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1. LEG 182 SYNTHESIS: EXPOSED SECRETS 
OF THE GREAT AUSTRALIAN BIGHT1

David A. Feary,2 Albert C. Hine,3 Noel P. James,4 and 
Mitchell J. Malone5 

ABSTRACT

During Ocean Drilling Program (ODP) Leg 182, nine sites were
drilled across the southern Australian margin in the Great Australian
Bight, with the objective of obtaining a more detailed understanding of
cool-water carbonate depositional processes and global environmental
change in mid-latitude settings. Drilling results provide insights into
the temporal and spatial aspects of cool-water carbonate deposition in
shelf edge and slope environments. Drilling showed that the spectacu-
lar prograding clinoform sequence forming the upper slope and outer-
most shelf of the Great Australian Bight margin was rapidly deposited
during the Pleistocene. Meter-scale lithologic cycles rapidly accumu-
lated in response to orbitally forced sea level fluctuations. Skeletal ele-
ments within these wackestone to packstone, coarsening-upward cycles
consist of tunicate spicules, brown bioclasts, bryozoan fragments, and
red coralline algal debris—a heterozoan assemblage typical of cool-
water carbonates. The high accumulation rates, comparable to rates in
warm-water carbonate environments, reflect partitioning of sedimenta-
tion between the shelf and slope as high wave energy from the South-
ern Ocean interacted with sea level fluctuations to generate vigorous
off-shelf transport. 

Mound features visible on seismic reflection data on and underlying
the uppermost slope throughout the Pleistocene of the central and
western Great Australian Bight are in situ bryozoan reef mounds. These
mounds consist of diverse suites of bryozoans, together with coralline
algae, echinoid spines, and benthic foraminifers, in a mudstone to
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packstone matrix. Seismic and isotopic data indicate that mounds de-
veloped cyclically in response to glacial–interglacial productivity cycles.
Increased upwelling during sea level lowstands promoted active mound
growth, in contrast to the thin mud accumulations that draped inactive
mounds during highstands. Such mounds have not previously been de-
scribed from the “modern” ocean and provide unlithified analogs for
similar features that occur in the mid- to late Paleozoic rock record.

The interaction of high-salinity (up to 106‰) interstitial brines with
abundant organic matter within the upper parts of the sedimentary suc-
cession produced high concentrations of methane (up to 50%) and
hydrogen sulfide (up to 15%). This unusual chemical environment lead
to extensive carbonate recrystallization and dissolution of high-
magnesium calcite and the precipitation of low-magnesium calcite and
dolomite. In certain environments, therefore, cool-water carbonates
may be at least as diagenetically active as their warm-water counter-
parts. The brines probably formed in shallow evaporative pools and
lagoons on the shelf during sea level lowstands, seeped into the under-
lying sediments, and flowed toward the upper slope. Thermodynamic
considerations suggest that H2S and CH4 disseminated gas hydrates
might be present within the Great Australian Bight succession. 

INTRODUCTION

The cool-water temperate carbonate depositional realm is neither as
well documented nor as well understood as the more familiar warm-
water tropical domain (Nelson, 1988; James, 1997). This is largely be-
cause these sediments, formed and deposited in waters <20°C, occur in
inhospitable environments that are difficult to study. Apart from south-
ern Australia, New Zealand, and the peri-Mediterranean region, the
Cenozoic record of these deposits is meager and most are buried in the
subsurface. Leg 182 sites provided the opportunity for new insights into
the spatial and temporal aspects of temperate carbonate deposition in
shelf edge and upper slope environments.

Nine sites were drilled during Leg 182 in the western Great Australian
Bight (GAB) (Fig. F1), extending from the shelf edge (203 m water
depth) to the middle continental rise (3874 m water depth) (Hine et al.,
1999; Feary, Hine, Malone, et al., 2000). The shallower sites were dis-
tributed between two shelf edge to upper slope transects, forming east-
ern (Sites 1127, 1129, and 1131) and western (Sites 1130 and 1132)
transects (Fig. F1). The primary drilling objective for the leg was a more
detailed understanding of global environmental change in high- to
mid-latitude settings. Within this broad overall objective were a num-
ber of primary aims:

1. To understand the detailed anatomy of a Cenozoic cool-water
carbonate margin by recovering cores from different facies
deposited in various water depths during a range of geologic
periods;

2. To test and refine the global sea level curve and, most impor-
tantly, describe the reaction of cool-water carbonate deposi-
tional systems to different phases of the sea level cycle (the
intention was to compare the response to sea level fluctuations
of this cool-water carbonate depositional system to records from
warm-water, rimmed, and unrimmed carbonate platforms);
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3. To use biological and chemical paleoenvironmental proxies to
decipher a detailed paleoceanographic record to more precisely
describe the timing and paleoceanographic effects of the open-
ing of the Tasman Gateway and the influence of the Leeuwin
Current on paleoproductivity over time; and

4. To provide high-resolution data on the tempo and pattern of
biotic evolution in oceanic and neritic environments. 

In addition, there were two secondary objectives:

1. To understand the hydrology of a carbonate platform adjacent
to a vast inland karst with sluggish water circulation and

2. To determine the nature of early burial diagenesis (lithification
and dolomitization) in a cold, seawater-dominated system. 

The southern Australian continental margin has been the site of cool-
water carbonate sedimentation since Eocene time, resulting in an almost
1-km-thick carbonate succession (Fig. F2), and it is now the largest area
on the globe composed of such sediments. There has been negligible ter-
rigenous sediment input into the region since the late Eocene, as no ma-
jor rivers enter the shelf across the width of the Great Australian Bight.
In addition, this location offered the potential to collect high-resolution
stable isotope and biostratigraphic profiles to clarify several important
stages in the evolution of the Southern Ocean. 

The longevity of the carbonate depositional system is in part a conse-
quence of the tectonic stability of this sector of the southern Australian
margin throughout the Cenozoic, particularly since the Miocene. The
region has a relatively simple tectonic history as a divergent, passive
continental margin that formed during the protracted period of exten-
sion and rifting that led to the separation of Australia and Antarctica in
the Cretaceous and evolved during the subsequent northward drift of
the Australian continent. The initial extension phase prior to breakup
in the mid-Cretaceous (96 Ma), together with the following period of
slow spreading (until the middle Eocene—49 Ma), resulted in deep con-
tinental margin basins filled with as much as 12 km of mainly terrige-
nous clastic sediment (Willcox et al., 1988; Davies et al., 1989). These
basins broadly correspond to the sites of modern upper-slope terraces
(e.g., the Eyre Terrace at 400–1600 m water depth in the western Great
Australian Bight) (Fig. F1). The onset of faster spreading in the middle
Eocene also corresponded to establishment of fully marine conditions
and initiation of carbonate sedimentation in the widening “gulf” be-
tween Australia and Antarctica. Carbonate sedimentation continued
throughout the remainder of the Cenozoic, as the gulf evolved first into
a broad, open seaway and then into the modern Southern Ocean. Cen-
ozoic sedimentation resulted in an extensive, relatively thin (up to 800
m) Eucla Basin succession (Feary and James, 1998) deposited in a pre-
dominantly platform-sag to platform-edge tectonic regime (Stagg et al.,
1990). Geohistory analysis indicates that the region had minimal Ter-
tiary subsidence (Hegarty et al., 1988). Slight regional tilting (<1°) in the
middle Miocene resulted in uplift and exposure of the Nullarbor Plain
and restriction of Neogene sedimentation to the modern outer shelf
and upper slope.

This synthesis incorporates information from the Leg 182 Initial Re-
ports volume (Feary, Hine, Malone, et al., 2000), publications by Leg 182
shipboard participants in open literature, and papers and data reports
in this Leg 182 Scientific Results volume. We are aware of continuing
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work, particularly addressing the “sea level” and “paleoceanography”
elements of the leg primary objectives (described above). Accordingly,
the components of this synthesis that address these objectives can be
considered as interim statements. The primary findings of the leg are
presented in the following sections:

1. Apply biostratigraphic and magnetostratigraphic results to revise
the regional history of Cenozoic deposition along the Great Aus-
tralian Bight continental margin; 

2. Summarize characteristics of the abnormally thick Pleistocene
wedge that underlies the present outermost shelf and uppermost
slope; 

3. Describe the bryozoan-dominated biogenic mounds (cool-water
“reefs”) that developed immediately below the shelf edge during
much of the Pleistocene; 

4. Outline the spectacular and abnormal geochemical conditions
that produced extraordinarily high CH4 and H2S contents within
the upper part of the Pleistocene succession; and 

5. Use the deepwater clay mineralogy record to reconstruct pale-
oceanographic and paleoclimatic conditions during the Eocene–
Oligocene. 

PRIMARY FINDINGS

Regional Seismic Stratigraphy

The Eucla Basin extends inland as much as 350 km from the present
coastline and seaward some 200 km to the modern shelf edge and up-
per slope. Inland, the Eucla Basin succession thins and “feathers” out
against Precambrian basement; it gradually thickens southward and is
thickest beneath the modern shelf edge (Fig. F2). Regional seismic stra-
tigraphy shows that the succession is basically divisible into two mega-
sequences, separated by a major basin-wide unconformity: a Mesozoic
(?Late Jurassic–Cenomanian) (Stagg et al., 1990) siliciclastic-dominated
synrift to early postrift section and a Cenozoic (Paleocene–Holocene),
predominantly carbonate dominated section. The extensive erosional
unconformity at the top of the synrift section forms an easily recogniz-
able and mappable surface that is overlain by seven unconformity-
bounded seismic sequences (Fig. F2) (Feary and James, 1998). Apart
from the basal siliciclastic sequence both offshore (Sequence 7) and on-
shore (Hampton Sandstone) and a thin, transgressive, paleovalley-fill-
ing and strandline succession of terrigenous clastics on the inland
margins of the basin, the Cenozoic succession in the Eucla Basin con-
sists entirely of carbonate-dominated sediment.

Prior to Leg 182, the Cenozoic stratigraphy of the offshore Great Aus-
tralian Bight succession was based on tentative seismic character corre-
lations and “the division of the … sequences into a reasonable time-
stratigraphic framework” (Feary and James, 1998). The stratigraphic re-
sults from Leg 182 drilling permit a much more detailed description of
the regional stratigraphy (Fig. F3), based on Li, McGowran, and James
(this volume), Li, McGowran, and Brunner (this volume), and Li et al.
(2003, 2004), together with biostratigraphic information from Brunner
et al. (this volume), Ladner (this volume), and Sanfilippo and Four-
tanier (this volume) and magnetostratigraphic data from Molina Garza
and Fuller (2002) and Fuller et al. (2003). Using the original sequence E
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designations from Feary and James (1998) to emphasize the updated
stratigraphy, these interpretations indicate that the offshore Cenozoic
succession represented schematically in Figure F2 consists of the follow-
ing sequences:

Sequence 7

Because drilling was unable to penetrate more than a few meters into
this wedge-shaped progradational sequence, with negligible recovery,
the age of the base of this predominantly siliciclastic sequence remains
tentatively estimated as early to middle Eocene. Inconclusive biostrati-
graphic data indicate that the top of Sequence 7 is probably of middle
Eocene age (~43 Ma).

Sequence 6A

This multilobed deepwater carbonate sediment apron was deposited
from the middle Eocene to late Oligocene. Poor core recovery in this
deeper part of the succession precludes any clear indication of the dura-
tion of the hiatus at the basal sequence boundary. Biostratigraphic data
indicate that Sequence 6A deposition was interrupted by four hiatuses,
two of which probably coincide with the disconformable boundaries
between the three sediment lobes that compose this sequence.

Sequence 6B

Seismic images indicate that this sequence consists of cool-water
ramp carbonates with biogenic mounds (estimated to be of middle–late
Eocene to Oligocene age) that evolved into a warm-water, flat-topped
platform rimmed by the ?early–middle Miocene “Little Barrier Reef” of
Feary and James (1995). Although only the lowermost, middle Eocene
part of this sequence was sampled during Leg 182, the indications from
planktonic foraminferal assemblages that subtropical conditions ex-
isted in the earliest middle Miocene provides support for the inference
that the reef component of this sequence was deposited at this time. A
part of the long time period represented by accumulation of Sequence
6B in a proximal shelf setting corresponds to deposition of Sequence 4
in a distal slope setting—inadequate seismic resolution meant that ad-
ditional sequence boundaries, corresponding to the upper and lower Se-
quence 4 boundaries, could not be identified within “mega”-Sequence
6B.

Sequence 5

This small and areally restricted sediment wedge was not cored dur-
ing Leg 182. It lies at the foot of the steepest part of the Sequence 6B
carbonate shelf escarpment zone, and based on seismic stratigraphic re-
lationships, is estimated to be of earliest middle Miocene age. 

Sequence 4

Although this extensive aggradational deepwater carbonate ramp se-
quence was expected to be of late Miocene age, biostratigraphic data in-
dicate that the drilled part of this sequence was deposited entirely
during the early Miocene. Deposition was interrupted by three short hi-
atuses. This deepwater ramp sequence is therefore coeval with part of
Sequence 6B.
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Sequence 3

Biostratigraphic data indicate that this aggradational deepwater car-
bonate ramp sequence, estimated prior to drilling to be of latest Mio-
cene to early Pliocene age, was deposited from the earliest middle
Miocene to the late Pliocene. Deposition of Sequence 3 was interrupted
by numerous brief hiatuses. The basal hiatus was <0.5 m.y. in duration. 

Sequence 2

This thick succession of cool-water carbonates with spectacular clino-
form ramp geometry that forms most of the modern outer shelf and
contains large deepwater biogenic mounds was thought to be of
Pliocene–Pleistocene age. Stratigraphic results show that this sequence
is almost entirely of Pleistocene age, with only a thin late Pliocene com-
ponent at the base. Accordingly, Pleistocene sedimentation rates were
much higher than anticipated. The hiatus representing the major un-
conformity at the base of Sequence 2 has a short duration at the deep-
water Site 1128 but is of longer duration at shallower sites. At Site 1129,
located at the shelf edge, the hiatus has a duration of >12 m.y.

Sequence 1

The extremely thin deepwater drape was confirmed to be of latest
Quaternary age. 

These revised sequence ages, considered together with their areal dis-
tribution (Feary and James, 1998) and paleobathymetric attributes
(Feary, Hine, Malone, et al., 2000), provide a complex picture of multiple
and shifting depositional loci through much of the early and middle
Cenozoic as the slope and shelf evolved, succeeded through the later
Cenozoic by a more simple depositional system concentrated at or im-
mediately seaward of the shelf edge. Overlying the regional unconform-
ity at the base of the Cenozoic, the ?early–middle Eocene Sequence 7 was
deposited as a prograding siliciclastic wedge seaward of a large crystalline
basement high. Carbonate deposition commenced in the middle Eocene
as the multiple aggradational sedimentary lobes of Sequence 6A were de-
posited in a deepwater ramp setting (middle to upper bathyal water
depths of 200–1000 m) seaward of the Sequence 7 siliciclastic wedge. Se-
quence 6A lobe deposition continued until the latest Oligocene. The
ramp component forming the lower part of Sequence 6B, deposited on
the adjacent shelf landward of the siliciclastic wedge, was coeval with Se-
quence 6A. The basal portion of the Sequence 6B ramp extends landward
to correlate with the middle to late Eocene Wilson Bluff Limestone on-
shore, and the middle part of this sequence correlates with the mid-
Oligocene to early Miocene Abrakurrie Limestone. The early Miocene
component of Sequence 6B also correlates with the deepwater deposi-
tion of the thin aggradational Sequence 4 (middle bathyal water depths
of 600–1000 m). The uppermost part of shelfal Sequence 6B, assumed to
be of latest early to earliest middle Miocene age and correlated with the
Nullarbor Limestone onshore, formed the barrier reef system underlying
the present-day mid-shelf (Feary and James, 1995). The reef front was
draped with the thin wedge-shaped Sequence 5, probably also in the ear-
liest middle Miocene, as sediment was stripped from the shelf and de-
posited at the shelf edge as sea level fell. Sequence 3 was deposited in
deep water (lower bathyal water depths of 1000–2000 m) seaward of the
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reefal system during the extended interval from the middle Miocene un-
til earliest late Pliocene. This aggradational sequence contains numerous
hiatal surfaces and was terminated by an erosive event that resulted in a
marked erosional unconformity at the top and on the seaward margin of
the sequence. Following a diachronous hiatus of as long as 12 m.y., Se-
quence 2 was deposited in upper bathyal water depths (200–600 m) as a
spectacular sigmoidal unit that forms a thin succession over the outer
shelf, reaches peak thickness at the present shelf edge, and thins as a
wedge farther seaward beneath the modern slope. Sequence 2 contains
the bryozoan mound complexes that developed immediately below the
shelf edge (200–300 m water depth) during low sea levels across the cen-
tral and western Great Australian Bight. The final depositional event was
the mantling of deeper-water areas of the margin (below 150–200 m wa-
ter depth) by Sequence 1 carbonate mud during the last sea level high-
stand. 

Accumulation Rates and Sedimentary Cycles
in the Upper Pliocene–Pleistocene Upper Slope 

Sedimentary Wedge

One of the most striking discoveries of Leg 182 drilling was the con-
siderable thickness (530 m at Site 1129) and high sediment accumula-
tion rates of the upper Pliocene–Pleistocene succession that forms the
upper slope in the central Great Australian Bight (Feary, Hine, Malone,
et al., 2000). In cross section (Fig. F2), the outer shelf–upper slope suc-
cession (Sequence 2) is a sigmoid-shaped sedimentary package with
spectacular clinoform geometry (Figs. F4, F5) that forms a distally steep-
ened carbonate ramp (cf. Read, 1985). As noted above, the base of Se-
quence 2 is defined by a pronounced unconformity representing an
erosional hiatus where 2- to 12-Ma strata are missing. At its thickest
point, this sigmoidal prograding unit is more than twice as thick as the
entire underlying succession of upper Miocene to middle upper Eocene
cool-water carbonates, emphasizing the significance of the Pliocene–
Pleistocene period for cool-water carbonate sedimentation. 

Although the presence of several hiatal surfaces within Sequence 2
results in variable sediment accumulation rates (Holbourn et al., 2002),
the highest calculated accumulation rate from biostratigraphy (based
on nannofossil datums) (Ladner, this volume) is 62.5 cm/k.y. at Site
1127 on the eastern drilling transect. This rate compares favorably and
even exceeds accumulation rates estimated for warm shallow-water
carbonate sedimentary environments (30–100 cm/k.y.) (Schlager, 1981;
James and Bone, 1991). It is clear that the vigorous off-shelf transport of
carbonate sediments from the shallow-water carbonate factory is of crit-
ical importance for the development of this prograding wedge (James et
al., 1994). 

The western drilling transect, consisting of Sites 1132 and 1130, has a
less pronounced clinoform seismic geometry (Fig. F5), and calculated
accumulation rates for the Pliocene–Pleistocene succession are substan-
tially lower than those for the eastern transect (26 cm/k.y. at Site 1130
and 8.8 cm/k.y. at Site 1132). Seismic data indicate that these lower ac-
cumulation rates within Sequence 2 are more typical of the entire Eucla
margin and that the eastern transect corresponds to the highest accu-
mulation zone. This indicates that accelerated productivity and/or
more vigorous off-shelf transport must have occurred preferentially in
the area of the eastern transect compared to the rest of the margin—the
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reasons for this are still unknown, although focused downwelling may
have played a role. 

A number of downhole logging parameters (gamma radiation, ura-
nium, resistivity, and Formation MicroScanner data) from the Pleis-
tocene clinoform succession show pronounced cyclicity (Feary, Hine,
Malone, et al., 2000), which can be correlated with cycles visible in oxy-
gen isotope curves compiled for parts of this sequence (Holbourn et al.,
2002; Andres et al., 2003; Andres and McKenzie, this volume). These
curves were compiled from analyses of benthic foraminifers (Holbourn
et al., 2002), planktonic foraminifers (Andres et al., 2003), and both
bulk and fine-fraction sediment (Andres and McKenzie, this volume).
All three signal sources show that the marine isotope stages (MIS) can
be recognized when the data are compared using the age models devel-
oped for each site and the SPECMAP stack (Imbrie et al., 1984) (e.g., Fig.
F6). The GAB oxygen isotope signals have unusually low amplitudes
when compared to other oxygen isotope curves based on planktonic
foraminifers. This may be due to the contribution from shelf-derived
sediment (Andres and McKenzie, this volume) or to only subtle water
temperature changes at the seafloor during sea level fluctuations (Hol-
bourn et al., 2002). 

Mid-Pleistocene cycles (~10 m thick) along the eastern transect are
correlated to sea level changes arising from obliquity-scale (41 k.y.) or-
bital forcing (Saxena and Betzler, 2003). Finer-grained (wackestone) sed-
iment at the base of each cycle grades upward to coarser-grained
(packstone) sediment at the top. Analysis of particle constituent trends
indicates that tunicate spicules, brown bioclasts, bryozoan fragments,
and red coralline algal debris are shed to the slope during sea level rises
and sponge spicules and micrite are shed during sea level falls. The
brown bioclasts may be the common skeletal intraclasts found on the
modern shelf and described by James et al. (2001). This particle constit-
uent partitioning produced pronounced mineralogic cyclicity. High-
magnesium calcite (HMC) and aragonite are a more abundant compo-
nent of the succession during sea level rises and highstands (Saxena and
Betzler, 2003; Andres and McKenzie, this volume; Swart et al., this
volume). Siliciclastic input, in the form of clay minerals, is higher dur-
ing sea level highstands, reflecting higher rainfall and runoff. Dolomite
is also present in sediment deposited during sea level rises (Saxena and
Betzler, 2003). The presence of dolomite rhombs in the fine fraction on
the modern shelf (James et al., 2001) indicates that at least some of the
dolomite within the Pleistocene succession may be detrital. The rela-
tively high amount of aragonite (30%) suggests that cool-water carbon-
ates should not be considered as mostly calcitic (Saxena and Betzler,
2003). This is further supported by the high-resolution mineralogy
record presented by Swart et al. (this volume). 

In order to understand the timing of off-shelf sediment export dur-
ing a single sea level cycle, Hine et al. (this volume) obtained 31 accel-
erator mass spectrometer (AMS) 14C dates from the upper few meters at
six different sites. By dating the fine-grained fraction (<62 µm) and
comparing these data to well-known late Pleistocene to Holocene sea
level curves (e.g., Fairbanks, 1989), they determined that the most rapid
sediment accumulation rates occurred during the fastest transgressive
component of the sea level cycle. At Site 1130, for example, from 19 to
13.95 ka, the calculated sediment accumulation rate was 656 cm/k.y.
This is an order of magnitude faster than the fastest rate derived using
biostratigraphic datums (Ladner, this volume), which are calculated
over a much longer time frame. This transgressive rate is also an order
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of magnitude faster than rates measured during lowstand or highstand
phases. This indicates that when the vast adjacent shelf is initially
flooded, there is a pulse of sediment production and off-shelf export
that decreases toward peak flooding.

Alternating wackestone–packstone units, tentatively identified as cy-
cles, were also described from the western transect by Simo and Slatter
(this volume) for Site 1130 and by Brooks et al. (this volume) for Sites
1130 and 1132. Brooks et al. (this volume) document alternating olive-
gray (aragonite, HMC dominant, and coarser) and light gray (low-
magnesium calcite [LMC] dominant and finer) sediment that together
form one cycle. The uppermost 50 m at Site 1130 and uppermost 150 m
at Site 1132 are sandier than underlying sediments, due to the increas-
ing influence of the adjacent bryozoan reef mounds. The cycles de-
scribed by Simo and Slatter (this volume) are packstone–wackestone
couplets, with the coarser material representing the lower sea level part
of the cycle and the finer material representing the higher sea level
component. These cycles are younger than the cycles described by Sax-
ena and Betzler (2003) and are interpreted as reflecting a precession-
forced (100 k.y.) signal. These two studies suggest that the cycle fre-
quency change from obliquity forced to precession forced, defining the
Mid-Pleistocene Revolution (Berger and Jansen, 1994), can be detected
in the expanded sedimentary succession of the Great Australian Bight. 

Bryozoan Reef Mounds

The confirmation that mound features visible on seismic data (Fig.
F7) within the Pleistocene sedimentary sequence along the upper slope
in the Great Australian Bight (Feary and James, 1995, 1998) are bryo-
zoan reef mounds is one of the major findings of Leg 182 (James et al.,
2000, 2004). Despite bryozoan mounds having long been known to ex-
ist in the middle to late Paleozoic, such features have never before been
described from the “modern” ocean. Although prominent in seismic
data from the western Great Australian Bight (Feary and James, 1998),
these mounds were not determined to be in situ skeletal accumulations
until cored at three Leg 182 sites (1129, 1131, and 1132). 

The mounds are unlithified and consist of a diverse suite of cyclo-
stome and cheilostome bryozoans comprising ~80 genera that are dom-
inated by fenestrate, flat robust branching, encrusting, nodular-
arborescent, and delicate branching growth forms (Fig. F8) (Bone and
James, 2002; James et al., 2004). The packstone matrix comprises
authochthonous and allochthonous sand-sized bryozoans, benthic and
planktonic foraminifers, serpulids, coralline algae, sponge spicules, pe-
loids, and variable glauconite and quartz grains, together with mud-
sized octracodes, tunicate spicules, bioeroded sponge chips, and cocco-
liths. The mounds are covered with a thin, 7- to 10-m mudstone to rud-
stone veneer, clearly indicating that these buildups are not growing
today. AMS and U/Th dating (James et al., 2004), together with oxygen
and carbon isotopes from benthic foraminifers (Holbourn et al., 2002)
and bryozoans (Machiyama et al., this volume) associated with the
mounds, demonstrates that mound growth was restricted to glacial epi-
sodes when sea level was low. Mound accumulation was relatively rapid
(30–67 cm/k.y.) and locally punctuated by firmgrounds and hard-
grounds. Each 5- to 10-m-thick episode of mound growth exhibits a
vertical zonation—from floatstone dominated by delicate branching
bryozoans, to floatstone characterized by increased bryozoan numbers
and diversity, to floatstone and rudstone dominated by delicate branch-
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ing and fenestrate/flat robust bryozoans—that reflects the response of
the bryozoan-dominated community to changing oceanography (James
et al., 2004). The upper surfaces of mounds are sharp erosional surfaces
or firmgrounds. 

Seismic data also show that these mounds occur throughout the
Pleistocene succession (Figs. F4, F5), indicating cyclic recurrence of the
specific sea level and other oceanographic parameters that controlled
mound growth. During glacial periods, the lowered sea level, weakened
Leeuwin Current, and increased upwelling provided enhanced carbon
flux and nutrients, contributing to prolific bryozoan growth and
mound development (James et al., 2000; Holbourn et al., 2002). Alter-
natively, increased nutrient supply and enhanced primary productivity
may have been enhanced by northward movement of the Subtropical
Convergence Zone (James et al., 2004) (see Fig. F9). The mounds proba-
bly grew in paleowater depths ranging from 100 to 240 m (James et al.,
2000, 2004). The relatively warm Leeuwin Current intensified during
highstand interglacial periods, stimulating downwelling and thus re-
ducing the trophic resources to the mound community. As a result, the
environment became a largely deeper-water depositional slope mantled
by sediment swept off the platform, together with minor biofragmental
sediment generated in place, and the mounds became buried. 

Geochemistry and Diagenesis

A significant and completely unpredicted discovery during Leg 182
drilling was the presence of brine within upper slope sediments with sa-
linities as high as 106‰. These elevated salinities are associated with
the highest H2S concentrations (15%) ever measured during any Deep
Sea Drilling Project (DSDP) or ODP leg (Swart et al., 2000). High levels
of CH4 (50%) and CO2 (70%) were also measured, together with high al-
kalinity levels (137 mM). 

The high H2S concentrations result from the oxidation of organic
matter by sulfate-reducing bacteria. Because of the high sulfate concen-
tration within the brine, sulfate does not become depleted with depth
(as more typically occurs in marine sediments), allowing extensive sul-
fate reduction and elevated production of H2S and alkalinity. This
chemical environment promotes extensive carbonate recrystallization,
resulting in dissolution of more metastable HMC and aragonite and
precipitation of LMC and dolomite (Swart et al., this volume). It is gen-
erally thought that warm-water carbonates have a higher diagenetic po-
tential than cool-water carbonates. However, the combination of higher
than expected HMC and aragonite content and the chemical environ-
ment associated with the presence of the brine indicate that cool-water
carbonates may have a higher diagenetic potential than previously ap-
preciated. 

Our present hypothesis is that the brines formed during sea level
lowstands when much of the existing Eucla Shelf was subaerial and
contained large hypersaline lagoons. In this scenario, the arid condi-
tions that presently dominate mid-Australia extended out onto the
broad present shelfal zone and caused extensive evaporation from shal-
low-water lagoons that were subject to recharge by marine waters. A
modern analog for this situation is the Lake MacLeod evaporative basin
in Western Australia, where marine recharge through a permeable
coastal eolianite ridge into an extensive evaporative lagoon has resulted
in accumulation of a thick pile of evaporitic sediments from hyper-
saline waters (Logan, 1987). In the Eucla Shelf situation, we suggest that
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the brines percolated into the underlying sediments and were then
forced by hydrostatic head to move seaward into strata lying beneath
the present upper slope. The common depth of the brine below present
sea level (see Fig. F10) caused the high-salinity fluids to be introduced
into sediments of different ages (Swart et al., 2000). As sea level rose,
the brines diffused upward as new sediment was deposited. This process
would have been repeated numerous times during the Pleistocene. 

Swart et al. (2000) argued that CH4 and H2S combined to form dis-
seminated gas hydrates within the upper slope sediments. Although the
sites in question (Sites 1127, 1129, and 1131) are located at shallower
water depths (200–400 m) and have warmer bottom water temperatures
(11°–14°C) than is typical of sites where methane hydrates occur, Swart
et al. (2000) suggest that the presence of H2S in the hydrate lattice shifts
the hydrate stability field upward to warmer temperatures and lower
pressures. By using measured salinities, temperatures, and the maxi-
mum gas concentrations, model results indicate that H2S–CH4 hydrates
would be thermodynamically stable, at least at Sites 1127 and 1131
(Swart et al., 2000). Although no gas hydrates were recovered during
Leg 182 drilling, this may be the result of the difficulty of recovering
disseminated hydrates that, because of the presence of high-salinity flu-
ids that would have inhibited large hydrate nodule formation (Sloan,
1998), were more likely to occur than the more easily recovered large
hydrate nodules that have been drilled and analyzed during other ODP
legs. The disseminated nature of the hydrate might also explain why no
bottom-simulating reflector is seen in the seismic profiles. The implica-
tions of the Swart et al. (2000) proposal are that H2S–CH4 hydrates may
be more common than previously realized, may not have the seismic
signature normally associated with CH4 hydrates, and may have the po-
tential to release large quantities of CH4 and H2S into the atmosphere
even during small changes of sea level. 

Feary et al. (2000) also speculated that there may be a causal relation-
ship between the unusual occurrences of bryozoan-dominated biogenic
mounds and the presence of high-salinity brines and high H2S and CH4

dissolved gas contents within the sediment pile. They noted that the sa-
line brine body intersects the seafloor over the depth range correspond-
ing to the biogenic mounds and that the mounds grew during periods
of falling and low sea levels. They suggested that this depth zone could
have been the site of high-salinity fluid and gas seepage as a conse-
quence of the decreased hydrostatic head that would have accompa-
nied falling sea levels, and that this seepage may have encouraged the
enhanced biogenic activity that produced the carbonate mounds.

In typical marine sediments, sulfate reduction and methanogenesis
are mutually exclusive processes. Consequently, in most situations
methane does not appear in significant concentrations until almost all
the dissolved sulfate has been consumed. However, throughout most of
the Pleistocene clinoform succession drilled during Leg 182, very high
concentrations of microbially generated H2S and CH4 are present in the
same depth interval (Mitterer et al., 2001) (Fig. F11). The simultaneous
generation of high concentrations of both gases has not been previ-
ously observed in normal marine sediments. To explain this occurrence
in the context of the thermodynamic and kinetic inhibitions that nor-
mally prevent significant co-occurrence of these reactions, Mitterer et
al. (2001) suggested that noncompetitive sources of organic material
must exist for the two microbial populations that catalyze these reac-
tions. They further hypothesized that amino acids and proteins, which
are released from skeletal carbonate material during diagenesis, provide
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the additional organic source that allows methanogenesis to occur si-
multaneously with sulfate reduction. Additionally, the heavier hydro-
carbons (C2–C6) present in the Leg 182 cores (Feary, Hine, Malone, et
al., 2000) are also formed as a result of the degradation of the amino
acids. Mitterer et al. (2001) note that the co-generation of H2S and CH4

within widespread anoxic carbonate sediment formed during periods of
epicontinental sea dominance may have been a contributor to the glo-
bal greenhouse.

Microbially mediated sulfate reduction in the Great Australian Bight
produces a large isotopic fractionation of as much as 72‰ between the
coexisting dissolved sulfide and sulfate (Wortmann et al., 2001). This is
the first time that such extreme sulfur isotope fractionation has been
observed, and this difference (72‰) is far greater than the assumed bio-
logical maximum of 46‰ (Kaplan and Rittenberg, 1964). Wortmann et
al. (2001) suggest that these extreme isotopic differences between sul-
fate and the reduced sulfur species may be the result of a single-step
microbial fractionation. This extreme fractionation would indicate that
the deep biosphere microbial community of sulfate reducers might be
quite different from those in the shallow subsurface or within the water
column.

In addition to the process-related studies summarized above, three
data compilations provide geochemical characterization of Great Aus-
tralian Bight sediments. Malone (this volume) documents the stable
isotopic composition of Pleistocene bulk sediments and dolomite sepa-
rates from Sites 1127, 1129, and 1131. The carbon isotopic composition
of bulk sediments varies narrowly from 0.2‰ to 2.2‰ Peedee belem-
nite (PDB) (mean = 1.1‰), and the oxygen isotopic composition ranges
from 0.8‰ to 3.2‰ PDB (mean = 1.9‰). Dolomite isotopic composi-
tion shows considerable variability, with δ13C values of 0.4‰–1.9‰
(mean = 1.3‰) and δ18O values of 4.0‰–5.9‰ (mean = 4.9‰). Mat-
suda et al. (this volume) report on the stable isotopic composition of
Oligocene and Miocene dolomite and calcite from Site 1132. Calcite
δ13C values vary from 0.7‰ to 1.7‰, whereas δ18O values range from
0.1‰ to 1.4‰. Dolomite has a δ13C compositional range from 1.2‰ to
2.0‰ and a δ18O range from –1.1‰ to 2.4‰. Emmanuel et al. (this
volume) document bulk carbonate elemental chemistry for Sites 1126–
1132, indicating that the carbonate sediments of the Great Australian
Bight show the following ranges: Sr (1000–4000 ppm), Mg (900–27,000
ppm), Mn (4–400 ppm except for Site 1128, where Mn reaches 18,000
ppm), and Fe (15–1500 ppm). In general, Sr and Mg contents are higher
in Pleistocene sediment where aragonite and HMC are abundant,
whereas older sediments show notable enrichments of Mn and Fe.
Highly elevated Mn concentrations may be the result of contamination
of Mn oxide phases.

Early Cenozoic Paleoclimate and Paleoceanography

Site 1128, located ~200 km south of the Australian continent in 3874
m of water, was the only “deepwater” site cored during Leg 182 (Fig.
F1). It was designed to address the early Cenozoic history of paleocean-
ographic and paleoclimatic variability associated with the progressive
widening of the Southern Ocean that resulted from the separation of
Australia and Antarctica in the late Eocene. A number of workers have
shown that there was a significant transition in global climate, together
with evidence for the initiation of permanent Cenozoic glaciation in
Antarctica, during the late Eocene–early Oligocene (Kennett, 1977;
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Miller et al., 1991; Zachos et al., 1992; Flower, 1999). The development
of the Circum-Antarctic Current led to the thermal isolation of Antarc-
tica, the expansion of continental ice sheets, and a general global cool-
ing, resulting in prominent positive shifts in both carbon and oxygen
isotopic curves. It is within this context that Mallinson et al. (this vol-
ume) examined clay mineralogy variations across this time interval at
Site 1128. During the early Oligocene, this site was located ~1500 km
from Antarctica at 52°S.

Mallinson et al. (this volume) use bulk carbonate sediment to reveal
a distinct positive isotopic shift at ~33.6–33.48 Ma, coinciding with the
Oi-1 glacial event of Miller et al. (1991) (Fig. F12). Analysis of relative
clay mineralogic variations shows that smectite with varying amounts
of illite layers was dominant, followed by kaolinite and discrete illite.
By comparing mineralogic variations to the bulk carbon and oxygen
isotope values and considering Milankovitch orbital parameters, they
reconstruct a paleoclimatic history prior to 33.5 Ma and after 33.4 Ma,
bracketing the Oi-1 event. They suggest that prior to this event, in an
environment of low eccentricity and minimum precession, there was
decreased seasonality, decreased winds, and diminished eolian influx
with only smectite being introduced from the western Australian cra-
ton. Additionally, there was decreased upwelling offshore along the Po-
lar Front. However, after 33.4 Ma, as ice sheets were accumulating on
Antarctica and in a time of high eccentricity and maximum precession,
seasonality and westerly winds increased and eolian influx accelerated
with the result that smectite, kaolinite, and illite were transported from
the western Australian craton. There may also have been increased flu-
vial influx from snowmelt in the eastern Australian highlands at this
time. Finally, with increased winds, upwelling offshore along the Polar
Front was enhanced, causing an elevated carbonate compensation
depth. 

Interpretation of planktonic foraminiferal assemblages confirms that
conditions in the Great Australian Bight were predominantly warm-
temperate with subtropical incursions during the middle–late Eocene,
cool-temperate in the early Oligocene, and warm-temperate during the
late Oligocene (Li, McGowran, and James, this volume). Assemblages
indicate cool-temperate conditions during most of the early Miocene,
warming to become warm-temperate in the latest early Miocene and
warm-temperate to subtropical in the early middle Miocene (Li,
McGowran, and Brunner, this volume). This was followed by fluctuat-
ing cool- and warm-temperate conditions through the late Miocene,
and then by warm-temperate conditions in the early to mid-Pliocene
before late Pliocene–Pleistocene cooling.

IMPLICATIONS FOR COOL-WATER
CARBONATES

Leg 182 drill sites were situated largely on the upper slope, a rela-
tively gentle incline that laps down onto a wide submarine terrace, be-
fore the seafloor plunges to abyssal depths (Fig. F2). The area can be
considered as a distally steepened carbonate ramp (cf. Read, 1985; Bur-
chette and Wright, 1992). The wide continental shelf grades seaward
across the shelf break, but the increase in slope is not great. Thus, the
region is an excellent analog for carbonate platforms in geologic history
that formed in intracratonic and epicratonic basins.
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The characteristics and origin of cool-water carbonate mid-outer
ramp sediments are poorly understood. In general, such deeper-water
carbonate environments do not produce much sediment in place, but
instead, it is delivered by pelagic fallout and/or resedimentation from
shallow water through the actions of dilute to grainy turbidites, grain
flows, and debris flows (Coniglio and Dix, 1992). Leg 182 coring pro-
vides an abundance of information on the nature of cool-water carbon-
ates in this setting. Sediments are wholly fine grained, resulting from a
mixture of pelagic fallout and dilute turbidites with few obvious grain
flows and no debrites. They are composed mostly of bryozoans and for-
aminifers, with accessory coralline algae highlighting their shallow-
water provenance. This discovery emphasizes the nature of sediment
transport mechanisms in cool-water settings, but it also reflects the
widespread uniformity and poor facies differentiation of the shallow-
water sediment source area. Resedimentation mechanisms are poorly
recorded, largely because of intensive burrowing. The rather muted cy-
clicity seems again to reflect overall uniformity of the shelf source area,
regardless of the position of sea level.

The general perception has been that accumulation rates in cool-
water carbonate systems are low, generally <10 cm/k.y. (James, 1997).
This is because studies have, by necessity, focused on the shelf rather
than the slope. Results from Leg 182 illustrate not only that this is in-
correct but also provide the explanation. Sedimentation is clearly parti-
tioned, for although sediment is produced across the depositional
system, most is transported off the shelf either seaward to the slope or
landward to the strandline. Accumulation rates on the slope rival—and
may exceed—those in warm-water carbonate systems. These findings
lead to the inevitable conclusion that it is the hydrodynamic character-
istics of the depositional system that are critical for generating the ner-
itic inner to mid-ramp continental shelf record. Shallowing of wave
base, particularly storm wave base, results in much more sediment ac-
cumulating in these shallower areas and less in deeper water. Such re-
sults emphasize the hybrid nature of the cool-water carbonate
depositional system—it is a “carbonate” environment where sediment
is produced everywhere by organic activity, but with similarities to a
“terrigenous clastic” environment in that accumulation is controlled by
hydrodynamic parameters.

Biogenic mounds (cf. James and Bourque, 1992) have been a compo-
nent of ramp-style depositional systems throughout geologic history
(Wilson, 1975; Tucker and Wright, 1990). Leg 182 coring confirmed
that mound features visible in the Pliocene–Pleistocene section on seis-
mic images are bryozoan mounds—the first recognition of such struc-
tures in the modern ocean. Overall, the composition of these structures
is strikingly similar to older Phanerozoic buildups—muddy, containing
a diverse bryozoan assemblage, and rich in calcareous microfossils and
sponge spicules. The presence of coralline algal fragments throughout,
however, highlights the unexpected role of off-shelf sediment transport
in their accretion. In contrast to previous studies, Leg 182 results pro-
vide the basis for understanding the nature of paleoceanographic con-
trol on mound growth. It is clear that bryozoan mound development
coincides with periods of increased primary productivity, particularly
during times of low sea level and global glaciation. Overall, trophic re-
sources were increased in the Southern Ocean during lowstands, with
localized high-productivity areas at the Subtropical Convergence Zone
and in areas of upwelling on the slope (James et al., 2000, 2004). 
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The mounds themselves strongly resemble the only other exposed
and described Cenozoic bryozoan mounds (Surlyk, 1997), confirming
the utility of the southern Australian margin findings as the basis for an
overall growth model. However, they lack such features as extensive
synsedimentary cementation, internal cavities, and obvious microbial
influence, attributes that characterize early Mesozoic and older bryo-
zoan mounds (Monty et al., 1995). These differences highlight the Cre-
taceous change in ocean chemistry that accompanied the evolution of
calcareous plankton and decreased overall carbonate saturation. Thus,
like modern warm-water carbonates, application of these latest findings
to the rock record comes with important caveats.

Cool-water carbonates are dominated by LMC mineralogy, unlike
their warm-water counterparts that are rich in high-Mg calcite and ara-
gonite. This difference is important because it means that cool-water
carbonates have low diagenetic potential (i.e., they are not subject to
early lithification as a consequence of dissolution-precipitation pro-
cesses and, as a result, are more likely to display the effects of profound
mechanical compaction). This concept appears to be true for most shelf
sediments (Nelson, 1988; James and Bone, 1989), although evidence
from the Cenozoic (James and Bone, 1994; Nicolaides and Wallace,
1997; Nelson and James, 2000) suggests that cementation may be im-
portant at omission surfaces in shallow inner-ramp settings. Leg 182 re-
sults, however, indicate that aragonite present in slope sediments in
cool-water carbonate environments derived mostly from tunicate (as-
cidian) spicules. This discovery alters the notion of early lithification
and implies that these slope sediments do indeed have enough arago-
nite to result in some relatively early lithification during burial diagene-
sis. 

Leg 182 has opened the door to the somewhat occult sedimentary
realm, the cool-water slope–mid- to outer-ramp setting. These drilling
results will now allow comparative analysis of ancient temperate car-
bonates and doubtless lead to reinterpretation of some ancient slope
carbonates.
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Figure F1. Locations of Leg 182 drill sites in the western Great Australian Bight relative to the Eucla Shelf
edge and the Eyre Terrace. Red lines through Sites 1127, 1131, and 1129 (eastern transect) and Sites 1130
and 1132 (western transect) show locations of seismic reflection data presented in Figures F4, p. 22, and F5,
p. 23. 
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Figure F2. Schematic north–south diagram from the onshore Nullarbor Plain to the upper continental
slope across the Eyre Terrace (nominally along longitude 128°E), showing the distribution and internal re-
lationships of seven Cenozoic sequences defined from seismic data, overlying Mesozoic synrift siliciclastic
sequences and Precambrian crystalline basement (modified after Feary and James, 1998). Vertical scales are
approximate.
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Figure F3. Schematic summary of seismic stratigraphy for all Leg 182 sites except deepwater Site 1128. Note
the numerous hiatal surfaces throughout most sequences. Based on data from Li, McGowran, and James
(this volume); Li, McGowran, and Brunner (this volume); and Li et al. (2003, 2004). Sequence colors cor-
relate with Figure F2, p. 20.
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Figure F6. Isotope events plotted against 18O and 13C profiles (vs. Peedee belemnite) in upper Pleistocene
cores from Site 1129 (after Holbourn et al., 2002). 
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Figure F7. Seismic reflection image (seismic line AGSO-169/05a) showing detail of bryozoan mounds and
mound complexes in the vicinity of Site 1131. Location of this image is shown in Figure F4, p. 22. 
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Figure F8. Relative proportions of bryozoans in different lithologies from Site 1129 (after James et al.,
2004). CS = coarse sediment fraction (>2 mm).
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Figure F9. Interpretation of bryozoan mound growth parameters during glacial lowstands (after James et
al., 2004). A. Paleogeography showing the wide coastal plain, narrow shelf, possible location of the Sub-
tropical Convergence Zone, and associated zone of enhanced primary productivity. B. Cross section of the
coastal plain, shelf, and upper slope, illustrating location of the mound growth window. C. Enlarged cross
section showing interpreted paleogeography and the probable location of major water masses. 
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Figure F11. Plot showing interstitial water sulfate, hydrogen sulfide, and methane from Site 1131 vs. depth.
Note the co-occurrence of sulfate and methane. The presence of hydrogen sulfide, a by-product of sulfate
reduction, indicates that active sulfate reduction and methanogenesis are occurring over the same depth
interval (after Mitterer et al., 2001). 
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Figure F12. The positive 18O isotopic shift at ~33.6–33.48 Ma, coinciding with the Oi-1 glacial event, plot-
ted against carbonate, kaolinite/smectite index, clay facies, and both eccentricity (E) and precession (P) (af-
ter Mallinson et al., 2003).
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