hydrocarbons, or over near-surface faults or 
topographic highs, which may indicate hydrocarbon 
migration pathways from deep sedimentary structures . 
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