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ABSTRACT - This multidisciplinary study integrates facies studies and foraminiferal analyses to assess the
palaeoenvironmental evolution of an Oligocene to Miocene cool-water carbonate succession in the Otway
Basin, southeastern Australia. The cool-water carbonate succession in the Otway Basin records signals
relating to the evolution of the Southern Ocean throughout the Cenozoic. The strata are correlated with
the relative coastal onlap curve of Haq et al. (1988) and several sequences can be identified in three
formations. The Early Oligocene Narrawaturk Formation (74 4.5) comprises near the base high-energy,
inner shelf biofacies (lowstand systems tracts) and up-section to lower energy mid- to outer shelf marls
(TST and maximum flooding surfaces) with storm events and/or minor shallowing intervals. Foraminiferal
reworking and post-depositional dolomitization occurs at the top of this unit. The Late Oligocene Clifton
Formation (T8 1.1 and TB 1.2.) was deposited in a relatively high-energy inner to mid-shelf environment.
The base of this unit preserves evidence of a shift in biofacies that correlates to a major sea-level fall at the
Mid/Late Oligocene boundary coincident with a major ice advance in Antarctica, and correlates with other
Mid-Oligocene unconformities world-wide. The Late Oligocene Gellibrand Marl Formation (TB 1.2 and
TB 1.3) began with low-energy outer shelf cherty marly biofacies (TST and MFS) followed by mid- to
outer shelf calcisiltites (HST). High-energy mid- to outer shelf conditions were established after an hiatus
in the Late Oligocene. A relative sea-level rise at the base of the Lower Miocene (7B 1.5 and TB2.1) led to
the deposition of lower energy outer shelf cherty marls.

Four biofacies with distinctive foraminiferal faunas are distinguished. (1) Grey mid- to outer shelf low-
energy bryozoal marls with infaunal foraminifera and high plankton values. Two foraminiferal
assemblages occur: lagenids and Uvigerina are common in the Narrawaturk marls, whereas bolivinids
and Astrononion occur in the Gellibrand marls. The faunal variation in the marls may relate to changes in
nutrient supply, anoxia, the presence or absence of organic material and/or changes in depth. (2) Chalky
packstone facies with a high epifaunal content were deposited in oligotrophic inner to mid-shelf
palacoenvironments subject to intermittent reworking. (3) Bryozoan-poor inner to outer shelf
foraminiferal packstones and grainstones facies enriched in epifaunal forms. (4) Weli-sorted coarse-
grained regular echinoid and bryozoan-rich packstones to grainstones. Infaunal taxa are absent in this
facies, where most preserved foraminifera are robust spherical to discoidal forms. The facies were
deposited in inner to mid-shelf palacoenvironments where reworking by intense wave action (either above
normal wavebase or by storms) winnowed out all smaller foraminifera.

The stratigraphic and palaecoenvironmental utility of the Cenozoic foraminifera studied is improved
greatly by facies analyses. Similar integrated studies will lead to better correlations and palacoenviron-
mental interpretations of southeastern Australian sequences and equivalent successions in the southern
hemisphere. J. Micropalaeontol. 18(2): 143-168, December 1999
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INTRODUCTION

The Otway Basin in southeast Australia extends over 400 km
and occupies an area of around 60000 km? (Fig. 1). It preserves
a thick sequence of Mesozoic to Cenozoic sedimentary and
volcanic rocks. It is one of a series of basins developed along the
southern seaboard of the Australian continent that have a
common basin-filling history, and was initiated by events
leading up to and following the Gondwana continental rifting,
break-up and northwards drifting of the Australian continent
from Antarctica. A common theme through all of these basins is
the transition from essentially non-marine Early Cretaceous
sediments to more marine Tertiary conditions. This is thought to
reflect the progressive opening of the Southern Ocean from Late
Cretaceous times. By the late Eocene most of these basins had
become predominantly marine and Australia lay around 30° to
50° South of the equator (Fig. 1). Thick sequences of cool-water
carbonates (carbonates accumulating in sea water colder than
20°C) were deposited in the temperate waters along Australia’s
southern margin during this time (James, 1997).

The Otway Basin is delimited to the north (onshore) by
outcropping Palacozoic basement rocks and to the south
(offshore) by the toe of the present continental slope (Fig. 1).
Mixed cool-water carbonate and clastic sediments are preserved
in the Late Eocene to Early Oligocene Nirranda Group (Fig. 2).
Open marine carbonates of the Heytesbury Group then
prevailed during the Miocene. The exception is a thin interval
in the early Late Oligocene when the mixed clastics and
carbonate that constitutes the Clifton Formation were deposited
(Fig. 2).

In the offshore part of the basin, Tertiary clastic and
carbonate sediments have a progradational geometry on off-
shore seismic lines and downlap onto a latest Cretaceous
unconformity. Progressively thicker and younger carbonate
wedges extend the modern day shelf southwards into the
Southern Ocean.

The foraminiferal biofacies, palacoenvironmental and se-
quence stratigraphic evolution of the Oligocene to Miocene
Nirranda Group and Heytesbury Group clastic and carbonate
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Fig. 1. Map of the Otway Basin showing the distribution of all wells and bores with Tertiary strata. The localities sampled in this study are indicated.
The middle Oligocene (30 Ma) palaeogeography of Southern Ocean is adapted from Veevers ef al. (1991). The paleoceanographic features of the
Southern Ocean are adapted from Kennett (1977) and Kennett & von der Borch (1986).
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Fig. 2. Eocene to Miocenc stratigraphy of the Otway Basin (not to scale).
The approximate stratigraphic position of the sections exposed at
Glenelg Gorge (Fig. 3.1), the Glenelg-1 bore (Figs 6-8 and 10) and the
Clifton Formation outcrop at Port Campbell (Fig. 3.2 and 4) are shown.
Note also the absence of the Wangoom Sand Member and the older
parts of the Narrawaturk Marl in Glenelg-1 bore.
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sediments are the focus of this paper. They record the
Palacogene to Neogene history of events surrounding the
progressive opening of the Southern Ocean.

The purposes of the combined facies and foraminiferal analyses
were:
(1) to document the biostratigraphy;
(2) to gain an understanding of the biofacies evolution of the
Narrawaturk, Clifton and Gellibrand Marl Formations;
(3) to determine the palaeoenvironmental evolution of the
strata;
(4) to correlate the strata with global sea-level curves; and
(5) to determine the biofacies distribution of the foraminif-
eral faunas.

The principal biostratigraphically and palaeoenvironmentally
significant foraminiferal taxa documented are illustrated in
Plates 1 and 2.

METHODS

The samples for the analyses were obtained from the Glenelg-1
bore at Nelson (Fig. 1). The Glenelg-1 bore was continuously
cored in 1941 (Crespin, 1954) and representative samples were
retained every 2-3 m. Thirty-six samples of core were processed
for foraminifera from this bore. Twenty-nine of these 36 samples
were studied and used for quantitative foraminiferal analyses;
the remainder were qualitative samples for biostratigraphic
purposes. Nearly 300 foraminifera were picked, sorted and
identified from each sample for the quantitative analyses. A total
of 170 benthonic and 35 species of planktonic foraminifera were
identified in over 7000 foraminifera studied from the Glenelg-1



Oligo-Miocene foraminifera of the Otway Basin

Explanation of Plate 1
Illustration of key biostratigraphically important taxa from the Oligo-Miocene of the Otway Basin. Horizontal bar = 0.1 mm. fig. 1. Subbotina
angiporoides (Hornibrook), Glenelg-1, 807 ft (246 m). fig. 2. Chiloguembelina cubensis (Palmer), Glenelg-1, 807 ft (246 m). fig. 3. Globoturborotalia
labiacrassata (Jenkins), Glenelg-1, 807 ft (246 m). fig. 4. Paragloborotalia nana (Bolli), Glenelg-1, 807 ft (246 m). fig. 5. Bolivinopsis cubensis (Cushman
& Bermudez), Glenelg-1, 807ft (246m). fig. 6. Globoturborotalia angulisuturalis (Bolli), Glenelg-1, 494t (150.6m). figs 7, 8. Tenuitellinata
angustiumbilicata (Bolli), Glenelg-1, 494 & 453 ft. fig. 9. Globoturborotalia euapertura (Jenkins), Glenelg-1, 494 ft (150.6m). figs 10, 11. Globorotalia
kugleri sensu lato Bolli, Glenelg-1, 494 ft (150.6 m). fig. 12. Globoturborotalia woodi (Jenkins), Glenelg-1, 310t (94.5m).

bore (see Appendices A and B for faunal lists and percentage
values). A further four samples are from the Clifton Formation
type section near Port Campbell (Fig. 1) and are encorporated in
this study to help correlate this Middle Oligocene interval from
outcrop into the subsurface. At this locality, over 108 benthic
and 10 planktonic species were identified in the 1000 foramini-
fera collected (see Appendix C for full faunal list). The data
collected are illustrated as percentages of the total, benthic or
planktonic faunas in Figures 6-9. In addition to these sections,
nine samples were processed and biostratigraphic data obtained
from the base of several cliff sections at river level in Glenelg
Gorge (Figs 1 and 3.1).

The facies analyses used to construct the logs in Figs 4 and 6
were carried out principally by two methods: logging the core by
texture, using a hand lens in a core store and analysing the
unprocessed microfossil samples; and using a binocular micro-
scope in the laboratory. Facies were classified using the Folk
Classification, grain size (calcilutite, calcarenite, marl), and
bioclast type and preservation. The key to Fig. 4 is given in
Fig. 5.

LITHOSTRATIGRAPHY

The stratigraphic setting of the three formations sampled for
foraminifera is indicated in Fig. 2. Strata of the Narrawaturk
Marl, Clifton and Gellibrand Marl formations in the South
Australian part of the western Otway Basin have variously been
referred to whole or part of the Gambier Limestone (McGow-
ran, 1973; Moss & McGowran, 1993), with equivalents to the
Mepunga Formation referred to the Kongorong Sand (Lud-
brook, 1971).

Recognition of the Clifton Formation (the Middle Gambier
Limestone) in the South Australian sector of the Otway Basin is
based on electric log correlations and biostratigraphy. Because
the underlying and overlying carbonates are more carbonate-
rich in this area, the characteristic Victorian lithological features
of the Clifton Formation are less well expressed. However,
sufficient subsurface data now provide good control to carry the
Victorian nomenclature into South Australia. Therefore, the
Middle Gambier Limestone of McGowran (1973) is largely
equivalent to the Clifton Formation, and the Upper Gambier
Limestone is equivalent to the Oligocene part of the Gellibrand
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Explanation of Plate 2.

Ilustration of key palaeoenvironmentally important taxa from the Oligo-Miocene of the Otway Basin, the taxa are arranged in the same order as
their abundance peaks in figs 7 and 8. Horizontal bar = 0.1 mm: fig. 1. Uvigerina proboscidea Schwager, Glenelg-1, 689 ft (210 m). fig. 2. Gaudryina
crespinae Cushman, Glenelg-1, 689 ft (210 m). figs 3, 4. Eponides lornensis Finlay, Glenelg-1, 689 ft (210 m). figs 5, 9. Stomatorbina concentrica (Parker
& Jones), Glenelg-1, 689 ft (210 m). fig. 6. Patellina corrugata Williamson, Glenelg-1, 689 ft (210 m). figs 7, 8. Heronallenia parri Carter, Glenelg-1,
646 ft (197 m). fig. 10. Spirillina involvens (Reuss), Glenelg-1, 625 ft (190 m). fig. 11. Mould of Quinqgueloculina sp., Glenelg-1, 578 ft (176 m). fig. 12.
Lenticulina sp., Glenelg-1, 465 ft. fig. 13. Heterolepa brevoralis (Carter), Glenelg-1, 465 ft (142 m). fig. 14. Pullenia bulloides (d’Orbigny), Glenelg-1,
494 ft (150.6 m). fig. 15. Parrellina crespinae (Cushman), Glenelg-1, 517 ft (157.6 m). fig. 16. Siphonina australis Cushman, Glenelg-1, 494 ft (150.6 m).
figs 17, 18. Anomalinoides macroglabra (Finlay), Glenelg-1, 465 & 720ft (219 m). fig. 19. Bolivina lapsus Finlay, Glenelg-1, 132ft (40m). fig. 20.
Bolivina cf. pontis Finlay, Glenelg-1, 132ft (40m). fig. 21. Globocassidulina subglobosa (Brady), Glenelg-1, 812ft (247m). fig. 22. Cibicidoides
perforatus (Karrer), Glenelg-1, 812ft (247m). fig. 23. Trifarina bradyi Cushman, Glenelg-1, 807 ft (246 m). figs 24, 25. Discorbinella berthloti
(d’Orbigny), Glenelg-1, 132 ft (40 m). fig. 26. Gyroidinoides zelandicus (Finlay), Glenelg-1, 790 ft (241 m). fig. 27. Cibicides mediocris Finlay, Glenelg-1,
172 ft (52 m).
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Fig. 3. (1) Gellibrand Marl Formation (Upper Gambier Limestones)
with burrow chert bands (arrowed) exposed along the Glenelg River in
Glenelg Gorge (Fig. 1). Vertical scale 1 m. (2) Phosphate nodule band at
Clifton Beach (Fig. 1) overlain by a shell lag (see Fig. 4 for log of the
Clifton section). The exposed part of the hammer is 0.3 m long.

Marl (Fig. 2). Because of stratigraphic precedent, the Victorian
nomenclature ideally takes priority over the more localized
South Australian nomenclature and is used throughout this

paper.

AGE DETERMINATION

Over 35 species of planktonic foraminifera were documented in
the Glenelg-1 bore and Clifton Formation type section at Port
Campbell. The distribution of key planktonic species and groups
in the Clifton outcrop section and the Glenelg-1 bore are
illustrated in Figs 4 and 6 (see also Appendices A3, B3 and C2).
An illustration of important zonal taxa from these sections is
shown in Plate 1. The eight samples from the Glenelg Gorge
(Fig. 1) were picked only for planktonic foraminifera and the
fauna is discussed in the following. The plankton datums used
follow the biostratigraphic schemes outlined in Lindsay (1985),
Holdgate & Gallagher (1997) and McGowran et al. (1997). The
plankton distribution is described in four parts: (1) the
Narrawaturk Formation; (2) the Clifton Formation; (3) the
Gellibrand Marl Formation; and (4) the Glenelg Gorge section.

Narrawaturk Formation

Planktonic foraminifera comprise 30-60% of the fauna of the
Narrawaturk Formation in the Glenelg-1 bore (Fig. 6). Towards
the top of the unit the plankton diversity declines markedly.
Early Oligocene plankton are abundant in the Narrawaturk
Formation and include tenuitinellids (Tenuitella juvenilis and T.
gemma), Guembelitria triseriata, Chiloguembelina cubensis, Glo-
boturborotalia labiacrassata, Paragloborotalia ampliapertura and
P. nana). The last appearance datum (LAD) of Subbotina
angiporoides at 770ft (234.7m) provides an Early Oligocene
(P20) age for the lower part of this unit. Another taxon present
below this datum is Globigerina brevis. The LAD of C. cubensis
at 597 ft (182 m) suggests an Early Oligocene (P21a) age for most
of the Narrawaturk Formation. Additional LAD depths in this
interval include that of P. ampliapertura and P. nana at 646 ft
(197m). Above 597ft (182m) the plankton record in the
Narrawaturk Formation is non-diagnostic and impoverished
due to facies control (see later); however, the LAD of T. gemma
at 578ft (176 m) suggests an Early Oligocene age for this
interval.

Clifton Formation

Plankton content ranges from 5-25% in the Clifton Formation
in outcrop and in the Glenelg-1 bore (Figs 4 and 6). The first
appearance datum (FAD) of Paragloborotalia opima suggests a
Late Oligocene age for the base of the Clifton Formation at
534 ft (163 m) in the Glenelg-1 bore. The first occurrence of the
late Oligocene (P22) indicator species 7. angulisuturalis, T.
angustiumbilicata and G. ciperoensis at 494t (150.6m) in the
upper part of the Clifton Formation probably indicates that the
strata below these datums have a P21b age. Other datums in the
Clifton Formation of the Glenelg-1 bore include the FAD of
Globigerina praebulloides and G. labiacrassata, and the LAD of
the benthic agglutinated taxon Bolivinopsis cubensis.

The lowermost sample of the Clifton Formation in the type
section near Port Campbell (Fig. 4) contains G. labiacrassata,
with common G. ciperoensis and G. praebulloides. This
assemblage is likely to be Late Oligocene in age. G. angustium-
bilicata first occurs in the next sample up-section, followed by G.
angulisuturalis and G. opima (Fig. 4). The data suggest that,
other than the basal sample, which is probably a P21b , the
upper units in the type section of the Clifton Formation belongs
to P22.

Gellibrand Marl Formation

Planktonic foraminifera are common in the Gellibrand Marl
Formation in the Glenelg-1 bore (Fig. 6), comprising between 10
and 40% of the total foraminiferal fauna. The most common
taxa are G. praebulloides, G. ciperoensis and the tenuitinellids, T.
Juvenalis and T. munda. Globoturborotalia and Paragloborotalia
also occur throughout this unit. The LAD of Globoturborotalia
euapertura at 348t (106 m) in the absence of Globoquadrina
dehiscens suggests a Late Oligocene N4a subzonal age for the
lower part of the Gellibrand Marl Formation. Another
important datum occurs at 410 ft (125m), with the LAD of G.
triseriata. The FAD of Globoturborotalia woodi at 310ft
(94.5m), followed by Globorotalia kugleri (sensu lato) at 293 ft,
indicates an Early Miocene N4b subzonal age for the Gellibrand
Marl Formation. The rest of the section in Glenelg-1 is NS based
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Fig. 4. Bio- and lithostratigraphy of the Clifton Formation type section outcrop at Clifton Beach (Fig. 1). The log height is in metres. The benthic
foraminiferal distribution is expressed as a percentage of benthos. The plankton percentage is a proportion of the total fauna. See Appendix C for the

faunal data.

on the FAD of Globoturborotalia connecta at 253 ft (77 m).

Age of the strata in the Glenelg Gorge

The nine samples contain a diverse planktonic foraminiferal
assemblage. Samples O7.1, 07.2, 07.3 and O7.4 are from strata
at river level and contain G. kugleri, G. angulisuturalis, T.
angustiumbilicata, G. ciperoensis and G. euapertura, indicating a
Late Oligocene P22 zonal age. Samples O7.5 and Of contain G.
woodi, but lack G. euapertura, and are Early Miocene (N4b) in
age. Operculina victoriensis and Globigerinoides trilobus/bi-
sphaerica occur in sample 0.9, suggesting an upper Early
Miocene to lower Middle Miocene N6/N7 age for the most
northerly limestones exposed along the Glenelg River. The
limestones in Glenelg Gorge are equivalent to the Gellibrand
Marl Formation/Upper Gambier Limestone (Fig. 2). The
exposure of the limestones at river level in Glenelg Gorge is
caused by large open folds.

FACIES ANALYSIS

This section describes the distribution of the foraminifera and
facies in the Early Oligocene to Early Miocene of Glenelg-1 bore
and the Clifton Formation type section, as illustrated on Figs 4,
7 and 8 (see Appendices A-C). This forms a framework for the
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palacoenvironmental and sequence stratigraphic interpretations
(see later). Plate 2 illustrates several significant benthonic
foraminiferal taxa used in palacoenvironmental analyses; these
are figured in the same order as shown on Figs 7 and 8. The
order of foraminiferal taxa listed in Fig. 7 follows the peak
abundance of each particular taxon from the base of Glenelg-1
bore to the top. The method used to calculate the standardized
foraminiferal diversity is included in the caption of Fig. 8; the
values used for this calculation can be found in Appendix A3.
The foraminiferal data used to calculate the foraminiferal
percentages are listed in Appendices Al-A3. The palaeoenvir-
onmental interpretations are based on comparisons with extant
forms (Fig. 9) with reference to Vella (1962), Hayward (1990),
Murray (1991), Jones & Yassini (1995) and Li et al. (1996a,
1996b).

Narrawaturk Formation

The Narrawaturk Formation in the Glenelg-1 bore can be
divided into two distinctive lithofacies intervals (Fig. 7): Interval
A [812-640 ft = 247-195m] consists of alternations of bryozoal
marls, calcisiltites and chalk (with abundant foraminifera) and
Interval B (639536 ft = 195-163 m) consists of calcarenites and
dolomite (with rare foraminifera).
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Interval A: facies. The lowest sample (812ft =247m) of
Narrawaturk Formation in the Glenelg-1 bore consists of white,
partially dolomitized glauconitic calcarenite and marl. Bioclasts
include rounded, regular echinoid spines and stick bryozoa.
Rounded limonite-stained quartz grains are common in this
sample. Grey bryozoal marl (wackestone) alternates with white
calcisiltite (packstone) above 812ft (247m). Bioclasts in the
marls consist predominantly of stick bryozoans, rare sheet
bryozoans, regular echinoid plates and brachiopods. Sponge
spicules are abundant in some samples. The relative bioclast
abundance in the calcisiltites varies: a cemented horizon at 780 ft
(238 m) contains few bioclasts, of bryozoans, molluscs and
irregular echinoid spines, whereas the sample at 720 ft (219 m)
contains abundant stick bryozoa. Twenty feet (6 m) of stick
bryozoan-rich, white, chalky calcisiltite (packstone) occurs
towards the top of this interval.

Interval A: Foraminifera. Foraminifera are abundant and diverse
in the lower Narrawaturk Formation in the Glenelg-1 bore (Figs
7 and 8). Samples commonly yield between 40 and 50 species of
foraminifera, with standardized diversity values of around 20.
The number of taxa in each sample peaks between 646 ft (197 m)
and 720 ft (219 m), corresponding to an up-section reduction in
the percentage of Cibicidoides perforatus, infaunal taxa (see
Appendix A for list of infaunal forms) and Globocassidulina
subglobosa. The four major facies in Interval A have distinctive

assemblages (Fig. 7).

(a) Dolomitized sand calcarenite. The sample at 812 ft (247 m)
has a low-diversity, plankton-poor assemblage, predominantly
of large specimens (> 1 mm) of Globocassidulina subglobosa and
Cibicidoides perforatus, with lesser Gyroidinoides allani.

(b) Bryozoan marls. Planktonic foraminifera, Cibicides and
infaunal taxa, such as Fissurina and Astrononion, are common.
Uvigerina proboscidea and Eponides lornensis are also present
and increase upwards to peak in abundance at 689 ft (210 m).
Textulariids, such as Gaudryina crespinae and Bolivinopsis
cubensis, are more common in the marl than in the calcisiltite
and peak at 12% (also at 689ft = 210m) of the total benthic
fauna. Victoriella conoidea first occurs up-section at 689 ft
(210 m).

(c) Calcisiltite and chalk. Stomatorbina concentrica and
Patellina corrugata are most abundant in calcisiltite and chalk
between 646ft (197m) and 746ft (227m). Spirillina and
Heronallenia may occur in this facies.

Other important components of the assemblage showing no
particular facies preference include minor peaks of Gyroidi-
noides, Trifarina, Lenticulina, Sphaeroidina bulloides and the
bolivinids (Fig. 8).

Important faunal trends in this interval include:

(1) the highest plankton values are recorded in the lower
most marl at 807ft (246 m), corresponding to a high
species diversity;

(2) the percentage of planktonics, percentage of infaunal
foraminifera with Globocassidulina subglobosa and Cibi-
cidoides perforatus all decrease upwards in abundance to
640 ft (195m);

(3) the percentage of textulariids, such as Gaudryina
crespinae, and of Uvigerina proboscidea and Eponides
lornensis, increase upward to a maximum at 689ft
(210m) and then decrease in abundance;

(4) Stomatorbina concentrica, Heronallenia, Spirillina and
Patellina are absent from the base of the Narrawaturk
Formation. These taxa peak in the chalk at 646ft
(197 m); and

(5) Trifarina and species diversity increase in abundance
upwards to the chalk.

Interval A: palaeoenvironment and biofacies. The mixed carbo-
nate/clastic content of the lowermost sample in the Narrawaturk
Formation is interpreted as the initial transgressive facies of this
unit, where reworking of the underlying Mepunga Sand
Formation has occurred. The low diversity of plankton and
relatively large benthonic assemblage (> 1mm tests) probably
relates, in part, to the partial dolomitization of the sample, and
to current reworking which may have winnowed out the smaller
taxa.

The stick bryozoan-rich marl (wackestone) is inferred to have
been deposited in low-energy shelf palacoenvironments. The
grey colour may reflect the presence of either clay and/or organic
material. This low-energy facies is characterized by high
plankton values, small-sized diverse assemblages and the
presence of common infaunal taxa such as Uvigerina and
Astrononion that prefer muddy substrates in modern environ-
ments (Murray, 1991). The calcisiltite (packstone) facies was
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Fig. 6. Facies, bio- and lithostratigraphy of the Glenelg-1 bore. The log depths are in feet (80-920 ft) and metres (50-250 m). Note: the values for each
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plankton taxa relative to each other. The diagonal hatch denotes an interval where the biozonation is thought to be tentative due to faunal
recrystallization as a result of dolomitization. See Appendices A and B for the faunal data.

deposited in higher energy shelf palacoenvironments than the
marl, although not very high, as no obvious bioclast sorting is
seen. The presence of regular echinoid plates and spines in this
facies is indicative of the relatively coarse nature of the
substrate. The white colour and often chalky nature reflects a
low clay and/or organic content, as these components would
have been winnowed out. The relatively large grain size and lack
of any organic content of this facies is associated with low
abundances of plankton and infaunal taxa.

From the base to the top of this interval, the following
palaeoenvironmentally significant events have occurred. The

150

basal clastic-rich sample of the Narrawaturk Formation
contains the mid- to outer shelf taxa G. subglobosa [this taxon
may occur in inner shelf settings where upwelling occurs (Li et
al., 1996)) and G. allani, and represents the initial high-energy
transgressive facies. Transgressive facies often preserve the
signals of cool upwelling palacoenvironments (Holdgate &
Gallagher, 1997). If the low-diversity assemblage and G.
subglobosa abundance at this level were caused by upwelling in
this initial transgressive phase, the Narrawaturk Formation was
probably deposited in a high-energy, inner shelf palacoenviron-
ment. Similar assemblages (with relatively less G. subglobosa)
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occur in the overlying units, although the diversity and plankton
content increase markedly. The influx of planktonic foramini-
fera and the high-diversity assemblage above the basal grey marl
suggests a lower energy open marine mid- to outer shelf
palaeoenvironment established soon after the initial rapid
transgressive event. From 720 to 689ft (219 to 210m),
Globocassidulina and Cibicidoides species are replaced upwards
by common Uvigerina proboscidea and Eponides lornensis in the
marl (both outer shelf taxa) alternating with peaks of Patellina
and Spirillina (both inner shelf taxa) and Stomatorbina
concentrica in the calcisiltite. These alternations of high- and
low-energy carbonate facies may reflect storm layers and are
probably also related to fluctuations in relative sea level. The
peak of outer shelf taxa at 689ft (210m) may represent the
deepest lowest energy shelf facies of the Narrawaturk Forma-
tion.

Most of the outer shelf foraminiferal taxa are not present in

the chalky calcisiltite overlying the deepest marly facies in the
upper part of this interval. These data, the low plankton values
and the presence of common inner to middle shelf taxa
(Spirillina and Patellina) indicate a higher energy shallow shelf
palaeoenvironment. The lack of any clay/organic material in the
chalk facies suggests that this facies represents an oligotrophic
(nutrient-poor) palacoenvironment.

Interval B: Facies. The facies in this interval are either partially
or fully dolomitized. Samples containing fossils consist pre-
dominantly of recrystallized and partially dolomitized calcar-
enite or marly calcarenite (packstone to grainstone facies). The
bioclast content varies according to the degree of dolomitiza-
tion. Stick bryozoans are most common, with a reduced content
of rounded regular echinoid spines and plates.

Interval B: Diagenetic alteration. Dolomitisation is partial
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immediately above 640 feet (195 metres) and the percentage of
dolomite increases to 536 feet (163 metres). The dolomite varies
in grain size and colour from white fine-grained facies to coarse
grained sucrosic light pink and red facies.

Interval B: Foraminifera. Foraminiferal diversity and relative
abundance decreases markedly above 640ft (195m) in the
Glenelg-1 bore (Fig. 8). The percentage of plankton and
infaunal foraminifera also decrease upwards to 536ft (163 m).
Foraminiferal taxa abundant in the underlying marly and chalky
facies are not common in this interval (with the exception of
Patellina, Spirillina and Globocassidulina subglobosa). The marly
calcarenite above 640 feet (195 metres) contains no planktonic
foraminifera, up to 10% Spirillina, 8% Patellina and Gyroidi-
noides, with a high percentage of Cibicidoides perforatus. These
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taxa are rare in the overlying calcarenite that contains a fauna
primarily of Globocassidulina subglobosa and Heterolepa brevor-
alis, with rare Discorbis and Parrellina crespinae (its first
occurrence in the Glenelg-1 bore). Foraminifera are extremely
rare or absent in the coarse, dolomitized facies above this level.
The sample at 580 ft yields a sparse fauna (only 120 specimens
were obtained) that consists of over 50% milioliniids (Quingue-
loculina sp., Q. cuvieriana, Q. laevigata and Q. vulgaris).
Heterolepa brevoralis, Notorotalia, Discorbis and Anomalinoides
also are common at this level.

Inverval B: Palaeoenvironment and Biofacies. With the exception
of two samples, the primary lithologies of this interval have been
partially or fully destroyed by dolomitization. Similar coarse-
grained sucrosic dolomite is recorded in carbonates of the same
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(1990), Jones & Yassini (1995) and Li er al. (1996a, 1996b).

age by James et al. (1993) in the adjacent Gambier Embayment
in South Australia. James ef al. (1993) suggest that the dolomite
formed in the shallow subsurface after sediment deposition.
Where preserved, the calcarenite (grainstone) facies with
rounded grains and sorting is interpreted to have been deposited
in a high-energy shelf setting. The lowermost sample contains a
high proportion of inner shelf species with common mid- to
outer shelf taxa, this apparent ‘mixing’ of different faunas,
together with evidence of sorting at this level, suggests that the
reworking of mid- to outer shelf faunas occurred in a shallow
inner shelf setting. Alternatively, the inner shelf faunas may have
been transported into a mid- to outer shelf setting. The fauna in
the well-sorted bryozoal calcarenite facies above this sample at

587ft (179 m) is interpreted to have been deposited in a high-
energy mid- to outer shelf palacoenvironment. The sample at
578 ft (176 m) preserves a fauna typical of inner shelf palacoen-
vironments (Quinqueloculina, Notorotalia and Discorbis) with
lesser mid- to outer shelf taxa (Heterolepa and Anomalinoides)
and probably represents the shallowest high-energy shelf facies
in the Narrawaturk Formation.

Clifton Formation

Two sections of the Clifton Formation were studied: the type
section near Port Campbell (Fig. 4) and a subsurface section in
the Glenelg-1 bore (Figs 7 and 8) that can be identified using
lithological and wireline characteristics. The two sections
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preserve quite different facies and foraminiferal assemblages.

Type section near Port Campbell: Facies. Medium-laminated,
burrowed coarse-grained yellow, ferruginous calcareous sand-
stone comprises the Clifton Formation at this locality (Fig. 4).
The dominant clasts are rounded quartz grains and calcareous
fossils. One metre above the base of the section a prominent
phosphate/limonite nodule horizon occurs in a matrix of
calcareous sandstone. Bioclasts in this horizon include forami-
nifera, stick bryozoa, regular echinoid spines, gorgonacian
corals and ferruginized gastropods. A bioturbated pectinid shell
band overlies the nodular bed. Small nodules of phosphate and
limonite occur in the calcareous sand matrix of this band. The
bioclast content is similar to that of the phosphatic horizon.

Type section near Port Campbell: Foraminifera. Planktonic
foraminifera (Fig. 4) are relatively uncommon in the Clifton
Formation outcrop (15-16% peaking at 24% at the nodule
band, Fig. 4 and Appendix C). The lowermost sample yielded a
low diversity fauna rich in Cibicidoides perforatus, Heterolepa
brevoralis, Cibicides mediocris and C. lobatulus. Other important
components include Cassidulina laevigata and Bolivina with a
single occurrence of the ‘large’ foraminifer Planorbulinella
Jjohannae. Faunal diversity and abundance increase (see Appen-
dix 1) above this horizon, associated with a reduction in the
abundance of C. laevigata, H. brevoralis and C. perforatus. Taxa
that occur in all samples from the nodular band up-section
include: C. mediocris, Cassidulinoides chapmani, Cibicides vortex,
Discorbis balcombensis, Notorotalia and textulariids such as
Dorothia minima. Rare, poorly preserved specimens of Para-
rotalia mackayi occur in the upper two samples of the Clifton
Formation.

Type section near Port Campbell: Palaeoenvironment and
Biofacies. The medium- to coarse-grained calcareous sandstones
of the Clifton Formation type section are interpreted to have
formed in high-energy shelf palaeoenvironments where a high
clastic input impeded carbonate deposition. The phosphate/
limonite nodular band represents a hardground surface caused
by non-deposition in a shelf environment, probably over a
considerable period of time. The nodular band may therefore
represent a hiatus due to a regressive event. The overlying shell
band and the sediment in the matrix of the nodular band may
have been a lag deposit on top of this surface. Reworking of the
nodular horizon has occurred and is preserved in the strata
above this level.

The assemblage in the lowermost sample is interpreted to have
been deposited in a mid- to outer shelf palacoenvironment; the
presence of Planorbulinella may possibly suggest a subtropical
influence to the fauna at this level. The assemblages in the
overlying units are very similar and consist predominantly of
inner to mid-shelf foraminifera. The slight peak in planktonic
abundance in the matrix of the phosphate may have been caused
by a slightly cooler upwelling palaeoenvironment at that time
and/or the assemblage accumulated over a long period of time
and was ‘time-averaged’.

Clifton Formation in Glenelg-1. The Clifton Formation occurs
above the dolomite of the Narrawaturk Formation and below
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the gamma pick at 476 feet (145 metres, Figs 7, 8, 9). Three
samples were studied in this interval.

Clifton Formation in Glenelg-1: Facies. The lowermost sample of
the Clifton Formation in the Glenelg-1 bore is a white to grey
calcarenite/calcisiltite (grainstone/packstone) with abundant
(often rounded) bioclasts of stick bryozoa, gastropods and
regular echinoid spines (Fig. 6). Rare glauconite pellets,
dolomite fragments and limonite nodules occur. The overlying
sample is a white, echinoderm-rich calcisiltite (packstone). The
regular echinoid fragments in this sample have been rounded
and sorted, ranging in size from 0.1 to 2mm. The overlying
sample at 494 ft (150.6m) is a white, bryozoan- and regular
echinoid-rich calcisiltite (packstone). The bioclasts in this
sample are not rounded or sorted, although rare glauconite
peloids do occur.

Clifton Formation in Glenelg-1: Foraminifera. The first calcar-
enite/calcisiltite sample of this unit has a foraminiferal
assemblage dominated by relatively large specimens (> 1 mm)
of G. subglobosa and C. perforatus. The foraminiferal diversity
and plankton content of this sample is relatively low (compared
with other intervals in Glenelg-1; Figs 7 and 8). Planktonic
foraminifera are absent in the overlying sample, where the
benthos is dominated by a low diversity assemblage consisting of
Heterolepa brevoralis, Notorotalia, Lenticulina and Parrellina
crespinae. Planktonic foraminifera become abundant and
diverse in the upper sample of the Clifton Formation associated
with an increase in the benthonic Cassidulinoides chapmani and
Pullenia (P. bulloides and P. quinqueloba), with common H.
brevoralis.

Clifton Formation in Glenelg-1: Palaeoenvironment and Biofacies.
The fauna and facies in the lowermost grey to white sample is
interpreted to have been deposited in a high-energy shelf
palaeoenvironment, where much of the planktonic and other
smaller foraminifera were winnowed away, leaving a relatively
low-diversity large benthic fauna. The fauna and facies are very
similar to those of the initial facies of the Narrawaturk
Formation (see earlier), where upwelling in an inner shelf
palaeoenvironment may have occurred during the transgressive
phase of the unit. The presence of limonite nodules and
glauconite pellets with dolomite clasts in this sample probably
represents reworking of a hardground surface that may have
developed over the underlying dolomite. This suggests a hiatus
occurred at the Narrawaturk Formation—Clifton Formation
boundary, possibly caused by a regressive event, that was
followed by a rapid transgression to establish shelf conditions.
The overlying sample is also interpreted to have been deposited
in high-energy shelf conditions. The dominant benthic forami-
nifera in this sample typify inner to mid-shelf depths. It is likely
that winnowing has removed much of the plankton and other
foraminifera in this sample. The upper calcisiltite sample of the
Clifton Formation preserves a mid- to outer shelf fauna that was
probably deposited in relatively lower energy conditions than
those of the lower part of the Clifton Formation.

Gellibrand Marl Formation
The Gellibrand Marl Formation overlies the Clifton Formation.
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As its name suggests, marl dominates the facies, although
calcisiltite and calcarenite also occur. Based on facies and
microfauna, the Gellibrand Marl Formation can be subdivided
into two sections (Fig. 7): Interval C [479-390 ft (146-119 m)]
and Interval D [389-108 ft (118.5-33 m)].

Interval C: Facies. Grey stick bryozoal marl (wackestone)
alternates with light yellow calcisiltite (packstone). The first
cherty facies that may contain fine-grained rhombs of dolomite
occurs at the base in a sponge spicule-rich bryozoal marl. The
light yellow calcisiltite at 390 ft (119 m) contains glauconite and
limonite-stained bioclasts of large, rounded, regular echinoid
spines (up to 5mm), stick bryozoa and gorgonacean corals.

Interval C: Foraminifera. The basal marl preserves a high
diversity planktonic and benthonic foraminiferal assemblage
(Figs 7 and 8) with common G. subglobosa and Sphaeroidina
bulloides. Above this, Heterolepa, Lenticulina and Anomalinoides
become common elements in the assemblages. Discorbis,
Notorotalia and Cibicides increase in abundance up to 390ft
(119 m), associated with a reduction in G. subglobosa, Sphaer-
oidina and Anomalinoides. The plankton and infaunal compo-
nent also decreases markedly at 390 ft (119 m).

Interval C: Palaeoenvironment and Biofacies. The cherty
bryozoal marl at the base is interpreted to have been deposited
in a low-energy outer shelf palaeoenvironment based on its
fauna and facies. The fauna in the overlying bryozoal marl and
calcisiltite was probably deposited in low- to slightly higher
energy mid- to outer shelf palaeoenvironments. The change in
fauna at 390 ft (119 m) coincides with a marked facies change. At
this level, inner to mid-shelf foraminifera replace the mid- to
outer shelf faunas. This change is accompanied by limonite-
stained high-energy facies. The presence of glauconite and
gorgonacean corals is interpreted to represent the presence of a
hardground that formed during a hiatus due to a sea-level fall.
This sea-level fall may have lead to subaerial exposure as
limonite staining is pervasive at this level.

Interval D: Facies. Cherty grey bryozoal marl typical of the
Gellibrand Marl Formation dominates the upper part of this
interval (Fig. 7), with occasional cemented calcarenite (grain-
stone) beds, many of which are partially dolomitized. Cherty
packstone to grainstone facies occur towards the base. The
lowermost sample is a white, stick bryozoan and regular
echinoid-rich calcisiltite (packstone). The echinoderm bioclasts
are rounded. White, cherty stick bryozoal chalk (wackestone)
and echinoid-rich calcarenite (grainstone) facies occur above this
basal sample. The chert bands in the white limestone exposed
along Glenelg Gorge (Figs 1 and 3.1) are likely to be equivalent
to cherty calcisiltites in this interval.

Interval D: Foraminifera. With the exception of the basal sample
and at 172ft (52m), infaunal and planktonic foraminifera are
abundant (Figs 7 and 8) and Anomalinoides, Bolivina, Astron-
onion and Cibicides increase upwards from this sample.
Gyroidinoides allani and Cibicidoides perforatus are common in
the lower part and Notorotalia occurs only in the lowermost
sample. Eponides lornensis co-occurs with a peak in abundance

of Discorbis in the marly facies at 253 ft (77 metres).

Interval D: Palaeoenvironment and Biofacies. The lower sorted
plankton- and infaunal-poor calcisiltite is interpreted to have
been deposited in a high-energy mid-shelf palacoenvironment.
The units immediately overlying this horizon possibly represent
deeper mid- to outer shelf high-energy facies, which were in turn
followed by outer shelf low-energy bryozoal marly facies with
occasional higher energy events depositing beds of calcarenite.
The presence of the inner to mid-shelf taxon Discorbis within an
interpreted outer shelf assemblage may reflect reworking,
perhaps by bioturbation, or reflect the outermost shelfal limit
of this taxon.

OLIGO-MIOCENE PALAEOENVIRONMENTAL
EVOLUTION

The three units studied contain variable facies and foraminiferal
assemblages, preserving very different palaeoenvironmental
signatures (Fig. 10).

From the base of the Narrawaturk Formation to 540ft
(164.5m), initial transgressive high-energy, inner shelf, mixed
carbonate/clastic facies (with evidence of possible upwelling)
were followed immediately by low-energy mid- to outer shelf
marly palacoenvironments (Fig. 10). There is evidence for up-
section deepening to an outer shelf palacoenvironment at 689 ft
(210 m) alternating with higher energy facies reflecting storm
events or minor shallowing intervals. The next unit, consisting of
chalky facies, was deposited in an oligotrophic higher energy,
inner shelf palaeoenvironment. A return to lower energy shelf
marly facies followed the chalky facies (this interval was not
sampled). The uppermost beds in the Narrawaturk Formation
were deposited in high-energy shelf settings with mixing of inner
and mid- to outer shelf taxa due to reworking or transportation.
Most of the preserved fauna is likely to have been deposited in
an inner shelf palacoenvironment, with the exception of the mid-
to outer shelf palaesoenvironment interpreted for the horizon at
587 ft (179 m). Most of the primary lithofacies in the upper part
of the Narrawaturk Formation have been obliterated by post-
depositional dolomitization.

The two sections of the Clifton Formation studied were
deposited in relatively high-energy shelf palacoenvironments in
areas with contrasting terrestrial inputs. Clastic sediments
dominate facies of the Clifton Formation near Port Campbell,
whereas no clastics occur in this unit in the Glenelg-1 bore.
Diverse inner to mid-shelf foraminiferal faunas dominate both
sections, with occasional mid- to outer shelf faunas and evidence
of regressive events. The base of the Clifton Formation in
Glenelg-1 overlies a hiatus caused by an inferred sea-level fall
(Fig. 10). A similar event is represented by a nodular horizon in
the Clifton Formation type section (Figs 3 and 4).

The first low-energy outer shelf cherty bryozoal marl occurs at
the base of the Gellibrand Marl Formation in the Glenelg-1 bore
(Fig. 10). Following this, mid- to outer shelf calcisiltite and low-
energy marl facies were deposited. A significant facies change at
390ft (119 m) corresponds to a ‘switch’ to inner to mid-shelf
faunas in a high-energy palacoenvironment, accompanied by a
hiatus that led to hardground formation and perhaps even
subaerial exposure. High-energy mid- to outer shelf conditions
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became established after this hiatus. Further deepening
occurred, depositing lower energy outer shelf cherty marl in
the upper part of the Gellibrand Marl Formation.

OLIGO-MIOCENE SEQUENCE BIOSTRATIGRAPHY

The strata of the Glenelg-1 bore are correlated biostratigraphi-
cally with the relative change of coastal onlap of Haq er al.
(1988) in Fig. 10. While acknowledging that the section in
Glenelg-1 is likely not to preserve strata representing the full
duration of the Oligo-Miocene, it is possible to assign sequences
to particular intervals based on biostratigraphic, palaeoenviron-
mental and sedimentological considerations. In addition, it is
possible to recognize biofacies reflecting probable lowstand
system tracts (LSTs), maximum flooding surfaces (MFSs) and
highstand systems tracts (HSTs). These sequences are described
in the following sections.
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Narrawaturk Formation: Early Oligocene sequence TA 4.5

This unit rests unconformably on the Late Eocene Mepunga
Formation in the Glenelg-1 bore, but elsewhere it overlies the
Wangoom Sand Member of Early Oligocene (P18) age (Fig. 2).
The thin basal bed of the Narrwaturk Formation has a sorted
inner shelf foraminiferal fauna and probably represents a lag
deposit, and is interpreted to be the LST of the sequence.
Transgressive middle to outer shelf marl and calcisiltite follow,
culminating in outer shelf bryozoal marl, with the highest
foraminiferal diversity at the MFS of this sequence. Inner to
mid-shelf calcisiltite and calcarenite (often strongly dolomitized)
typify the HST deposit of this sequence.

The Clifton Formation: Late Oligocene sequences 7B ./ and 7B
1.2

The surface on top of the dolomites of the Narrawaturk
Formation is inferred to be a sequence boundary, correlating
with the major Middle Oligocene global sea-level shift at the T4



Oligo-Miocene foraminifera of the Otway Basin

NARRAWATURK BRYOZOAL MARL
R m AR 2@ e @ ..@.@m

o
%
N

CHALKY L L
0 =) . o) = D 0 @l 0

St b
! |
] T + . + T
| [ | | |
Q @ 35y f2.8% Q Q @
| I : | !
! I : L JI_ ! :
. : . +
| | | |
! 1 | | | | |
s, Vo
Y ) £y | | B
=% () O o ! ! /1
| I |

_,/

__/
ks

2 T

.oa%@@ Q 13%\_}.

;"ALCARENITES/CALCISILTITE.; SORTED

|
’
1.2%
s

UNSOHTED !

| | |

PN N
10 5% () 62%|
N \ S

ooﬁ- =

LB mpa%lm 2% 2% 2% fi 99’4@1?455‘%’4. 194 084224

Percentage Abundance

QQQ

0-1%

OO

>20%

112% 21-9% 919%

KEY
O @ By

<average% >average%

Fig. 11. Biofacies distribution of foraminifera in the Oligo-Miocene succession studied. Note: the plankton values are expressed as a percentage of the
total foraminiferal fauna; ail other taxa are expressed as a percentage of benthonic rotaliids. The values at the base of the figure are the average faunal
percentage values for that particular foraminifer in the 25 samples studied quantitatively. The circles show the average percentage values for that
taxon in each particular facies. The white circles denote percentage values below average abundance and the black circles are equal to or above
average values. For example, bolivinids are abundant in the Gellibrand bryozoal marls (10% of the assemblage) and rare in all other facies (below the

average of 4%).

4.5/TB 1.1 boundary. The reworked facies at the base of the
Clifton Formation are interpreted to be possible LST deposits.
The sampling density in this study is not sufficient to identify
different systems tracts within the 7B I.] sequence. The
phosphate nodule band at Clifton Beach (Fig. 4) corresponds
closely to the P21b/P22 zonal boundary. This horizon is
interpreted to reflect a hiatus and is possibly the TB 1.1/TB
1.2 sequence boundary. The Late Oligocene P21b/P22 zonal
boundary in this unit in the Glenelg-1 bore corresponds with a
marked shift in foraminiferal biofacies, also marking the top of
sequence 18 1.1.

Gellibrand Marl Formation: sequences 7B /.2, TB 1.3 and TB
1.5/2.1

Transgressive mid- to outer shelf calcisiltite of sequence 7B 1.2
deepens upwards to the first outer shelf cherty marl at the base
of the Gellibrand Marl Formation, preserving the MFS of the
sequence. Alternations of mid- to outer shelf marl, calcisiltite

and calcarenite form the HST of this sequence. A hiatus inferred
on facies data forms the upper boundary of sequence 7B 1.2.
Sequence TB 1.3 consists predominantly of mid- to outer shelf
calcisiltite and calcarenite facies. The upper boundary is
tentatively placed at the first appearance of the Early Miocene
taxon G. woodi, in the absence of any clear evidence of a hiatus.
The succeeding sequence TB 1.3 yields evidence of progressive
deepening upwards from a mid- to outer shelf cherty calcarenite
(TST) to outer shelf cherty facies (MFS/HST).

DISCUSSION

Facies control on Palacogene—Neogene cool-water foraminiferal
assemblages

Four principal biofacies types were identified in this study (Fig.
11), with distinctive foraminiferal assemblages that relate to
factors such as depth, wave energy and substrate.
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Bryozoal marl. Grey bryozoal marl (wackestone) is one of the
most common facies in the Oligo-Miocene strata studied. It is
inferred to have formed in mid- to outer shelf low-energy
palaeoenvironments with fine substrates that favoured infaunal
foraminifera and high plankton values. Although the marly
facies are similar between the Gellibrand Marl and the
Narrawaturk Formations, both units contain different micro-
faunal assemblages and some important macroscopic differ-
ences. The Gellibrand Marl Formation facies are cherty and
spicule-rich and contain abundant bolivinids, with common
Astrononion and Anomalinoides (Fig. 11). In contrast, bolivinids
are rare or absent in the Narrawaturk Formation marls, where
chert and spicules are also absent. In this unit, the infaunal
Uvigerina, Globocassidulina and lagenids are common. The
difference in microfaunal content in the grey bryozoal marl of
the two units may relate to: (a) variations in organic material
and fossil sponge content in the marly substrate between the
units (it is possible that anaerobic conditions or eutrophism
persisted in Narrawaturk times and by Gellibrand times
conditions were more open marine); (b) the cherty marls of
the Gellibrand Formation may have been deposited in deeper
outer shelf palacoenvironments than those in the Narrawaturk
Formation; (c) benthos turnover across the early—late Oligocene
boundary; or (d) a combination of all of these factors. Bryozoal
marls similar to these which are preserved in the Oligocene
carbonates of the Torquay area in Victoria are interpreted by
Boreen & James (1995) to have been deposited in deep shelf,
quiet water palaeoenvironments near the storm wave-base. The
storm wave-base off the Otway shelf margin today is at around
250 m (Boreen et al., 1993), it is unlikely that the depth to storm
wave-base during Oligo-Miocene times was the same as today,
as the width (and therefore the fetch) of the Southern Ocean was
not as large. Therefore, the storm wave-base was probably
shallower.

Chalky facies. White, bryozoal chalky packstone occurs at
several levels in the Glenelg-1 bore. This facies is interpreted to
have been deposited in inner to outer shelf palacoenvironments
and contains a distinctive microfauna of the epifaunal Cibicides,
Spirillina, Stomatorbina and Patellina, with the infaunal
Trifarina. Moderate to low percentages of plankton occur. The
prevalence of epifauna (such as Cibicides) and lack of plankton
in this facies is inferred to reflect a low nutrient supply during
deposition. The chalky substrate was suitable for low amounts
of infauna such as Trifarina, but not for the bolivinids or
Uvigerina (these taxa may prefer organic-rich or clay-rich
substrates). Moderate reworking of this facies may have
occurred, removing the organic material and some of the
smaller foraminifera.

Unsorted calcisiltite and calcarenite. Light grey, yellow and white
bryozoan-poor foraminiferal packstone and grainstone depos-
ited in inner to outer shelf palacoenvironments typify this facies.
No obvious rounding or sorting of the bioclasts has occurred.
With the exception of Globocassidulina and Trifarina, infaunal
foraminifera are rare. Epifaunal foraminifera such as Hetero-
lepa, Cassidulina and Anomalinoides are common. The variation
in foraminiferal content (Fig. 11) and colour of this facies
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probably reflects fluctuations in wave energy and/or clay and
organic content in the substrate at the time of deposition.
Similar mixed grainstone and packstone facies in the Oligocene
succession of Torquay, Victoria are thought to have been mid-
to deep shelf storm and fairweather sediments deposited between
swell wavebase and storm wavebase (Boreen & James, 1995).
Storm wave-base and swell wave-base off the Otway coast today
are around 250 m and 130 m, respectively (Boreen et al., 1993).
Based on palaeoceanogeographical considerations these depths
to wave-base are likely to have been shallower during Oligo-
Miocene times.

Sorted calcisiltite and calcarenite. White to yellow coarse-grained
regular echinoid- and bryozoan-rich packstone to grainstone
characterise this facies. Appreciable rounding and sorting of the
bioclasts has occurred, leading to the preservation of robust
spherical to discoidal epifaunal foraminifera such as Cibici-
doides, Heterolepa, Pullenia, Gyroidinoides and Notorotalia. The
spherical infaunal Globocassidulina also survived reworking.
Other less robust infaunal and epifaunal foraminifera are rare or
absent. Planktonic foraminifera are also rare. This facies is
interpreted as representing inner to mid-shelf palacoenviron-
ments where reworking by intense wave action (either above
normal wavebase or by storms) sifted out all smaller foramini-
fera. This process favoured the preservation of the hydrodyna-
mically stable foraminifera (spherical/discoidal) and created a
substrate unsuitable for delicate infaunal foraminifera. Cross-
bedded bryozoan grainstones (resembling this facies) in the
Oligocene strata of Torquay, Victoria are interpreted by Boreen
& James (1995) to be open-shelf sands deposited during high-
energy swell/storm wave-base reworking.

Global correlations, palaecoceanography and relative sea-level
changes

The neritic sediments of the Glenelg-1 bore and outcrops of the
Clifton Formation near Port Campbell in southeastern Aus-
tralia preserve biofacies signals relating to the evolution of the
Southern Ocean at the Palacogene/Neogene boundary (Fig. 1).
Specifically, the base of the Clifton Formation preserves a shift
in facies and foraminiferal faunas that correlates with the major
sea-level fall at the mid-late Oligocene boundary (Haq et al.,
1988). It is well known that this sea-level fall is related to a major
ice advance in Antarctica (Kennett, 1977; Prothero, 1994) which
corresponds to Mid-Oligocene unconformities globally (Poag &
Ward, 1987). The effects of this event have been documented by
Moss & McGowran (1993) in South Australia, where biofacies
changes occur without any appreciable species turnover in the
Early-Late Oligocene neritic sediments of the Gambier Embay-
ment of the Otway Basin. Moss & McGowran (1993) noted that
plankton and infaunal percentages decrease and notorotaliids
first appear at the Early—Late Oligocene boundary in the
Gambier Embayment; a similar pattern occurs in the Glenelg-
1 bore (Fig. 1). Other events occurring across the Early-Late
Oligocene boundary in the Glenelg-1 bore (Figs 6-8) include: the
LADs of S. linaperta, T. gemma and C. cubensis; a reduction in
Globoturborotalia and Paragloborotalia associated with an
increase in Globigerina;, a reduction in benthic taxa such as
Uvigerina, Textulariids, Stomatorbina, Patellina, Heronallenia
and Spirillina; and increases in Heterolepa, Siphonina, Discorbis,
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Anomalinoides, Cibicides and bolivinids.

The biostratigraphic and palacoenvironmental utility of these
Southern Ocean Tertiary cool-water foraminiferal assemblages
is enhanced greatly by parallel facies studies. An integration of
biostratigraphic and facies data will lead to better stratigraphic
correlations and palaeoenvironmental interpretations of strata
in southeastern Australia, an area that was facing the evolving
Southern Ocean throughout the Cenozoic.

CONCLUSIONS

This study integrates biofacies and foraminiferal analyses of an
Oligocene to Miocene cool-water carbonate succession in the
Otway Basin, southeastern Australia to conclude the following.

(1) The Early Oligocene Narrawaturk Formation consists
initially of high-energy inner shelf facies and deepens
gradually up-section to lower energy mid- to outer shelf
marls with storm events and/or minor shallowing
intervals. The uppermost bed of this unit was deposited
in a high-energy shelf setting with faunal reworking.

(2) The Late Oligocene Clifton Formation was deposited in
a relatively high-energy inner to mid-shelf environment.
Clastic sedimentation dominated in the eastern Otway
Basin, whereas no clastics occur in this unit in the west.
The base of this unit overlies a hiatus (a phosphate
horizon) inferred to have been caused by a sea-level fall.

(3) The Late Oligocene Gellibrand Marl Formation began
with low-energy outer shelf cherty bryozoal marl
followed by mid- to outer shelf calcisiltite. High-energy
mid- to outer shelf conditions were established after a
hiatus in the latest Oligocene. Deepening at the base of
the early Miocene, caused deposition of lower energy
outer shelf cherty marl.

(4) Oligo-Miocene strata are correlated with the relative
coastal onlap curve of Haq er al. (1988) and several
sequences (including their LSTs, TSTs, MFSs and HSTs)
can be identified. The Narrawaturk Formation corre-
lates with sequence T4 4.5. The TST of this sequence
preserves mid- to outer shelf marl and calcisiltite, the
MFS high plankton values and inner to mid-shelf
calcisiltite and calcarenite represent the HST. The
Clifton Formation correlates with sequences 7B I.]
and 7B 1.2. The phosphate nodule band in this unit
probably marks the TB 1.1/TB 1.2 sequence boundary.
The Gellibrand Marl Formation correlates to sequences
TB 1.2, TB 1.3 and TB 1.5/2.1.

(5) Four major carbonate facies with distinctive foraminif-
eral faunas can be distinguished. Grey bryozoal marl
(wackestone) formed in mid- to outer shelf low-energy
conditions below the wave-base, with infaunal forami-
nifera and high plankton values. Two marl assemblages
occur: lagenids and Uvigerina are common in the
Narrawaturk marl, abundant bolivinids and Astrononion
occur in the Gellibrand marl. The variation is thought to
relate to varying nutrient supply and organic material,
depth or benthos turnover at the Early-Late Oligocene
boundary. Chalky packstone facies were deposited in
oligotrophic inner to mid-shelf palacoenvironments and
contain a high epifauna content. A bryozoan-poor

foraminiferal packstone and grainstone (calcisiltite/
calcarenite) facies enriched in epifaunal foraminifera is
inferred to have been deposited in inner to outer shelf
palaeoenvironments. The final facies type consists of
well-sorted, coarse-grained regular echinoid- and
bryozoan-rich packstone to grainstone (calcisiltite/cal-
carenite). Infauna is absent in this facies, where most
preserved foraminifera are robust spherical to discoidal
forms. These facies were deposited in inner to mid-shelf
palacoenvironments where reworking by intense wave
action (either above normal wave-base or by storms)
winnowed out all smaller foraminifera.

(6) The strata preserve biofacies signals relating to the
evolution of the Southern Ocean at the Palacogene-
Neogene boundary. The base of the Clifton Formation
marks a shift in facies and foraminiferal faunas that
correlates to the major-sea level fall at the Mid-Late
Oligocene boundary, related to a probable major ice
advance in Antarctica during this time. The base of this
unit also correlates with Mid-Oligocene unconformities
worldwide.

(7) The stratigraphic and palacoenvironmental utility of
these cool-water foraminiferal assemblages is improved
greatly by facies analyses. Similar integrated studies will
lead to better correlations and palacoenvironmental
interpretations of southeastern Australian strata and
contiguous strata in the southern hemisphere.

ACKNOWLEDGEMENTS

This study was supported by a grant from the Australian
Research Council. The authors thank two anonymous referees
whose constructive comments greatly improved the manuscript.
We thank Brian McGowran and Pat Quilty for providing
helpful comments and edits on an earlier draft of the text.

Manuscript received 1 October 1998
Manuscript accepted 10 April 1999

REFERENCES

Boreen, T. D. & James, N. P. 1995. Stratigraphic sedimentology of
Tertiary cool-water limestones, SE Australia. Journal of Sedimentary
Research, B65(1): 142-159.

Boreen, T., James, N. P., Heggie, D. & Wilson, C. 1993. Surficial cool-
water carbonate sediments on the Otway continental margin, south-
eastern Australia. Marine Geology, 112: 35-56.

Brenchley, P. J. & Harper, D. A. T. 1998. Palaeoecology: Ecosystems,
Environments and Evolution. Chapman and Hall London: 402 pp.

Crespin, 1. 1954. The Nelson Bore, south-western Victoria, micro-
palaeontology and stratigraphical succession. Bureau of Mineral
Resources, Geology and Geophysics, Report No. 11: 1-39.

Haq, B. U., Hardenbol, J. & Vail, P. R. 1988. Mesozoic and Cenozoic
chronostratigraphy and cycles of sea-level change. In: Wilgus, C. K.,
Hastings, B. S., Kendall, C. G. St. C., Posamentier, H. W., Ross, C. A.
& Van Wagoner, J. C. (Eds), Sea-level Changes: an Integrated
Approach. Special Publication of the Society of Economic Paleontol-
ogists and Mineralogists, 52: 71-109.

Hayward, B. W. 1990. Use of foraminiferal data in the analysis of
Taranaki Basin, New Zealand. Journal of Foraminiferal Research, 20:
71-83.

Holdgate, G. R. & Gallagher, S. 1997. Microfossil paleoenvironments
and sequence stratigraphy of Tertiary cool-water carbonates, onshore
Gippsland Basin, SE Australia. /n: James, N. & Clarke J. (Eds), Cool
and Temperate Water Carbonates, Special Publication of the Society of

159



Economic Palaeontologists and Mineralogists, 56: 205-220.

James, N. 1997. The cool-water carbonate depositional realm. In: James,
N. & Clarke J. (Eds), Cool and Temperate Water Carbonates, Special
Publication of the Society of Economic Palacontologists and
Mineralogists, 56: 1-20.

HERE

James, N., Bone, Y. & Kyser, T.K. 1993. Shallow burial dolomitization
and dedolomitization of mid-Cenozoic, cool-water, calcitic, deep-
water limestones, southern Australia. Journal of Sedimentary Petrol-
ogy, 63: 528-538.

Jones, B. G. & Yassini, I. 1995. Foraminiferida and Ostracoda from
Estuarine and Shelf Environments on the Southeastern Coast of
Australia. The University of Wollongong Press: 484 pp.

Kennett, J. P. 1977. Cenozoic evolution of Antarctic glaciation, the
circum-Antarctic Ocean, and their impact on global paleoceanogra-
phy. Journal of Geophysical Research, 82: 3843-3860.

Kennett, J. P. & von der Borch, C. C. 1986. Southwest Pacific Cenozoic
paleoceanography. Initial Reports of the Deep Sea Drilling Project,
90(2): 1493-1517.

Lindsay, J. M. 1985. Aspects of southern Australian foraminiferal
biostratigraphy, with emphasis on studies of Massilina and Subbotina.
In: Lindsay, J. M. (Ed.), Stratigraphy, Palaeontology, Malacology,
Papers in Honours of Dr Nell Ludbrook. Department of Mines and
Energy, Adelaide, Special Publication, 5: 183-214.

Li, Q., McGowran, B., James, N., Bone, Y. & Cann, J. 1996a. Mixed
foraminiferal biofacies on the mesotrophic, mid-latitude Lacepede
Shelf, South Australia. Palaios, 11: 176-191.

Li, Q., McGowran, B., James, N., Bone, Y. & Cann, J. 1996b.
Foraminiferal biofacies on the mid-latitude Lincoln Shelf, South
Australia: oceanographic and sedimentological implications. Marine
Geology, 129: 285-312.

Ludbrook, N. H. 1971. Stratigraphy and correlation of marine
sediments in the western part of the Gambier Embayment. In:
Wopfner, H. & Douglas, J. G. (Eds), The Otway Basin in Southeastern
Australia. Adelaide and Melbourne, Geological Surveys of Southern
Australia and Victoria, Special Bulletin: 241-261.

McGowran, B. 1973. Observation bore No. 2, Gambier Embayment of
the Otway Basin: Tertiary micropalacontology and stratigraphy.
Mineral Resources Review, South Australia, 135, 43-55.

McGowran, B., Li, Q. & Moss, G. 1997. The Cenozoic neritic record in
southern Australia: the biogeohistorical framework. In: James, N. &
Clarke J. (Eds), Cool and Temperate Water Carbonates, Special
Publication of the Society of Economic Palacontologists and
Mineralogist, 56: 185-203.

Moss, G. & McGowran, B. 1993, Foraminiferal turnover in neritic
environments: the end-Eocene and mid-Oligocene events in southern
Australia. Memoirs of the Association of Australasian Paleontologists,
15: 407-416.

160

S. J. Gallagher et al.

Murray, J. W. 1991. Ecology and Palececology of Benthic Foraminifera.
Longman Scientific and Technical, London: 274 pp.

Poag, C. W. & Ward, L. W. 1987. Cenozoic unconformities and
depositional supersequences of the North Atlantic continental
margins: testing the Vail model. Geology, 15: 159-162.

Prothero, D. R. 1994. The late Eocene-Oligocene extinctions. Annual
Review of Earth and Planetary Science, 22: 145-165.

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

Vella, P. 1962. Determining depths of New Zealand Tertiary seas.
Tuatura, 10: 19-40.

APPENDIX A

This Appendix gives a list of the foraminifera in the Glenelg-1
bore. The inferred infaunal (i) and epifaunal (e) benthonic forms
are listed in the lefthand column, where there is no designation
(i.e. a blank) the benthonic habit of that particular foraminifer is
unknown. The foraminiferal habits were classified using Murray
(1991) and Moss & McGowran (1993). Note that the sample at
587ft (179 m) was statistically too small to be included in
percentage values in Figs 7, 8 and 10, although the number of
species and species diversity data were used in Figs 8 and 10.

APPENDIX B

Foraminiferal percentage data for the Glenelg-1 bore. The
benthos values are calculated as a percentage of the total benthic
rotaliids. The plankton values are expressed as a percentage of
the plankton.

APPENDIX C

List of the foraminifera and their percentage values in the
Clifton Formation type section, near Port Campbell (Fig. 4).
The sample numbers 1 to 4 are those illustrated on the logged
section on Fig. 4. The benthos values are calculated as a
percentage of the total benthic rotaliids. The plankton values are
expressed as a percentage of the plankton.
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Table Al. Benthonic rotaliid Foraminfera in the Glenelg-1 bore. Note: Anomalinoides macrog = Anomalinoides macroglabra, Cibicidoides
perforatu = Cibicidoides perforatus and Globocassidulin subglobo = Globocassidulina subglobosa.
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GLENELG-1|Metres| 247 24¢ 241 235 227 219 210 203 197 190 185 179 176 wa| 163 158 151 142 132 125 119 112 106 94 77 59 52 46 40
BORE Fest| 812 807 700 770 746 720 689 668 646 625 €07 SB87 578 s3{ 534 517 494 465 432 410 3090 368 348 310 253 192 172 152 132
@ | Gyroidinoides neosol] 2
e | Gyroidinoides sp. 1 1
Halkyardia  bartrumi 2
Heronallenia howitti | 1
Heronalienia lingulatal 1 2 2 1 2 1 1 1 11 2 1
Heronallenia parri 1 3 1 5 2 3 1 11 2 1 1 2
Haronalienia sp. 1 2 1
Heronallenia wilsoni 1 9
& |Heterolepa brevoralis| 3 1 4 2 1 21 1 17 344 4 6 1 3 6 7 6 7 12 11 4 8
8 | Hsterolep di 1 1 1 1 1 1 1 2
e |Heterolepa sp. 1
e |Heterolepa subhaiq 1 9 i 5 i 1 3 7 2 17 2 4 2 7 9 3 2 4 4 2 9
i |Homolohedra favulina 1 2
i |Lagena sp. 4 1 2 3 1 1 5§ 1 2
i |Lagena striata 1 1 2 11 1
i |Lagena sulcata 1 1 2 1
i |Lagenid 1 1 1 1 t 1 1 2
Lamarckina  glencoensis 1 2
e |Lenticulina  sp. 3 2 6 4 6 19 9 5§ 3 3 19121 2 5 1 3 1 1
i |Marginulina duracina 1 1
t | Marginulinopsis allani 1
i |Marginulinopsis hydroponica 1 1 1
i g sp. 1 1
i |Nenion sp. 1
i tNonioniid 1
Notorotalia  howchini 1 3 15 36 13 1 11 20 24 4 2 1 1 1 A1
Notorotafia  sp. 5
e |Nuttalides  sp. 1 1
i |Oolina emaciata 1
i |Parrellina crespinae 7 2 54 1
i |Parrellina  sp. | 4
@ |Pawicarinata coronata 4
e |Palellina annectens 1 2
e |Patellina conugata 1 2 10 8 10 19 13 1 1 2 1 4 1 2 2 2 9
e | Patellina sp. 1
e | Planulina biconcava 1 1
@ | Planulina papiliata 1 1 3 5
i | Polymorphinid | 1 1 1 1
I | P lagen cylindi 1
i |+seuvoopoiymomnina sp. 2 11
i |Pullenia bulioides 4 ¥+ 2 2 2 3 1 ¢ 5 3 5 8 1 1
i | Pullenia quinqueioba | 1 1 1 1 4
i |Reussella  sp. 2
e |Rosalina australis 1 1
e |Rosaling bradyi | 1
e |Rosalina concinna 1 1
© | Rosalina sp. | 1 1 2 2 2 1 2
i 1Sigmoidella elegantissima 3 1 6
i [Sigmoidella kagaensis 1 6 1
i |Sigmoidelia sp. | 1 2 1 1 1
i | Sigmomorphina williarnsoni 3 2 2
Siphonina australis 2 4 2 1 2 4 7 1t 2 1
Sphaerodina variablis 1
Sphasroidina bulloides i 4 1 3 1 9 1 1 1 2 8
e | Spirllina sp. | 1 1 1 7 3 13 7 2t 3 t+ 2 2 1 8 2 6 2 1 1 1 1
e | Stomatorbina concentrica 3 17 10 15 20 2 1 1 6
Streblus nanus 1
i | Trifarina bradyi 2 3 2 B 6 1 5 7 1t 2 14 1 4 21 1 2 3 5 1t 1
i | Trifarina sp. 2 1 1 10
i |Uvigerina  miocenia 1 2
i |Uvigerina proboscidae i 1 6 1
o | vagociices sp. | 5
Victorielia conofidia 5
Wadella globiformis 3 2 2

Total benthic rotallide | 284 138 174 212 166 155 196 212 171 210 167 21 S0 0251 288 337 227 52 253 247 256 122 177 159 192 113 165 216

vinopsls _cubensis

e | Dorothia minima 2
e | Dorothia parii | 5

e |Gaudryina  crespinae 1 3 4 18 2 1 2 3 1 3

e |Gaudryina  sp. 1 1 1

e |Martinotiella communis 1

e |Textularia  hayi 5

e | Textularia saggitu 1

e | Textularia

. 3 2 1 1
TOTAL TEXTULA| 0 5 3 1T B8 6 28 10 5 0 0 0 0 0|3 0 B 6 0 0 1 4 0 0 1 0 0 0 3

indeterminant milioliniids

e |Massilina iapidegera 1

e | Quinqueloculina cuvieriana 1

8 |Quinqusloculina laevigata 5

o |Wuinquetocuina sp. | 1 20

e |Quinqueloculing vulgaris 7

@ |Sigmonopsts sp. 1
TOTALMTEIUEIN“'D'&0101000OOOOOASO100000000000200

Table A2. List of benthonic rotaliid, textulariid and milioliniid Foraminfera in the Gilenelg-1 bore. Note: Gyroidinoides neosol = Gyroidinoides
neosodanii and Heterolepa subhaid = Heterolepa subhaidingeri.
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Oligo-Miocene foraminifera of the Otway Basin

142 132 125 118 112 106 9@ 77 59 52 46 40
485 432 410 390 368 348 310 253 192 172 152 132

oy,
iloguembelina cube 4
Globigerina brevis | 5
Globigerina ciperoensis 4 3 1 4 3 7 1 5
Globigerina falconensis 2 1 6
Globigerina praebulioides 3 23 16 3 8 8 2 12 13 15 10 ¢
Globigerinoides primordius i 7
Globoquadrina dehiscens 2 1
Globoquadrina larmmeui 1 1
Giopoquaanna sp. 1
Globoquadrina tnpartita 1
uiloporotala sp. 1
Globorotaloides suten 2 2
& Iich anug 3
Globoturborotalia lisuturalis 5 3 1 3
Globoturborotalia euaperiura 6 1 2 1 4 4
Globoturb lia labi: 15 19 5 1 7 4 5 15 ]
Glob lia woodi 1 3 1 1
Globoturborotatia woodi woodf 10 4 46 13
Gilopoturporotaia sp. 2 1
Guembelitiria stavensis 2 1
Indeterminate Planktonics 8 10 7 13 7 14 ¢ 4 2 13 12 27 8 4 24 9 4 11 46 1 25 3 17 7
Paraglob. ampliapert] 1 20 2 1 2 2
Paragloborotalia opima/nana 1.6 1 1 1 4 1 1 1
Pseoudohastigerina micra 1
Subbotina angiporoidy 7 13 & 3
Tenuitella gemma 6 1t 1 4 6 4 2
Tenuitella minutissima 1 2 1
Tenuitella munda/juvenalic 252 42 10 48 17 37 31 6 1 2 27 31 15 31 4 8 41 33 53 44 10 56 34
Tenuitinellids i 18 9 2 3 2 1 6 4 3
Tenuitinellinata angustiumbilicata 8 1 6 3 1 7 3 6 5
| Turborotaiia obesa | 1 1 8 1 2 7 65 1 1 1
[T PLANKTONTOTAL | 8 327 88 31 85 & 85 45 22 O 8 O 24 0|32 O 118 72 23 64 21 30 60 117 83 110 19 141 76
Total Foram Numben 292 471 265 245 259 217 309 267 198 210 175 21 119 0 |287 288 463 305 75 337 269 290 182 204 243 302 134 306 295
%ROTALII 100 99 89 99 97 97 91 96 97 100 100 100 62 O] 98 100 96 95 100 100 100 99 99 99 97 98 98 100 92
%TEXTULARIDS ¢ 1t 1+ 0 3 39 43 00 0 001 0220001 00O0O0CO0 O01
%MILIOLINIIDS ¢ 0 00O O 00 0 0 0 03830000000 000 O0O0UO0CT1T 0O
% PLANKTON 3 69 33 13 33 26 28 17 11 0 5 0 20 Q|11 O 25 24 31 25 8 10 33 40 34 36 14 46 28
%infaunal Benthi 46 44 37 36 46 25 2B 26 7 43 24 15 0|30 33 49 38 43 17 36 26 36
Total number of species 38 42 49 49 22 23 8 27 0|40 22 22 48 39 48
1] 10 15 15
i 6§ 2 4 3 4 3 4 3 3 4

Ta}ble A3. List of the planktonic foraminifera, suborder percentages and diversity values for the Glenelg-1 bore. The percentage of infaunal taxa is a
minimum value as the benthonic habit of many of the taxa is unknown. Note: Paraglob. ampliapertu = Paragloborotalia ampliapertura and Subbotina
angiporoid = Subbotina angiporoides.
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GLENELG-1| Metres| 247 246 241 235 227 210 210 203 197 190 185 170 176 1o 163 158 151 142 132 125 119 112 106 94 77 58 &2 46 40
BORE Feet| 612 807 790 770 746 720 688 666 646 625 €07 587 578 me|S534 517 494 465 432 410 390 348 310 253 172 152 132
| PERCENTAGE OF BENTHIC ROTALIID SPECIES
Alabamina australensis 0.7 1.2 2 08 03 03 0.4 0.4 06 05 12 05
Alabamina  sp. | 05 1.2
Alabamina  tenuimarginata 05 24 03 04 1.2 0.6 0.5 09
Alabamina  westralis 08 1.2
Ammonia sp. 2 0.8 1.7
Amphicoryna sp. 07 04
Angulogerina sp. 25
Anomalinoide macrogl 0.7 1.4 11 13 06 1.3 1 05 08 26 2 12 45 13 16 1.8 19
Anomalinoides planulata 06 0.6
Anomalinoides procolligera 0.8 0.4 0.4 06 19 1.6 09 06 14
Anomalinoides sp. 1.4 28 18 1.8 4 38 04 08 49 0.6 25 36 27 36 1.9
Astacolus sp. 08 0.4
Asterigeninella sp. 0.3 0.9
Astrononion centroplax 0.4
Astrononion obesum 0.8 21
Astrononion sp. | 08 12 15 09 06 0.4 16 18 0.9
Astrononion  stefligerum 1.1 08 03 04 12 05
Astrononion tasmanensis 0.7 0.3 0.8 1.7 44 09 06 09
Baggina sp. 0.9
Indet. benthic rotaliids 0.7 1.9 05 23 0.6 10 0.8 77 08 08 1.8 0.5 0.9
Bolivina alata 1.1 15 09 55 25 28 06
Bolivina fintayi 42 18 05 0.6
Bolivina lapsus 06 32 1 1.2 0.3 1.9 08 1.3 13 44 13
Bolivina pukriensis 28
Bolivina reticulata 14 09 08
Bolivina sp. 06 28 25 21 24 18
Bolivinid 05 0.6 0.4
Bulimeila sp. 03
Bulirnina sp. 05 06 05 0.4 05
Buliminid 0.7 0.4
Cancris sp. 03 04 06 0.5 0.9
Cassidulina cuneata 22 08 06 14 0.6
Cassidulina  laavigata 22 18 1.2 1.2 12 43 04 23 33 47 88 12 18
Casslduiinoides campana 08 13 04
Cassidulinoides chapmanni 23 09 0.9 08 17 26 87 24 74 08 96 13 35 12
Cassidulinoid sp. | 15 08 4.8 0.4 12 0.4 27 0.9
Carobertina dehiscens 05
Chilostomella sp. 0.4
Cibicides catilfus 12 0.8
Cibicides  cl. temperata 08 kY] 1.7
Cibicides  ihungia | 04 1.4
Cibicides karrerifirmis 04 06
Cibicides lobatulus ]0.4 87 92 71 24 26 11 85 12 13 95 2 24 t 18 04 19 55 2 74 10 31 47 27 91 23
Cibicides mediocis 12 09 36 086 09 1.8 42 48 16 1 09 04 19 36 7.7 1.2 14 51 25 47 16 79 83
Cibicides molesius 29 1.8 0.9
Cibicid pseud 0.6
Cibicides  sp. | o7 1.4 26 05 0.4 18 118 06
Cibicides victoriensis 0.5
Cibicides vortex 07 43 69 33 14 65 10 47 88 38 31 27 18 19 83 73 16 22 86 38 16 8 67 42
Cibicidids 22 41 52 29 6 32 07 77 08 1.6 41 17 1.6 06 05
Cibicidoides deliquatus 1.9 0.4
Cibicidoides perforatu} 46 07 32 37 18 17 10 19 17 S7 14 52 8 24 22 15 12 38 20 27 25 16 11 18 68 62 79 65
Cibicidoides sp. 32 1.1 27 06 05
Dentalina sp. 0.7 0.3 0.4 0.6
Discorbid 05 0.3 06 05 1.9
Discorbinella berthioti 14 24 06 15 05 08 2 04 77 08 12 12 16 23 § 31 27 97
Discorbinefla planoconcava 09 53
Discorbinella scopos 2 1.9
Discorvinelia sp. 22 05 28 06 09 05 1.8
Discarbis balcombensis 05 098 24 04 17 31 05
Discorbis sp. 04 0.8 2
Discorotalia sp. 0.4
Dyocibicides biserialis 04 08 08 14
Dyocibicides primitiva 75
Dyocibicides unisenalis 0.8
Dyocibicides sp. o 09 t8
Enrenbergina sp. 06
Eiphidium  sp. 05
Eoeponidella zealandica 09
Epi idulinoi 1.7 05 48 04
Epistomella  sp. | 05 0.6
Eponides lornensis 05 3 26 46 14 03 0.9 0.4 31 06
Eponides repandus 23 05 32 15 1.4 18 05 84 1.8 48 08 08 5.1 19 0.9
Eponides  sp. | 07 06 08
Favulina hexagona 07 1.1 3.1 0.4 09
Fissunna globosa 1.2 1.5 2
Fissurina marginata 36 0.6 0.4 1.7 06
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Table B1. Percentage abundance of benthonic rotaliid Foraminfera in the Glenelg-1 bore. Note: Anomalinoides macrog = Anomalinoides macroglabra
and Cibicidoides perforatu = Cibicidoides perforatus.
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Oligo-Miocene foraminifera of the Otway Basin

GLENELG-1 Metres] 247 246 241 23§ 227 219 210 203 197 190 185 179 176 13} 163 158 151 142 132 125 119 112 106 84 77 59 52 46 40
___|BORE Feet] 812 807 790 770 746 720 689 666 646 625 607 587 578 swi534 517 494 465 432 410 390 388 348 310 259 192 172 152 132
i |Fissunina orbignyana 5.1 0.8 05 06 03 09 06
i | Fissurina sp. 1.7 08 06 13 4.1 24 086 09 0.4 25 0.5 1.8 23
e |Gavellinella sp. 16
e |Glabratella  sp. 05 0.6 04 0.8 0.5 12 14
i idulin subg 44 20 19 29 30 58 12 24 1.4 37 48 10 20 10 13 33 17 71 12 86 1.6 85 38 11 44 85 97
i | Globulina gibba 0.5
i | Guttilina problema 12 32 15 05 03 15 0.4
i |Guttitina silvestrii 0.6 0.4 22
i |Guttitina sp. 0.5 04 08
e |Gyroidinoides allani |28 22 4 39 1 09 06 71 24 1.5 3.1 32 43 16 1.7 82 1
e | Gyroidinoides neosoid 0.7 28
e | Gyroidinoides sp. 0.6 04
Halkyardia  bartrumi 16
Heronalienia howitti | 0.4
Heronallenia lingulatd 0.4 1.4 1.1 04 0.6 04 0.4 0.6 05 09 1.2 05
Heronallenia parri 07 1.4 05 24 12 1.4 0.3 06 06 1 09 06 09
Heronallenia sp. 0.6 1.3 0.3
Heronallenia wilsoni 05 53
@ |Heterolepa brevoralis| 1.1 07 19 1.2 05 13 2 68 12 13 26 19 12 24 27 48 0 44 63 97 24 37
e |Heterolepa  novozelandicus 0.5 0.5 0.6 0.3 0.4 0.4 06 1.2
e |Heterolepa  sp. 1.9
e |Heterolepa subhaiding 0.4 6.5 08 32 06 05 1.8 14 08 59 09 7.7 08 27 74 1.7 1.3 21 35 12 42
i |Homolohedra favulina X 0.9
i [Lagena sp. 23 06 1.3 1.4 0.4 04 2 08 8
i |Lagena striata 0.7 06 0.9 04 04 08
i {Lagena sulcata 08 06 1 0.3
i |Lagenid 0.7 05 03 03 04 0.4 06 1
Lamarckina glencoensis 04 12
e |Lenticulina  sp. | 22 11 31 19 24 66 27 22 S8 12 7.7 47 08 11 31 05 27 06 05
i {Marginulina duracina 08 04
i {Marginulinopsis allani 0.4
i |Marginulinopsis hydroponica 0.6 0.4 0.6
i |Nodosaria  sp. 0.5 0.6
i |Nonion sp. 0.3
i |Nonionikd 0.6
Notorotalia  howchini 06 6 13 39 1.9 43 81 94 23 13 05 09 08 05
Notorotalia  sp. 1.7
e |Nutialides  sp. 06 05
i |Oolina emaciala 03
i {Parrellina crespinae 42 08 19 0.4
i |Parrelling  sp. | 14
e {Parvicarinata coronata 2
o | Patellina annectens 05 09
e | Patellina corrugata 05 1.2 65 41 47 11 82 48 2 0.8 03 1.8 04 08 1.1 1 42
e |Patelina  sp. | 05
e | Planulina biconcava 06 0.5
e | Planulina papiliata 0.5 2 25 3
i {Polymorphinid | 06 03 04 05
| | Procerolagena cylindrocostata 03
| | Pseudopolymorphina sp. 11 69
i |Pullenia bulloides t4 07 1.1 09 12 1.9 05 05 24 14 2 24 04 0.6
i | Pullenia quinqueloba | 0.4 0.5 05 0.4 12
i |Reusseila  sp. 1.1
e | Aosalina australis 0.6 2
e |Rosalina  bradyi | 06
o {Rosalina concinna 07 0.6
e |Rosalina sp. | 0.7 06 1.3 1.1 1.3 05 0.9
i |Sigmoidetia elegantissima 1.2 0.4 23
i |Sigmoidella kagaensis 08 3.1 05
i |Sigmoidelta sp. | 05 07 0.6 05 0.5
i | Sigmomorphina williamsoni 1.7 09 1.3
Siphonina  australis L4 1.2 68 0 04 08 16 44 05 1.8 06
Sphaerodina variablis 08
Sphaseroidina bulloides 07 23 05 1.8 0.3 0.4 038 0.8 1.2 28
e | Spiniiina sp. | 07 05 06 45 15 6.1 41 10 1.8 48 4 09 1.9 32 08 48 1.3 05 09 06 5.1
e | Stomatorbina concentrica 18 11 51 71 12 08 0.4 04 23
Strebius nanus 0.4
i | Trifarina bradyi 14 17 0.9 48 39 05 24 41 05 1.2 42 04 7.7 B3 0.4 1.1 1.9 26 09 06
i | Trifarina sp. 1.4 08 05 47
i |Uvigerina miocenia 0.7 12
i tUvigerina proboscidae 06 06 31 08
e |Vagocibicides sp. | 32
Victoriella conoidia 26
Wadella globiformis 1.2 1,2 0.9
J100 100 100 100 100 100 100 100 100 100 100 100 100 0100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Table B2. Percentage abundance of benthonic rotaliid Foraminfera in the Glenelg-1 bore. Note: Globocassidulin subglobo = Globocassidulina
subglobosa, Gyroidinoides neosol = Gyroidinoides neosodanii and Heterolepa subhaiding = Heterolepa subhaidingeri.
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Metros| 247 246 241 235 227 219 210 203 197 180 185 179 176 ves|163 158 151 142 132 125 119 112 106 94 77 50 52 46 40
Feet| 812 607 790 770 745 720 689 666 646 625 607 587 578 s 534 517 494 465 432 410 390 368 348 310 253 192 172 152
PERCENTAGE OF PLANKTONIC FORAMINIFERAL SPECIES
Chiloguembelina cubensis 76 4.5 35 7.1 18 13
Globigerina brevis | 5.7
Globigerina ciperoensis 34 38 a3 34 36 64 53 66
Globigerina falconensis 1.8 53 43
Globigerina praebulloides 04 19 22 13 95 27 33 10 18 14 71 12
Globigerinoides primordius 12 33
Globoquadrina dehiscens 24 13
Globoquadnna larmeui 14 1.2
Globoquadrina sp. | 0.9
Gioboquadrina tripartita 42
Gioborotalia sp. | a3
Globorotaloides suteri 06 3.6
G ides testarugosus 1.1
loboturbx li isuturali 42 42 1.2 2.1
Globoturborotalia euapertura 51 14 24 48 13 67
Globot lia labi 18 34 59 22 32 50 21 47 5.1
Globoturb lig woodi 12 16 07 13
Globoturborotalia woodi woodi 85 36 33 17
Globoturborotalia Spl 17 07
Guembelitiria stavensis 24 1.2
Indeterminate Planktonics 2.4 11 23 15 13 16 20 18 25 54 38 23 11 17 20 43 13 18 39 12 23 16 12 9.2
Paragloborotalia ampl| 13 6.1 23 32 24 9.1
Paragloborotalia opima/nana 18 7.1 22 45 3.1 34 12 a3 09
Pssudohastigerina micra 0.3
Subboting angiporoidd 88 4 57 9.7
Tenuitella gemma 18 1.1 32 47 11 47 8.3
Tenuitella minutissima 0.8 24 0.9
Tenuitella mundajuvenalis 77 48 32 58 30 44 89 27 13 83 23 43 65 37 19 27 68 28 64 40 53 40 45
Tenuitinellids | 20 29 24 67 8.1 42 51 58 as
enuitinelli gustiumbili 68 43 71 10 17 6 36 58 66
Turborotalia obesa | 3.1 0.8 11 1.7 1.7 84 45 53 07 13
[_PLANKTON TOTAL | 100 100 100_100 100 100 100 100 100 0 100 O 100 0100 0 100 100 100 100 100 100 100 100 100 100 100 100 100]

Table B3. Percentage abundance of planktonic foraminifera in the Glenelg-1 bore. Note: Paraglob. ampl = Paragloborotalia ampliapertura and
Subbotina angiporoide = Subbotina angiporoides.
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Oligo-Miocene foraminifera of the Otway Basin

e [Alabamina australensis
i |Angulogerina sp. 1 1 088 0 041
e |A inoid [ b 2 6 4 12 |1.77 29 166 533
e A finoig ionoi 1 088 0 ] 0
e | Anomalinoides sp. 1 0 048 O 0
i | Astrononion sp. 3 0 0 124 0
i |A i i 4 2 1 0 193 083 044
Baggina Sp. 1 0 0 041 O
Indernterminate benthic rotaliids 4 1 2 354 048 083 O
i |Bolivina affiliata 1 8 0 0 041 356
i |Bolivina alata 6 531 0 [} 0
i |Bolivina finlayi 4 2 0 0 166 089
i |Bolivina lapsus 1 2 10 7 (088 0.97 415 3.11
i |Bolivina reticulata 20 0 968 0 0
i |Bulimina pupula 1 0 0 0 044
i {Buliminid 7 0 338 0 0
e |{Cancris auriculus 1 0 048 O 0
8 |Cancris sp. 1 [+] 0 0 044
i |cassidufi lagvig 6 2 § |531 0 083 222
i | Cassidulinoide P 2 4 0 0 083 1.78
i |Ci inoid hap i 13 25 1 0 628 104 489
i |Chilostomella sp. 2 0 (4] 0 089
e |Cibicides catillus 1 1 0 048 041 O
o |Cibicides Cl. temperala 2 7 0 0 083 3.1
& |Cibicides cygnhorum 1 [} o 041 O
e | Cibicides ihungia 1 0 [} 0 044
e | Cibicides lobatulus 8 7 6 17 | 7.08 3.38 249 7.56
e |Cibicides mediocris 7 22 21 10 | 6.19 106 B.71 444
e |Cibicides molestus 1 0 048 O 0
e | Cibicides sp. 6 2 4] 0 249 089
e |Cibicides vortex 6 23 38 16 | 531 111 158 7.1%
8 | Cibicidoi P 33 26 34 30 |29.2 126 141 133
e |Cibicidoides $p. 1 0 0 041 O
i |Dentalina sp. 2 1 0 087 0 044
i |Dentalina striata 1 [¢] o] 0 044
& | Discorbinells heloti 4 1 8 0 193 041 267
e |Discorbinella SCOPOS 2 0o 097 0 0
e | Discorbinelia sp. 2 2 0 0 083 089
& |Discorbis balcombensis 2 17 3 0 097 7.05 133
@ | Discorbis sp. 2 0 097 0 [}
8 | Dyocibick iserial 1 0 1] 0 044
8 | Eponides repandus 3 0 0 124 0
o |Eponides sp. 2 o 097 O 0
i |Favuiina hexagona 1 1 o 0 041 044
i | Fissurina marginata 1 3 1 |088 145 0 044
i | Fissurina orbignyana 2 177 0 4] [4]
i | Fissurina sp. 1 t 088 O 0 044
i |Fissurina subcirculans 1 0 o 041 O
& | Gavelinopsis sp. 1 ¢ 048 O ¢}
e | Gavellinella sp. 1 2 0 048 083 O
e |Glabratella sp. 2 0 [} 0.89
i {Glandulina igevigata 1 0 048 0 0
i | Globocassidulina  sp. 1 0 o 04t O
i | Glob idtulis bglob 7 12 19 24 1619 58 7.88 10.7
i |Guttiing problema 2 1 1727 0 0 044
i |Guttiina sifvestrii 1 1 |0B8 O 0 044
i |Guttiina sp. 4 2 0 193 0 089
i | Guitiina yabei 1 [} 0 0 044
e | Gyroidinoides allani 1 1 088 048 O 0
e | Gyroidinoid dli 1 0 0 0 044
e | Gymidinoid landi 2 0 0 0 089
Hi Hleni ingule 1 [ 0 041 O
Heronallenia wilsoni 1 0 0 04t O
o |Heterolepa brevoralis 15 7 3 2 13.3 338 124 0.89
e |Heterolepa opaca 1 0 048 O 0
e |Hi iepi bhaidingen 1 2 4 2 |088 097 166 0.89
i |Lagena sp. 1 ] 3 ]088 048 0 133
i |Lagena striata 1 ¢ 048 O 0
e |Lenticulina sp. 2 3 2 0 097 1.24 089
i |Nodosariid 1 088 0 0 4]
i |Nonioniid 1 4] 0 0 044
! i h hini 3 3 3 0 145 124 133
e |Nuttalides florialis 1 0 0 041 O
e |Nuttalides Sp. 2 2 0 097 © 089
i |Parreliina crespinae 1 2 0 0 041 089
i | Pamellina sp. 1 ] 0 0 044
& | Planodiscorbis irregularis 1 ] 0 c 04
© | Planorbulinel Jjoh. 1 088 o Q 0
e |Planularia planulata 1 0 048 O [+]
e |Planulina papillata 1 0 0 041 O
i |Polymorphinid 1 088 0 ¢ 0
i |Pullenia quinqueloba 1 1 0 048 0 044
e |Rosalina concinna 3 0 0 124 O
e |Rosalina sp. 3 0 145 0 0
i | Sigmoideli kag i 1 V] 0 0 044
i | Sigmomorphina williamsoni 1 088 O [} 0
Siphonina australis 1 5 0 048 0 222
Sph idti bulloid 1 3 2 9 1088 145 083 4
Svralina shauni 1 088 0O 0 0

Table C1. List of benthonic rotaliid foraminifera and their percentage abundance in the Clifton Formation type section.
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e [Dorothla minima
e | Dorothia parri 3
i |Eggerelia sp. 1
e |Gaudryina craspinae 1
e |Gaudryina sp. 1
indel. agglut. 1 1
e |} Textulari icaril 1
e |} Textularia Sp. 4
TOTAL TEXTULA 1 1Z B 12

[Tndet Miliofinids ] 1 |

[4] 0 1 [N

nkion! es
TRdeterninale Flankionics X . X
Globigerina ciperoensis 1 7 3 435 986 667 O
Globigerina praebulivides 1 16 10 30 [ 435 225 222 682
Globigerinoidss primordius 8 1 0 113 222 0
Gioboquadrina larmeui 1 0 14 0 0
Globoturb i li Ji 5 0 0 111 0
Gioboturb fia labi 4 174 O 0 o
Paragloborotalia opima/s 1 0 0 22 0
Tenuitella mundajuvenalis 16 22 14 5 |69.6 31 311 114
Tenuitinsllinata angustiumbilicata 1 0 141 0O [
G. (Globoturborotalia) euapertura 1 2 2 435 282 44 O
Turborotalia obesa 2 1 0 282 222 0
[_PLANRTON TOTAL 237135 34 | 100 100 100 100
[ Total Foram Number 137 292 295 281
%ROTALIDS 09.27 95.21 96.05 95.73
%TEXTULARIDS 0.73 4.795 2.712 4.27
%MILIOLINIIDS 0 0 033 ©
% PLANKTON 16,79 24.32 1525 15.66
Y%lnfaunal L 28.07 34.84 304 36.29

Table C2. List of planktonic and benthonic rotaliid, milioliniid and textulariid foraminifera in the Clifton Formation type section. The percentages of
planktonic, benthonic rotaliid, infaunal and foraminiferal suborders are listed.
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