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SUMMARY

Leg 122 of the Ocean Drilling Program (ODP) recovered
Upper Triassic (Carnian toRhaetian) sediments at the sediment-
starved passive continental margin off Northwestern Australia.

The early-rift series at the Wombat Plateau, a northern
sub-plateau of the Exmouth Plateau, consists of Upper Triassic
fluviodeltaic siliciclastics and shallow-marine carbonates in-
cluding reefal facies. Twenty-five microfacies types could be
distinguished.

These sequences are capped by an erosional ‘post-rift
unconformity’ with a 70 m.y. hiatus during the Jurassic. The
Wombat Plateau bears only a thin post-rift sedimentary cover
of Cretaceous o Cenozoic age.

The Carnian and Norian sequences are dominated by
fluviodeltaic sediments that contain many carbonate interca-
lations. Their frequency and the kind and amount of allochems
allow the reconstruction of a storm-influenced deltaic to
prodeltaic environment with restricted estuarine (intradeltaic)
lagoons and high-energy carbonate sand shoals in front of the
delta lobes.

The presence of the foraminifers Triasina oberhauseri and
Triasina hantkeni in Sites 761 and 764 indicate a Norian to
Rhaetian age. The reefal platform can be differentiated in a
lagoon to patch reef environment with abundant Aulotortidae,
and a patch reef to sheif zone with smailer foraminifers.

The ‘Rhaetian’ starts with a global sequence boundary.
Several shallowing-upward cycles from bioturbated wacke-
stones to dolomitic algal bindstones suggest a shallow-subtidal
tointertidal environment at Site 761. Typical reef development
wasobserved atthe more ‘distal’ Site 764. The limestone-marl
alternations of the open marine shelf grade into Iocal bioclastic
and oolitic grainstones, which are the base for the incipient
carbonate buildup. Calcisponge patch reefs developed into
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coral reefs. Several cycles characterize a ‘catch-up’ system
grading into a ‘keep-up’ carbonate system. The reef growth
ended abruptly with the second sequence boundary (211 Ma
after Haqet al., 1987), coinciding with the worldwide latest
Rhaetian sea level fall, followed by renewed transgression.

By comparison with Upper Triassic carbonates of the
western Tethys (e.g., the Northern Calcareous Alps), several
microfacies types could be combined to characteristic facies
units: biolithite facies, different reef talus types, grapestone-
oncoid facies, and calcarcous algae-foraminifera detritus
facies showing the reef-backreef/fore-reef-lagoon transi-
tions.

Detailed investigations of microfacies, wireline logs and
high-resolution seismics allow the determination of depos-
itional sequences (sequence stratigraphy). We distinguish
influences of regional or global tectonics and/or eustatic sea-
level changes. The results show thatregional tectonic move-
ments are of minor importance in the Rhaetian and that the
Haqetal. (1987) cycle chart could also be used at the passive
margin of Northwest Australia,

1 INTRODUCTION

The Wombat Plateau is a small tilted horst at the NW
Australian continental margin, which is separated from the
northern Exmouth Plateau by a half graben (Figs. 1 and 2).
We investigated sediment material from Ocean Drilling
Program (ODP) Sites 759, 760, 761, and 764, with the
objective to study Upper Triassic facies evolution during the
carly rift history of this northeast Gondwanan continental
margin (voN Rap et al., 1989).

The discovery of a 200-m-thick Rhaetian reef complex
at Site 764 is the first discovery of Upper Triassic reefal
material offshore Northwest Australia. This gives us the
opportunity to compare this sequence with other time-
equivalent (non-reefal) Tethyan sections deposited north of
Gondwanan continental fragments, such as the Tethyan
Himalaya (cf. GRADSTEIN et al., 1989) and the Timor-Papua-
New Guinea microplates (cf. KrisTAN-TOLLMANN, 1986).

According to the DNAG-GSA (Decade of North
American Geology - Geological Society of America) scale,
the Rhaetian is no longer seen as a ‘stage’, because it
represents only one ammonite zones (Choristoceras marshi).
In the Haq et al. (1987) cycle chart the Rhaetian represents
twoarmnmonite zones (C. marshi and Rhabdoceras suessi). But
because there is no unambiguous definition for the European
Triassic (see WIEDMANN et al., 1979), the use of the term
‘Upper Norian’ for our ‘Rhaetian’ strata become mixed up
with the former Upper Norian. Since an important aspect of
the Wombat Plateau investigations is the comparison with
the Triassic of the western Tethys areas, we prefer to retain
the term ‘Rhaetian’ with the proviso thatitis used as loosely
defined stratigraphic term for the uppermost part of the
Norian stage.

The four drillsites recovered a 900 m thick composite
sequence of Carnian to late ‘Rhaetian’ age (HaqQ, von RAD,
O'ConneLL et al., 1990). Sites 759 and 760 contain Carnian
to Norian fluviodeltaic to shallow-marine sequences. Inter-
tidal to subtidal sediments with incipient calcisponge paich

reefs characterize the Rhaetian of Site 761. The interfingering
between lagoonal and reefal faciesisreflected inthe Rhaetian
of Site 764. The term ‘reefal’ in this paper summarizes the
environmental areas with corals and calcisponges: coral/
calcisponge reefs, patch reefs, isolated coral buildups and
coral biostromes. The main objectives of the present paper
are (1) the analysis of microfacies, (2) the reconstruction of
the paleoenvironment, as controlled by tectonics, climate
and sea-level changes, and (3) western - eastern Tethys
relationships. This study attempts to expand and synthesize
several individual papers which are in press in the Scientific
Results of the Proceedings of the Ocean Drilling Program:
Dumonr (in press) studied the wireline logs and the tectonic
evolution of the Wombat Plateau in detail, Rouw et al. (in
press) the diagenesis of the Triassic Wombat Plateau lime-
stones, von Rap et al. (in press) the rift-to-drift history of the
Wombat Plateau, and ZaniNeTTi et al. (in press) the Triassic
foraminifers.

2 STRUCTURAL AND STRATIGRAPHIC
SETTING

The small Wombat Plateau horst has a water depth of
about 2000 m. Itis a northward tilted fault block, situated at
the northern edge of the Exmouth Plateau (Fig. 1).

The N - S profile across Wombat Plateau shows a
conspicuous ‘post-rift unconformity’ (PRU), which cutsout
the Jurassic section. The PRU is underlain by block-faulted
Permian to Triassic sediments, which due to the northward
tilt of the fault block, become progressively younger
northward (Fig. 2). The four ODP sites penetrated acompos-
ite thickness of 900 m of Upper Triassic series.

Themore than 270 m-thick section of Carnian sediments
congsists of prodelta mudstones, deltaic marginal-marine
mudstone, coal, and associated by shallow-water carbonate
intercalations. Norian sediments are 330 m to almost 1000 m
thick and consist of several shallowing- upward sequences
deposited in shallow-marine, paralic, and coastal plain en-
vironments (Ito et al., in press). The northward thickening
wedge of fluviodeltaic sediments shown in the seismic
profiles suggests a progressively more distal (prodelta)
character between Sites 760 and 761 (SArT, in press). The
Rhaetian shallow-water carbonates and part of the Norian
strata were eroded south of Site 761 (Figs. 2 and 9). Their
thickness ranges from about 170 m in Site 761 to 240 m in
Site 764. High-resolution seismic reflection data calibrated
by Sites 761 and 764, detected several reef complexes
indicated by low-reflectivity and blanking of seismic energy
(WiLLiamsoN et al., 1989, WILLIAMSON, in press). Associated
lagoonal or reef-detritus facies was recognized by down-
lapping reflectors around the seismically detected slender
reef cores.

The Wombat Plateau is a tectonic horst that was faulted
by various Permian to Late Triassic rift phases. The horst
was then uplifted and subaerially eroded during a major
post-Rhaetian (probably Mid-Jurassic, Callovian -
Oxfordian) rift phase (von RaD et al., in press). A thin se-
quence of 250 m post- breakup sediments overlies the post-
riftunconformity: A condensed hemipelagic ‘juvenile ocean
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Fig. 1. Location map of ODP sites on Exmouth Plateau and vicinity. The stars show the location of SO-8 and RS-56 dredge samples

discussed in text

section’ of Early Cretaceous age is overlain by eupelagic
carbonates of Late Cretaceous to Cenozoic age.

3 LITHOSTRATIGRAPHY OF THE UPPER
TRIASSIC CARBONATES
3.1 Carbonates in the Carnian and Norian of Sites
759 and 760

Sites 759 and 760 are 5 km apart and located at the
southeastern flank of Wombat Plateau (Fig. 1). The Upper
Triassic section is 268 m thick at Site 759, and 420 m thick
at Site 760.

Claystones, siltstones, sandstones, and several shallow-
walter carbonate intercalations characterize the Carnian and
Norian of both sites. The ages of these delta-dominated
sequences were determined by palynomorphs, nannofossils,
ostracodes and foraminifers (BRENNER et al., in press). The
frequency and percentage of allochems in the limestones
increase from bottom to the central part of eachsite, indicating
anupward shallowing of the depositional environment. The
upper Norian section is dominated by sandstone/siltstone
alternations without carbonate intercalations. This sequence
is described in detail by Haq, von Rap, O’CoNNELL et al.
(1990), RomL et al. (in press), Ito et al. (in press), and
summarized by Fig. 3.

We distinguish three main genetic limestone types: (1)
Algal mats and patch reefs occurred within areas that were
protected from siliciclastic dilution. (2) The second most
important limestone types are bioclastic sands (grainstones),
which contain fragments of calcareous algae, oncoids and
ooids, interpreted as components washed together on shoals.
(3) Limestones showing erosive bases and grading of

allochems, are interpreted as storm deposits (Fig. 4). These
limestones often contain a large amount of quariz grains,
large, broken pelecypod shells and crinoid fragments.

3.2 Stratigraphic evolution of the Rhaetian carbon-
ates at Sites 761 and 764

Site 761 penetrates the central part of Wombat Plateau,
approximately 20 km south-southeast of Site 764, located
near the northeastern flank of the plateau. The Rhaetian
section at Site 761 is 180 m thick, that at Site 764 240 m thick.
A satisfactory chronostratigraphic subdivision of this inter-
val is difficult due to poor core recovery (5-10 %) and to a
lack of suitable zonal markers. The limestones contain
Megalodon shells and Triasina hantkeni Marzon. The sed-
iments are determined as Rhaetian by BRENNER et al. (in press),
Brarower etal. (in press), and DEPECHE & CRASQUIN-SOLEAU
(in press).

The early Rhaetian transgression is documented in Site
761 by the change from fluviodeltaic claystones to marine
marl/limestone alternations. This site developed into an
intertidal carbonate flat to lagoon environment, which graded
into a sand shoal facies associated with patch reefs in a
lagoonal setting. Site 764 contains typical features of reef
development with several lagoonal/reefal cycles,

3.2.1 Site 61
We retained the shipboard lithological units (Haqet al.,
1990) shown in Fig. 5A, left column, VI to IV.

Unit VI (422.4 - 436.7 meters below sea floor (mbsf))
The Norian of Site 761, Core 33R consists of black silty
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claystone with coal. These sediments were probably depos-
ited in a fluviodeltaic environment with coal swamps (‘coal-
measure sequence’).

Unit VB (399.3 - 422.4 mbsf)

‘The Rhaetian section at Site 761 starts with a sandstone,
overlying claystone and coal of the Norian delta plain facies
(Fig. 5). It is overlain by dark, laminated claystone with
intercalations of crinoidal limestone. The allochems were
derived from areas where a rich benthonic and sessile fauna
flourished. We found grainstone, packstone, and floatstone
with pelecypod shells, foraminifers, coated grains and
calcisponge fragments. This facies association suggests
shallow-subtidal water depths. The association with dark,
laminated claystones suggests arestricted, oxygen-depleted
environment with allochthonous limestone intercalations.
The incipient development of a patch reef in a lagoonal
environment is shown in the upper part of Unit VB (Core
122-761C-30R). There we found coral-algal (corallinacean)
and sponge boundstone to floatstone. This drill site is
characterized by strong dolomitization, accompanied by the
typical iron oxide enrichment (reddish color).

Unit VA (338.3 - 399.3 mbsf)

The lower limestone-dominated part of the marl/lime-
stone alternation of this unit consists of wacke- to packstone
with echinoderm (mostly crinoid) fragments. Grainstones at
the top of this sub-unit lead to of the middle part of Unit VA,
where mudstone and marlstone alternate with partly
bioturbated wackestone and packstone.

The uppermost section of Unit VA contains wackestone
to floatstone with calcarcous algae fragments and oolitic
packstone to grainstone.

Unit IV (259.5 - 338.3 mbsf)

This sectionconsists of wackestone to packstone. Peloids
and foraminifers are more abundant than in the underlying
unit. Besides the dominance of different foraminifers and
peloids, the amount of pelecypod and echinoderm fragments
is less.

We found several shallowing-upward cycles from
bioturbated wackestone to foraminiferal peloidal wackestone
and dolomitic algal bindstone in Cores 122-761C-16R to
15R (Fig. 5). The overlying part consists of foraminiferal
packstone, wackestone, and grainstone. This section docu-
ments the repeated shifting between the intertidal and shallow-
subtidal (lagoonal) depositional settings.

3.2.2 Site 764

Unit VII (280.15 - 294.5 mbsf)

The lowermost unit consists of an alternation of highly
bioturbated marl, dark clayey carbonate mudstone, and
mud- to wackestone (Fig. 5). Because dolomitization of
limestones is very common, most components in the
wackestone were destroyed, although some residual
pelecypod and echinoderm fragments could be identified.

Unit VI (79.5 - 280.15 mbsf)
The upward increase of allochems from Unit VII to Unit
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Fig. 3. The Carnian and Norian in Sites 759 and 760.
Several limestones are intercalated within the siltstone-
claystone- sandstone background of the lower (prodeltaic),
and middle (marginal-marine) parts. Note the conglomer-
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Unit V (55.9 - 79.5 mbsf)

Alternations of marl and limestone character-
ize this unit. The limestones of Unit V consist of
skeletal packstone with crinoid and brachiopod
fragments and sponge spicules, and of peloidal,
bioturbated wackestone with foraminifers (in-
cluding Triasina hantkeni MAJZON).

&

Unit IV (50.0-55.9 mbsf)

Triasina hantkeni Marzon and crinoid frag-
ments are very abundant in the uppermost Rhaetian
sequence. Due to the high recrystallization, it is
difficult to recognize the primary fabric and to
determine depositional microfacies types. Unit IV
is capped by a major disconformity, the ‘post-rifi
unconformity’ (PRU).

Several decimeters to meters below the top of

the Rhaetian we observed a few decimeter thick
horizon characterized by iron and manganese ox-
ide lamination, a few decimeters thick, which re-
flects a post-sedimentary reduction/oxidation
boundary. Together with increasing porosity,
chalkification and dedolomitization to the top of
the sites this lead us to interprete this horizon as a
fossil water-table/groundwater level produced by a
fresh-water lens (RoHL et al., in press). During the
Jurassic the whole sediment pile was affected by
meteoric-phreatic (1o vadose?) diagenesis (ROHL et
al., in press). These observations add important
arguments in favor of a posi-Rhaetian uplift of
Wombat Plateau and of erosion/nondeposition
conditions during the Jurassic.
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The Rhaetian sequence was subsequently bur-
ied by the overlying post-rift deposits. Tentatively,
we assume amaximum burial depth ofless than 500
m (Lower Jurassic? sediments, now eroded, plus
250 m of Cretaceous to Recent sediments).

4 MICROFACIES AND
PALEOQOENVIRONMENT

4.1 Microfacies types of Upper Triassic

VI and the occurrence of oolites created a relatively firm
substrate favorable for the development of reefs.

The first patch reefs (Core 122-764B-30R to 29R) were
formed by calcisponges and interfinger with skeletal pack-
to floatstone. Reef cycles that are defined as grainstone-
floatstone-boundstone transitions, were found at four inter-
vals in Cores 122-764B-24R to 122-764B-11R (Fig. 5).
Back-reef (shelf-lagoonal) and fore-reef sediments are in-

shallow water carbonates (Carnian to
Rhaetian)

Although carbonates were affected by strong diagenetic
alteration, we were able to distinguish 25 main microfacies
types which are documented in about 354 samples. This was
possible by studying all transitions between preserved and
totally disturbed biogenic structures and sedimentary tex-
tures (Fig. 6).
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Fig.4. Line drawing of a core photograph of a Norian storm deposit
or tempestite (sample 122-759B-16R-1, 25-40 c¢m). The short
duration of the event is shown by the erosional base, overlain by
chaoticbedding, and then the convex-upward position of pelecypod
and brachiopod shells. The indistinct grading of components re-
flects a short, high-energy event with upward-wanning transport
velocities.

Based on depositional textures, grain size and biota, we
describe each microfacies type briefly and interprete its
depositional environment. We used, according to the con-
tentof allochems, an extented version of the Duntam (1962)-
classification and the methods described by FLuGEL (1982)
and Wison (1975).

MFT 1: Mudstone

This microfacies type consists of micrite with some
detrital quartz grains. It is extremly rare and occurs mainly
in the Carnian and Norian of Sites 759 and 760. These
sediments were depositedin alow-energy, estuarine-lagoonal
environment. In Sites 761 and 764 their association with
other microfacies types suggests a more open-marine envi-
ronment.

MEFT 2: Bioturbated Wackestone

The allochems consist of large (up to 2.5 mm), thin-
walled, unbroken shells of pelecypods, nodosariid
foraminifers (10-15%), small echinoderm fragments (5-
10%) and some pyrite framboids. About 10 - 40% of the
components are formed by peloids (150 pum, probably fecal
pellets). The primary fabric was strongly disturbed by

bioturbation (P1.60/8). The bioturbated areas contain more
thin-shelled pelecypods (40%) and ostracodes (40%) than
the non-bioturbated ones. Due to diagenetic recrystallization
of micrite to microspar, porosity values rise to 40% by
volume (Pl. 56/2). This microfacies type is similar to the
standard microfacies type (SMF) 9 of Wilson (1975) and
characterizes a restricted depositional environment within a
shelf-lagoonal setting. If sponge spicules occur, amore open
shelf environment might be possible.

MFT 3: Foraminiferal Wackestone

Within the micritic matrix, large, recrystallized shell
fragments and peloids (30% of the allochems) form the main
constituents; echinoderm fragments are minor elements.
Foraminifers of late Triassic age were found in large num-
bers and high diversity (see Chapter 5). Due to the pre-
dominance of the groups ‘Triasina’, ‘Involutinidae’ and
‘Duostominidae/Lagenidae’ we distinguish the sub-
microfacies types 3a,bundc (P1. 61/5-10; P1. 62). Accessory
allochems are ostracodes. Dependent on the interfingering
with other microfacies types, ooids, fragments of codiaceans
and up to 10% quartz may be present; bioturbation is
common. The allochems, mainly the foraminifers are mod-
erately to well sorted. Similar foraminiferal limestones were
described from the Rhaetian at the Steinplatte (Northern
Calcareous Alps) by Stanron & FLUGEL (1989; their Plates
4710 50), from the Salzburg area by SCHAFER & SENOWBARI-
DaryaN (1981; their Fig. 6), and from the Calcare di Zu
(Southern Alps) by Lakew (1990; his Plates 39 and 40).

Depositional environment: The large amount of
foraminifers, the massive to weakly bioturbated fabric, the
mostly small particle size and close spatial relation to other
typical microfacies types suggest a lagoonal depositional
setting.

Fig. 5. >>>
Correlation of Sites 761 and 764 according to their microfacies and
sequential evolution. The biogenic and abiogenic allochems and
some diagenetic features are plotted against the lithological col-
umn. Further explanations, see text. SB = Sequence boundary 54,
S5 =Rhaetian sequences, T'S = Transgressive systems tract, HS =
Highstand systems tract, mfs = maximum flooding surface, mbsf=
meters below sea floor (modified after DuMoNT, in press, and ROHL
et al., in press).
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Fig. 6. Sketch of the 25 Upper Triassic microfacies types (MFT) observed in the Wombat Plateau drillsites. Not to scale

MFT 4: Wackestone

Due to the close spatial relationship, we combine two
microfacies in this group: the facies of the peloidal (4a) and
coated grain wackestones (4b).

MEFT 4a: Peloidal Wackestone

The allochems (20 to 30%) consist of up to 70% peloids
with diameters between 40 and 80 pum. The peloids are very
well sorted and concentrated in mm-fine parallel laminae
that were probably produced by bottom currents. The peloids
are interpreted as ‘micro-intraclasts’, i.e., products of
resedimentation (cf. Tucker & WRrIGHT, 1990). Due to re-
crystallization of the matrix, there is a gradual transition to
the surrounding micrite. Subordinate biogenic components
are strongly recrystallized coral fragments, ostracodes,
foraminifers (see MFT 3), small fragments of pelecypod
shells,and very small echinoderm fragments. Dolomitization
is rare to absent, porosity less than 2%.

The composition of this wackestone suggests deposition
inalagoonal environment with episodic influence of bottom
currents, similar to the protected parts of the Bahama plat-
form (e.g., Bight of Abaco; NEuMann & Lanp, 1975).

MEFT 4b: Coated Grain Wackestone
This wackestone contains coated, rounded bioclasts

(‘cortoids’, FLuGeL, 1982) (P1. 60/7). They consist of echi-
noderm fragments and highly altered, elongated fragments
of codiaceans. Minor amounts of mollusc fragments and
subrounded quartz grains (300-600 jum) were also observed.

This microfacies type was deposited in a restricted
depositional environment, into which quartz and biogenic
allochems were transported from nearby shallow-water ar-
cas. It is comparable to the standard microfacies type (SMF)
10 of WiLsoN (1975).

MEFT 5: Ostracode Wackestone

Allochems making up 20 to 30% of the rock float in a
micritic matrix. They consist of 40% ostracodes, 10% coral
debris, and 10% echinoderm fragments and pelecypod shells
(thin-shelled and fragmented, filaments).

Foraminifers (Aulotortus sp.) are rare. Some inhomo-
genities in the fabric are due to bioturbation. This type shows
no cementation and rare porosity.

The depositional environment was a restricted area be-
hind a reef or sand shoal.

MFT 6: Echinoderm Wackestone

Allochems form about 20 to 40% of the whole rock.
They consist mainly (50 to 70%) of poorly sortedechinoderm
fragments ranging from 150 to 1200 pm. The second group
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Fig. 7. Microfacies types (MFT) and their distribution in different facies zones.

of allochems consists of sponge fragments, which were
strongly altered (sparitized or dissolved). Whole gastro-
pods, pelecypod fragments and duostomid foraminifers form
the remaining allochems in equal amounts, Ostracodes are
rare.

Due to the abundance of large skeletal and sponge
fragments, we assume a depositional environment close to a
reef, either in a fore-reef or back-reef setting,

MFT 7: Skeletal Wackestone

The amount of allochems ranges from 15 to 40%. Allo-
chems consist mainly of bioclasts (P1. 56/6): pelecypod and
brachiopod shells, coral, calcisponge and crinoid fragments,
sponge spicules, ostracodes, serpulids, calcareous algae,
and foraminifers. Additionally, poorly sorted peloids occur.
Terrigenous quartz is rare. The biogenic allochems were
sparitized or dissolved. Depending on the amount and pri-
mary composition of components, the porosity (mostly
moldic ) ranges from 2 to 20%, Cementation is restricted to
the molds and is made up of even-rim, scalenohedral and
blocky calcite crystals. Dolomitization is largely restricted
to afew scattered thombs, but strong patchy dolomitization
within the matrix was also observed. Intercrystal porosity
developed during late dolomitization. In some cases dolo-
mite crystals have dissolved nuclei (dedolomitization), be-
cause of the variations in chemical composition of central
and outer zones of the rhombs.

On the basis of the lack of predominance of distinct

& common

abundant

groups of biogenic allochems, we assume that these skeletal
wackestones were deposited in arange of shallow, bui calm-
water environments, mainly in a lagoonal setting. If crinoid
fragments, sponge spicules and brachiopod fragments pre-
dominate, the sediments may have formed in the open shelf,

MFT 8: Foraminiferal packstone

Up to 60% by volume consists of foraminifers. We
distinguish three sub-types. Besides peloids, pelecypods
and brachiopod shells, gastropods and ostracodes are present.
The foraminiferal packstone forms a transition between
MFT 4 (foraminiferal wackestone) and MFT 15 (for-
aminiferal grainstone). The kind and the roundness of the
biogenic allochems is responsible for the degree of sorting.

The paleoenvironment of this microfacies type is a
depositional setting at a shoal,

MFT 9: Peloidal packstone (to partly grainstone)

The moderately sorted allochems (60%) consist of 50%
peloids and 50% biogenic components (echinoderm frag-
ments, pelecypod shells, and some foraminifers). Normally,
the matrix consists of micrite, which was partly washed out
(P1. 58/6). The interparticle pores were closed by several
generations of carbonate cements.

This microfacies type is restricted to highly agitated
water environment transitional from a sand shoal to the open
shelf. The sorting, roundness, and fine lamination suggest
reworking of the sediment in a high-energy environment,



220

A B C
Detritus- restricted LAGOON
Mud
Facies LAGOON

open
Foraminifers-
Detritus ?EACH
Facies
CARBONATE | TIDAL

N SAND FLAT
Oncolitic SHOAL
Oolitic
Facies
Facies REEF

© REEF
Foraminifers-| i
= SHALLOW
Calc. Algae |2 LAGOON 1o yrep gpe ¢
Facies b
=
=}
. = QPEN-
Crinoid 1%}
Facies E MARINE |QUTER SHELF
[

Fig. 8. Facies units and environmental interpretations (cf. DuMonT,
in press (C); ROHL et al,, in press (B)) compared with the classifi-
cation of facies zones (A), which we found in Wombat Plateau
Triassic and which are first described by SENowBaRI-DARYAN &
ScHAFER (1981; Salzburg area, Western Tethys).

possibly a foreshore beach accretion. However, cements,
that are in general typical for this environment and suggest
meteoric-vadose conditions (e.g., meniscus cement and mi-
cro-stalactitic cement), were not observed.

MEFT 10: Skeletal packstone to grainstone (partly grapestone
facies)

About 40 to 60% of the particles, i.e. peloids, pelecypod
shells, echinoderm fragments, foraminifers, algae (dasy-
cladaceans, Thaumatoporella?) float in a micritic matrix or
form a grain-supported fabric. The interstices between the
particles are filled by micrite or cemented by spar. Invariably,
the allochems show coatings or were cemented by algal
activity. Moldic porosity is present up to 20% by volume.
Diagenetic phenomena such as even-rim cement and scale-
nohedral cement, which are partly dissolved, are present in
the molds.

The depositional environment was the windward side of
a sand shoal. There are all transitions to both lagoonal and
open marine skeletal wackestone (e.g., MFT 7). These
sediments can be compared to the modern grapestone litho-
facies of the Bahamas (Tucker & Wricat 1990).

MFT 11: Echinodermal packstone

These rocks contain 40 to 60% allochems that consist
mainly of echinoderm fragments (especially crinoids) and
pelecypod shells (P1. 60/1). Foraminifers, ostracodes, sponge
fragments, and some quartz grains are also present. Porosity

iscommonly high. The molds are cemented by scalenohedral
calcite. Dolomitization of the matrix and components is
common. In some cases only the echinoderm fragments
resisted this neomorphism. The lack of luminescence of the
syntaxial cements in the Leg 122 grainstones suggests a
meteoric-phreatic origin for these rims (RonL etal., in press).

This microfacies type is thought to have been deposited
in a shallow and agitated marine environment above wave
base. The echinoderm fragments, perhaps could also have
been deposited below wave base from suspensions, which
were produced by strong storm events. Storm deposits or
‘tempestites’ are characterized by an erosional base and
graded bedding.

MEFT 12: Codiacean wacke- to packstone

Up to 5 mm-long, elongated codiacean (udoteacean)
fragments (Boueina hochstetteri Toura 1883 and B. hoch-
stetterivar. liasica LE MAITRE 1937) form about 50% of the
allochems. Two types of preservation of codiaceans can be
observed: either the branches were replaced by micrite, the
area between the branches being microcrystalline spar, or
the branches and the space between the branches were
replaced by spar (P1. 57/1). All codiacean fragments were
surrounded by a dark micrite rim.

Large, thick-shelled mollusc fragments and echinoderms
make up about20% of the allochems, large oolitic extraclasts
make up 15% by volume. All ooids in extraclasts were
dolomitized. Peloids are well rounded and sorted; coral
fragments and terrigenous quartz are also present.

The high percentage of large codiacean fragments in the
micrite matrix suggests an environment within a lagoon or
protected bay without detrital influx. Large extraclasts were
derived from a high-energy environment with early dolo-
mitization and high terrigenous influx and occur now within
storm layers.

MFT 13: Skeletal floatstone

Up t030% of the allochems are composed of sponge and
echinoderm fragments and pelecypod shells (PL. 60/2). Minor
allochems are punctate brachiopod shells, some porostromate
blue-algae (Cayeuxia?), red algae (Solenopora?) and rare
foraminifers (Nodosaria sp.) and ostracodes; quartz grains
are extremely rare. The large fragments float in a biomicritic
matrix that contains small bioclasts (Pl. 60/3). Most sponges
and pelecypods were recrystallized. Cements are restricted
to cavities with geopetal fillings: the clear crystals are up to
600 m across and have slightly serrated boundaries. Dolo-
mite only occurs as scattered rhombs along fractures.

Based on the composition of the allochems and the
homogeneous fabric, this microfacies type is believed to
have been deposited inalagoonal setting close toa patchreef
or genuine reef.

MEFT 14: Coral and calcisponge floatstone

The allochems (between 30 to 60%; mainly 40 to 50%)
of the allochems float in a micrite matrix. Therefore, the
porosity is restricted to molds created by dissolution of
fossils (fabric-selective secondary porosity), which resulted
ina progressive destruction of fossils. In the molds even-rim



or scalenohedral cementation occur. The allochems are
dominated by Retiophyllia- and Astraeomorpha-type coral
fragments (SArTI et al., in press) and calcisponges (Para-
deningeria sp.?, Cryptocoelia 7), which are rarely affected
by strong diagenetic alteration (P1. 61/1-4). The septae are
coated by micrite envelopes, and the sclerites are dissolved.
The spaces between the sclerae are filled by micrite, which
iscommonly totally recrystallized (clotted texture). In some
specimens this microfacies type contains encrusting
Bullopora-type foraminifers, which according to SENOWBARI-
Daryan (1980), are common in central reef areas. Calcar-
eous algae (Cayeuxia?) encrust sponges; serpulids are also
present. A microproblematicum, called ‘Problematicum 2’
by ScuAFER (1979) is restricted to this microfacies type (P1.
59/8).

This sediment is also characterized by differing amounts
ofpelecypod shells (51030%, upto 1-2cmlong), echinoderm
fragments (spines, crinoids, 10 to 30%), rare ostracodes and
some quartz debris. The percentage of the allochems varies
in both sites from bottom to top in a characteristic manner
according to their facies association. Usually itis difficult to
distinguish between allochthonous and authochthonous
biogenic allochems.

MFT 14 interfingers with the boundstones of MFT 24
and 25 and is thought to be part of the reefal debris facies.

MFT 15: Foraminiferal Grainstone

Within this microfacies type, 40 to 60% by volume
consists of allochems, and the interparticle space is filled by
blocky calcite cement (PL. 61/5). Porosity is restricted to
molds. Biogenic components are foraminifers (see MFT 3),
pelecypod shells and echinoderm fragments. Coral frag-
ments, ostracodes, serpulids and algal lumps are rare. The
trimodal size distribution of the allochems is due to the
different sizes of foraminiferal species in the fractions.
Aulotortus sinuosus and A. tumidus has its maximum size
distribution between 0.6 mm and 1 mm together with a
Glomospira-type foraminifer. Triasina hantkeni MAIZON is
dominant in the coarser fraction (2-4 mm; P1. 61/6). In this
fraction, echinoderm fragments are also common. The small
foraminifers are often strongly altered (dissolved, sparitized,
or micritized). They were identified by their shape and size.

Purser & ScHROEDER (1986) and Mussmannetal. (1988),
suggest that dissolution may have been associated with
decomposition of organic matter and organic maturation.
According to Moore (1989) the resulting pore types are
generally solution-enlarged intergranular pores evolving
into vugs. Moldic porosity, which is the main porosity type
on Wombat Plateau, would berare. The solution mechanism
described by Mussmannetal. (1988) cannearly be excluded
for Leg 122 carbonates.

Abiogenic components are peloids (40 10 60%), coated
grains, intraclasts and some quartz debris. The moderately
sorted and rounded components have indistinct outlines due
to strong postdepositional diagenesis (recrystallization and
neomorphism). The origin of the peloids is not clear. They
are of spherical to elliptical micritic, well rounded particles
with a diameter of 150-600 pm. The peloids are probably
micritized allochems, which were later dolomitized.
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The foraminiferal grainstone was deposited in a high-
energy setting, e.g., on a shoal or beach, into which the
lagoonal foraminifers were reworked.

MEFT 16: Coated Grain Grainstone

Up to 5-mm-large bioclasts form a grain-supported
fabric (P1. 60/4). They consist of large, thick-walled shell
fragments, some of which were heavily recrystallized, with
micrite envelopes and drusy mosaic cements (Pl. 58/8).
Large echinoderm fragments (50% of the bioclasts) are
dominant. Possibly codiacean algae are also present.

Depositional environment: Sand shoal near a lagoonal
setting, where the coated grains were derived from.

MFT 17: Oolitic Grainstone (P1. 58/1-4)

About 60% of the allochems of this microfacies type
consist of ooids with several types of nuclei. Eighty percent
of the biogenic nuclei are echinoderm fragments ranging in
size from 200 to 900 um. The remaining nuclei of the ooids
consist of gastropods and mollusc fragments and some
foraminifers. The micritic coatings are up to 50 pm thick. In
most cases we observed up 1o six concentric laminae within
the rim. The thicker laminae show (diagenetic) radial fab-
rics, but the ooids are commonly strongly micritized. In
some ooids we found evidence of compaction, such as outer
concentric layers splitting from the central part, or distorted
ooids.

The rock is almost completely cemented with two gen-
erations of cement (P1. 60/6). Most probably, even-rim and
blocky cement were strongly altered during alater diagenetic
{meteoric?) phase, possibly associated with the formation of
oomolds (Pl. 58/1, 4). Moldic pores are partly filled by
dolomite cement with thombs of 60 um diameter. In some
samples scalenohedral-type crystals were also observed.
They consist of clear, columnar ‘dogtooth’ crystals that
display unit extinction under crossed nicols. ROHL et al. (in
press) interprete scalenohedral crystals in Leg 122 samples
as products of meteoric diagenesis.

The depositional environment of the oolitic grainstone
was a high-energy shoal or sand bar with tidal currents
similar to the modern submarine oolitic dunes of the Arabian
Gulf (Purser 1973), whereas an additional acolian transport
cannot be proved for the Wombat Plateau ooids. As indi-
cated by quartz nuclei in ooids of Carnian-Norian age, these
shoals were close to the shoreline.

MFT 18: Oncolitic Grainstone (P1. 57/2)

Two different types of oncoids, up to 2 mm in diameter,
form the main constituents of this microfacies type. The
oncoids are characterized by different types and symmeitries
of the individual coatings (Pl. 58/7). Other allochems are
fragments of brachiopods, echinoderms, pelecypods, gas-
tropods, and corals which commonly form the cores of the
oncoids. Terrigenous quartz makes up about 10% of the
allochems. There are also some ooids, which have additional
oncolitic layers. The allochems are surrounded by sparite,
which has a more or less uniform grain size, but does not
display several cement generations. Possibly, the sparite is
due to recrystallization of a former micrite matrix
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(pseudosparite), or the cement was recrystallized (neosparite).
This is supported by the presence of ‘dirty’ calcite crystals
(PL 58/7).

Oncoids form in protected, shallow-water areas (lagoon
or bay) with little water movement. The depositional envi-
ronment may have been a back-reef lagoon, as indicated by
coral debris and the low diversity of the fossils.

MFT 19: Dasycladacean Grainstone

This microfacies type is a poorly sorted grainstone with
15% dasycladaceans (P1. 59/1), large coral fragments, intra-
clasts, and micritized ooids. Large elongate codiacean
fragments, mostly completely altered, and coated mollusc
shells form the remaining bioclastic allochems. Gastropods
and echinoderms are rare.

The sediments were deposited in a high-energy environ-
ment close to a lagoon with codiacean and dasycladacean
plants. Limestones with similar textures and biogenic
allochems were described of the Rhaetavicula conioriabeds
in the Tuscanian Triassic by Cocozza & GANDIN (1990: 23).

MFT 20: Codiacean Grainstone

Up 10 1.2-cm-long, elongate, rounded fragments of
codiaceans, are the major constituents that form a grain-
supported fabric (P1. 56/3). The codiaceans are of the Udotea-
type (Boueina hochstetteri TourLa 1883 or B. hochstetterivar,
liasica Le MarTre 1937). The remaining altochems consist
of well rounded, elongated peloids (fecal pellets?), surficial
00ids, and former normal ooids (now as oomolds). Allo-
chems are surrounded by even-rim cement with a rim thick-
ness up to 20 pm,

This microfacies type was found only in the Carnian and
Norian sections of Sites 759 and 760. The spatial association
with siliciclastics suggests that the sediments were depos-
ited in channels, that dissected the shallow-marine, {luvio-
deltaic-dominated platform. Allochems were derived and
redeposited from nearby codiacean plants.

MFT 21: Peloidal Grainstone

About 60% of allochems form a very dense, grain-
supported fabric. Fecal pellets and well rounded and sorted
peloids (100 to 300 um, 30% each) are the main constituents.
The remaining 40% consist of foraminifers, echinoderms,
gastropods, pelecypods, and algae. Because of their shape,
at least some of the peloids probably originated from
foraminifers by micritization or sparitization. The remain-
ing peloids have a wide range of sizes and consist of micrite
or microspar. Sometimes ooids are present, concentrated in
up to 5 mm thick layers. Clastic allochems are mainly quartz
grains. Volcanic rock fragments are rare. High porosity (up
t0 20% per volume) is due to interparticle (50%), intraparticle
(5%), shelter (15%), and keystone vugs (PL. 58/5).

As depositional environment we assume a setting in the
shoal-lagoon transition. Sedimentary structures {e.g., cur-
rent lamination) point toward phases of varying water en-
ergy. Therefore, shallow-marine sand shoals are a possibil-
ity. The association with other features or facies types of an
intertidal environment (e.g., vuggy porosity and MFT 23
algal bindstone) suggests ‘spit’ or ‘levee crest’ sediments.

MFT 22: Skeletal Grainstone to Rudstone

This sediment contains 50% allochems, which consist of
all biogenic and abiogenic particles described above (PL. 56/
5). Pelecypod and brachiopod shells and their fragments, as
well asof algal lumps and aggregate grains (grapestone- and
bahamite-facies) are predominant, however (P1. 57/3). Early
glauconitization and phosphatization (as rims) can also be
observed. The grains are cemented by strongly recrystallized
even-rim cement and clear, blocky cement (equant-shaped),
with calcite crystals up to 120 pm. Syntaxial cement occurs
around echinoderm fragments (Pl. 59/6). Shelter porosity
and keystone vugs were also observed.

The composition and structure of this sediment suggest
ahigh-energy environment, e.g., on a sand shoal (reef debris
facies). This microfacies type gradesintoall other grainstone
microfacies types and partly into some floatstone types.

MFT 23: Algal Bindstone

The irregular lamination was caused by the activity of
cyanophycean algae (stromatolitic fabric) (Pl. 56/4). It con-
tains thin shell fragments (ostracodes?), a few foraminifers,
and mm-thin layers with concentrations of pseudomorphs of
goethite/limonite to framboidal pyrite. Vuggy and fenestral
porosity are also present.

The depositional environment was an intertidal, low-
energy mud flat with anomalous salinity (low diversity of
organisms). Modern but spectacular sediments with algal
bindstones are known from the Shark Bay, Western Aus-
tralia (Tucker & WriGHT, 1990),

MEFT 24: Bafflestone and MFT 25: Framestones
Scleractinian corals, hydrozoans, calcisponges and
tabulozoans/bryozoans contribute to the reef framework,
which is formed by baffle- and framestones (P1. 61/1-4). The
modified DuntaM-classification of EMBrY & KLovan (1971)
was used to describe the reef fabric. Detailed paleontological
and paleoecological studies of Leg 122 corals and
calcisponges by SarT1 et al. (in press) showed that the coral
community assemblage constitutes the main core of a pin-
nacle reef complex. The lower part is dominated by
Retiophyllia (P1.61/1) and the upper part by Astraeomorpha
associations (Pl. 61/2). Most of the reef-builders act as
important sediment-trapping and sediment-binding organ-
isms. The interspaces between individuals or colonies were
filled by micrite or biomicrite. Framebuilders (MFT 25) are
less common in the Leg 122 cores. However, there exists a
relationship between these two microfacies types, and
therefore, also between their frame-building or sediment-
baffling functions. Beneath the corals, calcisponges and the
associated reef-organisms (see MFT 14), there are hydrozoans
(Disjectopora?, Spongiomorpha?) (Pl. 57/4). The corals
exhibit different stages of preservation, ranging from local
sparitization to almost complete recrystallization. Sponges
tend to be strongly recrystallized and partly dissolved.
Therefore, itis difficult to determine the species. The biogenic
allochems may be encrusted by serpulids or coated in place
by a dark, micritic layer, presumably from cyanobacterial
activity. Locally corals are the substrate for sponges that
grew on them. Between individual coral branches, Baccinella
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irregularis may develop. This leads to an additional stab-
ilization of the framework. The biomicritic matrix between
the coral fragments contains peloids, some echinoderm
fragments, and ostracodes, whereas the biomicrite of the
sponge boundstone shows an association with gastropods,
red algae (P1. 59/5), and serpulids. Foraminifers are rare.
Based on their internal structure and their outer shape,
several types of sponges can be differentiated. A cylinder-
shaped type contains very irregular sclerites, the wall thick-
ness of which is up to 900 um. The second type is a sponge
withirregular outlines and adense network of small spicules.
The abundance of corals, as well as the presence of other
large skeletal particles point to a reefal environment. The
micrite, which has partly peloidal textures, might have been
deposited (or partly formed) within reef cavities.

The described twenty-five microfacies types have been
grouped according to their distribution and frequency into
several facies units, which are shown in Fig. 7. In Fig. 8
different environmental interpretations are compared with
the classification of facies of the western Tethys (cf. SCHAFER
& SENOWBARI-DARYAN, 1981). It could be shown that similar
facies units were found in Western and Eastern Tethys
paleoenvironments (Chapter 6).

4.2 Correlation of the drillsites and sequence
stratigraphy
4.2.1 Correlation of the drillsites

The age of the youngest Triassic beds recovered in Sites
759,760, 761 and 764 decreases from south to north along
the Jurassic post-rift unconformity (Fig. 9). The analysis of

the facies evolution and of seismic reflection profiles shows
that there are overlaps between the sections of Sites 759 and
760, and between those of Sites 761 and 764. Tentative
correlations are given by Rohl et al. (in press) and SARTI (in
press) for the 759/760 correlation, and by DumonT (in press),
voN Rap et al. (in press), ROHL et al. (in press), and SArT1 (in
press) for the 761/764 correlation. Biostratigraphic data
from BRENNER et al. (in press) and ZaNINeTTI et al. (in press)
were taken into consideration, They are, however, not suffi-
cient to make detailed correlations, since they are sometimes
inconsistent with each other. Detailed microfacies analysis
was also used, together with a study of wireline logs. The
proposed correlations are in general agreement, but some
differences do exist:

The 759/760 correlation is mainly based on microfacies
analysis (Fig. 10, after the interpretation of RonL et al., in
press,and voN Rap et al., in press). Itis in agreement with the
palynological zonation of BRENNER et al. (in press). Several
shallow-marine carbonaie layers, which are interbedded
with the Carnian and Norian delwics, were recovered in
Sites 759 and 760 and are used for the correlation. These
carbonate layers were actually identified as prominent and
continuous seismic reflectors in some seismic lines (Fig. 9).
Contrary to the siliciclastic facies the deposition of which
was influenced by the migration of delta lobes, the carbonate
facies is more likely to represent a signature of relative sea-
level changes. Our correlation suggests a time gap in the
upper Carnian to lower Norian section (Fig. 10). At both
sites we found a conspicuous conglomerate bed which
indicates an erosional surface (top of core 122-760B-19R).

Several 761/764 correlations were proposed (by DuMonT,
in press, RomL et al., in press, and SArTy, in press) which are
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Fig. 10. Parallelization of the carbonate-bearing parts of Sites 759 and 760 according to microfacies and sequential evolution of
limestones. The biogenic and abiogenic allochems, as well as some diagenetic features are plotted against the lithological column. For
further explanations, see text. The letters M - B refer to rock types mudstone to boundstones, C = claystone, Si = siltstone, S = sandstone;
mbsf = meters below sea floor. HS = Highstand Systems Tract, TS = Transgressive Systems Tract, SB = Sequence Boundary (modified
after ROHL et al., in press).
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Rhaetian series in Site 761,
which this author interpreted as
a time equivalent of the top of
the Rhaetian sequence at Site
764. This interpretation is not
supported by any paleon-
tological ormicrofacies data, and
poorly supported by log analy-
sis.

It is our opinion that the top
of the Rhaetian sequence at Site
764 is younger than at Site 761
because of the Jurassic tilting
and erosion of the Wombat
Plateau. This interpretation is

consistent with some paleonto-
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logical data (nannofossils,

short term eustatic curve

BraLOWER €t al., in press), and
with seismic data which indicate
u\/\/ a southward truncation of the

upper Rhaetian beds between
Sites 761 and 764 (WILLIAMSON,
in press). Following this inter-

relative coastal onlap

pretation, we assume that the
uppermost part of the Rhaetian
series is missing at Site 761, and
possibly also at Site 764, al-
though it is more complete there.

4.2.2 Sequence stratigraphy

Sequence stratigraphy and
the testing of eustatic models
was one of the major objectives

of Leg 122. In particular we at-
tempted to test the validity of the

cycle chart of Haq et al. (1987)
for long-distance correlations,

and of the concept of global sea-

level changes in the Triassic.
Concerning the Triassic series,

several interpretations have been

NN N 3 §<§‘ A proposed (DUMONT, in press; voN

NN NS \\\ 3 RAD et al., in press; SART in

B > i - press). One must distinguish

ERE M;:MWSLWH - | - ‘ — [ o Teiir] Uhree steps in this analysis : (1)
P - ) - w59 § .2 . 1% the 1dent}flcat10n of the
p a8 géf g .é g g8 (L zg RCREE Y unconformities, the sequence
B 98 (73| idgg 1eEfR  [s3Y et & boundaries (SB), and of the sys-
Eeily ég 3 o = Semae |2 tems tracts (the sequences be-
= tween the SBs are called S 1, 2),

consistent with palynomorph data (Norian/Rhaetian bound-
ary) and foraminiferal data (dating of Rhaetian carbonates).
These correlations were made by microfacies, biostrati-
graphic, and wireline log analysis. Our interpretation is
summarized in Fig. 5. The main difference to the interpreta-
tion of SARrTI (in press) is noticed in the uppermost part of the

(2) the comparison of the iden-
tified sequences with the cycle chartof Hagetal. (1987), and
(3) the identification of the major causal factor: sediment
supply, tectonics, or eustasy (global sea level changes).

Identification of the unconformities and systems tracts.
The interpretations quoted above are more or less con-
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Fig. 12. A comparison of the Rhaetian series of NW Australia and of the Western Alps. A: Rhaetian series of the internal Alpine nappes (Piemont zone) after DumonT
(1984 and unpublished data). B: The proposed correlation with the Haq et al. (1987) cycle chart. C: Some features of the Rhaetian series of the Wombat Plateau and

a summary of the sequence-stratigraphic interpretations of DUMONT (in press) and ROHL et al. (in press).
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sistent with each other concerning the identification of
unconformities and systems tracts. Qur interpretations are
summarized in Fig. 11C, and more detailed explanations are
given in Fig. 12C. The Carnian-Norian series shows three
sequences after RodL et al., in press (Sites 759 and 760; Fig.
3). The basal part of both sites (cores 122-759B-39R to 20R
and 122-760B-29R to 19R) is regressive, and is interpreted
as the upper transgressive systems tract (TST) and the

highstand systems tract (HST) of a sequence of Carnian age
(81). Its maximum flooding surface (MFS) is placed by von
RAD et al. (in press) at the base of the first occurrence of
carbonates (oolitic limestone, core 122-759B-23R). The
TST of the next sequence is drastically reduced at Site 760
(von RAD et al., in press). This reduction, together with the
occurrence of a conglomerate layer (top of Core 122-760B-
19R and Core 122-759B-16R) led to the identification of an
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122-760, 37X-10X

122-759, 15R-7R

122-760, 16R-6R

122-759, 1R
122-760, 18/17R

Fig. 13.Six stages were selected to represent the facies developmentin Sites 759 and 760 during the Carnian and Norian. Site 759 represenis
the back, Site 760 the frontal part of each block. Note that in each case, Site 760 shows a more distal position compared with Site 759.
This agrees with the general paleogeographic situation of the Wombat Plateau area.

erosional surface. The age of $2 is Carnian to Norian, and its
topisNorian after BRENNER etal. (in press). The next SB (S2/
53) isidentified by von RaD et al. (in press) at the transition
from limestone-bearing to limestone-poor sequences (Fig.
3),butis notidentified by Sartr (in press). The upper part of
S3 (cores 122-760B-10X to 30X) is markedly regressive
(late HST, increasing development of coal seams and
paleosols). Its top is truncated by the PRU. The age of $3 is
(late?) Norian.

The seismic profile of the Wombat Plateau (Fig. 9)
suggests that there is no overlap of any Triassic beds be-
tween Site 760 and Site 761. At the base of Site 761 a
prominent transgressive surface underlain by emergent
fluviodeltaic siliciclastics was recovered. These sediments
are overlain by marine marls and crinoidal limestones. The
matked SB coincides with the Norian-Rhaetian boundary
(Fig. 5; BRENNER et al., in press). The underlying HST is
assigned to S3, since the facies is very similar to that of the
uppermost Triassic beds of Site 760.

The overlying, Rhaetian sequence (S4) may be inter-

preted in different ways (see Fig. 12). At Site 761, it has a
transgressive, marly lower part (T'ST; Fig. 12), and aregres-
sive, carbonate-dominated upper part (HST; Fig. 12). Reefal
carbonates, which are mainly developed at Site 764, appear
in the late TST and the HST. At Site 764, S4 is overlain by
transgressive beds which are interpreted as the TST of the
next sequence (S5; Fig. 12). These beds are also Rhaetian in
age, and are truncated by the post-rift unconformity. Ac-
cording to voN Rap & THURoOW (in press), a thin claystone
horizon can be inferred from the gamma-ray log at the very
top of the Triassic series of Site 761 (interval 122-761C-
11R), which could correspond to the lateral equivaient of S5.
But this interval had no core recovery and its age is un-
known.

Comparison with the Haq et al. (1987) cycle chart
Unfortunately, the accuracy of most of the paleontological
datadoes notexceed the resolution of a stage (BRENNER et al.,
in press). However, it is possible io correlaie our Wombat
Plateau sequences with those of the cycle chart (Fig. 11) : the
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Fig. 14. Intra- and extraclast-rich conglomerate to breccia (sample
122-760B-19R-1, 2-5 cm). From base to top: quartzose and cross-
bedded siltstone grading upward into silty calcareous mudstone.
The latter was strongly eroded during a regional tectonic event,
probably near the Carnian/Norian boundary in both sites (122-
759B-17R to 16R, 122-760B-19R; see Figures 3 and 10). A chaotic
mixture of carbonate peloids/intraclasts derived from the underly-
ing mudstone, wood, as well as echinoderm and pelecypod frag-
ments are associated with volcanic rock fragments, which usually
exhibit ooid cortices and different types and stages of alteration.
Terrigenous quartz and (volcanogenic?) feldspar are also present.
The large pelecypod at the top is filled by micrite derived from the
mudstone below the erosional unconformity.

S1/52 SB may correspond to the late Carnian (224 Ma) SB.
The ‘tectonically enhanced’ MFS of sequence S2 is thought
by vON RaD et al. (in press) to correspond to the 223 Ma
condensed section of the cycle chart. The S2/S3 SB (esti-
mated to about ‘220 Ma’) is intra-Norian, and is overlain by
athickNoriansequence. Itisnotshown in the Haqetal. (1987)
cycle chart. Thus it has to be tested in some other localities
before being considered as a global event (for example, it is
not identified in the Dolomite Mountains of the southern
Alps, according to DocLiont et al., 1990). The S3/S4-se-
quence boundary is well dated, and coincides with the
Norian-Rhaetian boundary. It corresponds to the 215 Ma SB
of the cycle chart, and is also recognized in areas far from
Australia, e.g. in western Europe. Therefore it probably
represents the signature of a global event. The S4/S5 SB is
intra-Rhaetian. It may correspond to the 211 Ma SB of the
cycle chart, but we do not know how much of the upper

Rhaetian might be missing due to the truncation and erosion
along the post-rift.

The sequence-stratigraphic results of the Wombat Pla-
teau sites off NW Australia are generally consistent with the
global cycle chart (voN Rap et al., in press), but only one SB
is unambiguously correlated with the chart (53/S4, 215
MA). The absolute ages of the other SBsare determined only
withrespect to those of the cycle chart, and thus they will not
be helpful for testing the accuracy of this chart.

Identification of the causal factors.

The observed sequences were generated by relative sea
level changes, in agreement with the depositional models of
PosaMENTIER & VAL (1988) and Sarc (1988). Relative sea
level changes may in turn have been produced either by
eustasy, or by tectonic subsidence, or by a combination of
both factors. Concerning the Triassic series of the Wombat
Plateau, a tectonic explanation was favored by SArTI (in
press), whereas according to our interpretaton eustasy
played a significant role in producing the depositional se-
quence boundaries. In fact, the Carnian-Norian series (mainly
Carnian) experienced significant extensional tectonics, as
shown by the seismic profile (Fig. 9). In addition, volcanic
clasts have been found near the Carnian/Norian boundary
and in the lower Norian (voN Rabp et al., in press) and some
layers were eroded in the sequence S2. Furthermore, the
ages of the sequence boundaries of the Carnian-Norian
series are rather poorly constrained, and hence the fit with
the global events of the Haq et al. (1987) cycle chart is
ambiguous. One can assume that the eustatic signal was
significantly altered by tectonic factors during the deposi-
tion of the Carnian-Norian series in the Wombat Plateau
area. We cannot separate the relative influence of both
factors with the available data.

On the contrary, there is very little evidence for Rhaetian
extensional tectonics (only small normal faults which are
sealed by the base of the Rhaetian sequence S4; WiLLIAMSON
etal., 1989). The basal Rhaetian sequence boundary (S3/54)
is well correlated to the global 215 Ma sequence boundary,
overlain by the ‘early Rhaetian transgression’ (Fig. 19).
Thus eustasy is likely to have been the major causal factor
during the deposition of the Rhaetian sequences of the
Wombat Plateau.

4.3 The facies model
4.3.1 Carnian-Norian evolution

Onthe basis of microfacies analysis (RoHLet al., in press),
the carbonate intercalations of Sites 759/760 are divided into
three main facies groups (Fig. 10): (1) The calcareous algae-
dominated facies with oolites (Cores 122-759B-23R to 19R;
122-760B-22R to 20R) is overlain by an (2) oolitic/oncolitic
dominated faciesincluding dolomites and floatstone-bearing
coral or sponge fragments (Cores 122-759B-16R to 12R;
122-760B-17R to 15R). (3) The uppermost facies group is
the oolitic/algal-stromatolitic dominated facies (Cores 122-
759B-11R to 7R; 122-760B-14R to 7R). Following the
general paleogeographic conception of a more nearshore
position of Site 759 if compared with Site 760, the lime-
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Fig. 15. The facies development of the Rhaetian at Sites 761 and
764 and the Jurassic(?) is summarized in five block diagrams. Site
761 represents the left, Site 764 the right part of each block. Note
that each block contains the history of the previous section. The
terms 'Lowermost,, 'Middle', 'Upper' and 'Uppermost Rhaetian’
indicate four different parts of the Wombat Plateau Rhaetian. Note
that they are not real time units! For detailed explanation, see text.
Member 1: Rhaetian transgression, reflected by the Tower' Rhaetian
marl/limestone alternations of Site 761. First reef development in
Site 764 (calcisponges) and Site 761 (corallinaceans).

Member 2: Site 764: progressive reef development; Site 761:
restricted depositional setting with intensive bioturbation.
Member 3: Reefs are of minor importance. Restricted,
lagoonal platform with Megalodon- and Triasina-bearing
foraminiferal pack- to grainstones.

Member 4: After the drowning of the platform
deposition of crinoidal limestones with brachiopod

shells and sponge spicules.

Member 5: Differentiation of the Wombat

Plateau area into swells and basinal envi-

ronments as documented by Jurassic dredge

samples (ROHL et al., in press).
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stones of Site 760 indicate better ventilated areas than those
of Site 759. The calcareous algae dominated facies with
oolites consists of codiacean float- and grainstones (MFT
20), dasycladacean grainstones (MFT 9) coated grain
grainstones (MFT 16), and subordinate skeletal wacke- and
floatstones with codiaceans (MFT 12 and 13). The oolitic-
oncolitic-dominated facies contains coated grain grainstones
(MFT 16), oolitic grainstones (MFT 17), and oncolitic
grainsiones (MFT 18). In Site 759, the oncolitic grainstones
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interfinger with dolomitic mudstones. In both drillsites we
observeda characieristic skeletal wacke- 1o floatstone (Cores
122-759B-13R and 122-760B-14R) with large coral frag-
ments (MFT 14). The oolitic/algal-stromatolitic facies of the
third limestone group includes from bottom to top skeletal to
oolitic grainstone (MFT 17 and 22), dolomitic wackestone,
and quartz-bearing oolitic grainstone (MFT 17).

The limestones in the fluviodeliaic 10 marginal marine
Carnian and Norian series are intercalated between thin and
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evenly laminated siltstones. Some limestones are inter-
preted as allochthonous storm deposits (tempestites), re-
worked from nearby shallow-water carbonates. Autoch-
thonous or parautochthonous carbonate sands are deposited
inrestricted areas within interdistributary bays as migrating
sand waves. Alternatively, these sands might have formed
onthe top of barrier island arcs in frontof an abandoned delta
lobe with the developmentof spits, tidal inlets, and subaerially
exposed sand bars. Similar facies relationships were ob-
served in modern carbonate environments of the Bahamas
(Tucker & WRIGHT 1990).

Fig. 13 summarizes the evolution of the Wombat Plateau
area during Carnian and Norian times in six time slices. The
members characterize time slices. Member 1 to 3 reflect the
Carnian history, member 4 to 6 the Norian history. Member
1 represents the calcareous algae-dominated facies with
oolites of the lowermost Carnian section in Sites 759 and
760. Biogenic allochems were swepted together on inner
shelf shoals. In restricted areas calcisponge patch-reefs
developed. The predominant ‘normal’ sediments consist of
siliciclastic silt- and claystones, deposited in a prodelta
environment.

The transition of Member 1 to Member 2 reflects the
increasing regressive trend. The shoals had water depths
close to sea level, and oolites were deposited. Several
carbonate intercalations occur within the siliciclastic clay-/
siltstone sequence. We interprete them as onshore storm
depositsorasresults of backflow. Within intradeltaic lagoons
calcisponge patch-reefs and dasycladaceans florished. Pha-
se 2 characterizes the oolitic/oncolitic dominated facies of
the Carnian.

Member 3 showstidal flats, where algal laminites occur.
General the fluviodeltaic environment moved closer to the
Wombat Plateau Sites. The amount of intercalated limestones
decreased.

During a ‘rifting event’, the sea floor relief and the
relative sea-level increased (Member 4), resulting in a con-
spicuous input of coarse siliciclastics and volcanic rock
fragments (heterogeneous ‘rift conglomerate’, Fig. 14).

During Member 5 we observe a renewed balance of

Reef development

sediment buildup with the rising sea-level: oolitic shoals,
interdistributary bays with tidal flats occurred again. Fi-
nally, regression transformed the area into a non-marine to
lagoonal environment with coal swamps, paleosols etc.
(Member 6).

4.3.2 Rhaetian evolution

Changes of the paleolatitude of the Wombat Plateau area
by latitudinal plate-tectonic movements, as derived from
paleomagnetic analysis played a major role in the regional
facies development (voN RaD et al., in press).

In Fig. 15 we tried to sketch the spatial relationship
between Sites 761 and 764 during Rhaetian/early Liassic(?)
times in five time slices. The terms ‘Lowermost’, ‘Middle’,
‘Upper’ and ‘Uppermost Rhaetian’ are chosen to indicate
four different parts of the Wombat Plateau Rhaetian. They
are not real time units! We used the correlation of the sites
described above. In Member 1 (‘Lowermost’ Rhaetian to
lower ‘Middle’ Rhaetian, Fig. 15) sedimentation is charac-
terized by open-marine shelf marl/limestone alternations
(Site 761). These alternations were caused by periodic
changesofterrigenous supply or energy (storm/fair weather)
conditions. In the area of Site 764 the first reef development
(‘catch-up’, Member 2) followed an oolitic shoal phase
(Member 1). Multichannel seismic stratigraphic studies by
WiLLIAMSON (1990) suggest that the position of reefal build-
ups s related to elevated fault blocks in the underlying beds.
The slim shape of the reef structures recognized in the
seismicreflectionlines across WombatPlateau (WILLIAMSON
et al., 1989) may indicate rapid growth of the reef-related
organisms, which tried tobalance therising sea level (Member
2/3). This represents the typical situation of a ‘keep-up
carbonate system’ (KeNDALL & SCHLAGER, 1981; ScATURO et
al., 1989).

A schematic diagram of reef development asrepresented
in the lower part of Site 764 (Core 122-764B — 30R to 27R)
isshown in Fig. 16. This section is 45 m thick. On randomly
distributed bioclastic accumulations (‘basal pile’) we found
oolitic shoals (‘stabilization stage’). ‘Normal’ oolites occur

coral reef

1648-28/21R1 ~
I

N
calcisponge/hydrozoan reef
(7648-29/28R)

oolite shoal
{7648-30R)

bioclastic accumulation

<= drowning surface
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Fig. 16. Schematic sketch of the typical reef development as represented in Site 764 (Core 122-764-3@R 1o -27R, ca. 45 m; cf. WALKER

& ALBERSTADT, 1975).



only in the lower part of the Site 764 (Core 122-764B-30R),
where reef development had not yet started to shelter the
lagoon from the open sea. Calcisponges and hydrozoans
formed the first patch reefs that interfinger with skeletal
pack-to floatstones. In the ‘diversification stage’ different
corals, calcareousalgae, serpulids, bryozoaand echinoderms
could be added. In the ‘domination stage” Retiophyllia and
Astraeomorpha- type corals predominate. This stage is
capped during the next sea-level rise (TS T, ‘drowing surface’,
‘give-up’ situation).

The biolithite facies of the central reef areas consists of
several microfacies types. Like many fossil and recentreefal
series, it shows a characteristic association of several
microfacies types. In the Rhaetian of the Wombat Plateau,
ostracode-rich (MFT 5), echinoderm-rich (MFT 6), and
foraminifer-rich limestones (MFT 3, MFT 8, MFT 15) are
intercalated between the individual reef structures. The
reefalfaciesis characterized by boundstones with Retiophyllia
and Astraeomorpha-type corals, calcisponges and hydro-
zoans (MFT 24 and MFT 25). Partly stromatolitic lime-
stones (MET 23) occur. Peloidal pack- to grainstones (MFT
9 and MFT 21) are typical fillings of reef-growth cavities.

The grapestone/oncoid facies of the uppermost, mostly
leeward reef slope is made up of skeletal grainstone to
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packstone (MFT 10), and coated-grain grainsione (MFT
16).

The lagoonal area is characterized by restricted condi-
tions, created by barriers formed by the reef development.
Site 761 shows the development of calcisponge patch reefs
and corallinacean buildups. During the deposition of the
‘middle’ Rhaetian Member 2 the reefal facies continued in
the area of Site 764 (MFT 14,7, 10). The area of Site 761 was
dominated by marl/limestone alternations. Biogenic
allochems and bioturbation indicate a more restricted intra-
shelf lagoon setting (MFT 1, 6, 13), if than during the
deposition of the marl/limestones cycles of the ‘Lower
Rhaetian’ (Member 1; MFT 1,6, 13). Analgal-foraminiferal-
detritus facies was deposited in a lower reef slope to lagoon
setting. It shows a wide variety of microfacies types (MFT
15 to MFT 7) with reef debris (coral and sponge fragments,
larger mollusc shells) decreasing towards the lagoonal en-
vironment.

The ‘upper’ Rhaetian Member 3 was on the one hand
characterized by the dominance of grapestone or foramini-
feral-algal facies (Site 764); on the other hand, Site 761
developed regressive cycles from lagoonal foraminifer- and
Megalodon-bearing wackestone (shallow subtidal) to algal
bindstone.
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Fig. 17. A: Distribution of the foraminifers in Sites 761 and 764. B: Association of Aulotortidae and Gandinellasp. with other foraminifers
in Site 761. C: Association of Triasina hantkeni with Galeanella spp. in Site 764.
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In the upper part of the Rhaetian of both sites we found
a dominance of the mud/foraminifers facies, characterized
by an increase of foraminiferal genera and species (espe-
cially of Triasina hantkeni Maizon). Besides peloids and
foraminifersin the mud-dominated foraminiferal-mudfacies
small pelecypod fragments occur. Bioturbation is more
common in this member. Even a few quartz grain may be
present. In Fig. 5 distinct groups of foraminifers (Nodo-
sariidae, Triasina, Aulotortus, Glomospirella, Duostominidae
and encrusting foraminifers) and the other biogenic and
abiogenic allochems are plotted against the lithological
column. SCHAFER & SENOWBARI-DARYAN (1981) subdivide
the facies zones according to different associations of
foraminifer groups (their Fig. 6). Their results agree very
well with the distribution of foraminifers in the Rhaetian of
the Wombat Plateau. The upward increase of the amount and
diversity of foraminifers in Site 764 reflects the replacement
of the biolithite facies (Member 2) by the grapestone/reefal-
debris facies (Member 3), and then by the algal-foraminiferal
facies (Member 4).

The ‘uppermost’ Rhaetian transgressive pulse (TST)
results in renewed sedimentation of marl/limestone alter-
nations at Site 764 (Member 4) that includes crinoids,
brachiopod shells, and some sponge spicules. The upper-
most block in Fig. 15 represents the relatively deeper water
crinoidal sands, which we observed only in dredge samples
(KRisTAN-TOLLMANN & GRAMANN in press, QuiLTy, 1990).
These sediments may be of Rhaeto-Liassic age and docu-
ment the structuring of the carbonate platform into swells
and basinal areas (voN Rapetal., 1990, Romw et al., in press).

In summary, we propose continuing uniform tectonic
subsidence during Member 1-3 of the Rhaetian, which
resulted in a slow relative sea level rise. The reefal facies
shows first ‘catch-up’ deposits grading into ‘keep-up’ cyclic
deposits (cf. Scaturo et al., 1989; KENDALL & SCHLAGER,
1981). Rapid regression at the ‘211 Ma’ $B, followed by the
transgression (TST, S5) killed the reefal facies (‘give-up’)
and ended the buildup of reefal carbonates (KENDALL &
ScHLAGER 1981) during latest Rhaetian times.

Using a sequence-stratigraphic approach (Sara, 1988),
the Rhaetian sequence of the Wombat Plateau can be de-
scribed as a sequence (S4) starting with a ‘transgressive
systems tract’ (‘lower’ Rhaetian) to a ‘highstand systems
tract’ (lagoonal and reefal facies of the Upper Rhaetian). A
SB is overlain by the next sequence (S3) starting with a
‘transgressive systems tract’ (uppermost Rhaetian).

5 MICROFAUNAL ANALYSIS

The stratigraphic distribution of the Triassic foraminifers
has been studied in ODP Sites 761 and 764 (ZANINETTI et al.,
in press). On the basis of the Aulotortidae (Triasininae), the
sediments of the lower portion can be regarded as upper
Norian (Triasina oberhauseri Biozone) and as Rhaetian
(Triasina hantkeni Biozone) for those of the upper portion,
up to the contact with the post-rift series (Cretaceous to
Holocene).

According to the foraminifers, the Triassic section can
be subdivided into three intervals.

5.1 Foraminiferal biostratigraphy of Site 761

1. In the basal interval (Cores 122-761-32R to 30R, Fig. 17
A), the foraminifers are mainly represented by Aulotortidae,
(Triasininae and Aulotortinae) commonly associated with
Duostominidae(Fig. 17 B). The identified speciesare Triasina
oberhauseri (P1. 62/3), which we consider of upper Norian
age (Triasina oberhauseri Biozone), and several repre-
sentatives of the genus Aulotortus (Aulotortus communis,
Aulotortusex gr. sinuosus, Aulotortusfriedli,and Aulotortus
spp.). The palynological results of BRENNER (in press) give
Norian ages only for the lowermost core (122B-761-33R) of
Site 761.

2. The intermediate interval (Cores 122-761-26R to 24R,
Fig. 17 A) is characterized by a marked change in the
microfaunal association. The Aulotortidae are either rare or
completely absent. The diagnostic foraminifers are *Tetra-
taxis’, Duotaxis birmanica (see BRONNIMANN et al., 1975)
(PL. 62/16), and Ophthalmidium spp.. These species are as-
sociated with Lituolidae?, ‘Trochamminidae’, Textulari-
idae?, and Endothyridae. Duostominidae, probably repre-
sented by different genera, which are notidentifiable in thin-
sections, are common in this interval. The stratigraphic
position of this intermediate interval between cores contain-
ing Triasina oberhauseri (Interval 1) and cores containing
Triasina hantkeni places it in the Upper Norian to Lower
Rhaetian.

3. The upperinterval (Cores 122-761-23R to 11R; Fig. 17 A)
is characterized by a rich and varied microfauna. Triasina
hantkeni is common (Pl. 62/1-2), and the main species of
Aulotortus have been recorded (Aulotortus communis,
Aulotortus friedli, Aulotortus ex gr. sinuosus, Aulotortus
impressus, Aulotortus tumidus, Aulotortus spp.; P1. 62/7, 8,
10). Rare Auloconus permodiscoides, Glomospirella spp.,
Gandinellafalsofriedli (SarLaretal., 1983, Gandinella? sp.),
are associated with Lituolidae, ‘Trochamminidae’, Duo-
stominidae and Nodosariidae (Fig. 17 A).

5.2 Foramininferal biostratigraphy of Site 764

As in Site 761, Site 764 contains also cores with abun-
dant Aulotortidae. They alternate with cores in which only
smaller foraminifers occur. These alternations, however, are
less obvious than in Site 761 (Fig. 17 C). In both sites they
are due to the variation in carbonate content: in limestones
Aulotortidae (Aulotortus spp., Auloconus permodiscoides)
are predominant, and in less carbonate-rich rocks smaller
foraminifers. Site 764 is also characterized by the appearance
of Galeanella? laticarinata, associated with ‘Tetrataxis’,
Duotaxis birmanica, Ophthalmidium spp. and by Duostom-
inidae and Nodosariidae.

1. In Site 764, the following intervals can be distinguished:
The occurrence of Triasina oberhauseri in Core 122-764-
31R to 27R suggests an upper Norian age, or lower Rhaetian
asthe stratigraphic range of Triasina oberhauseriis not well
established. Aulotorzus spp. and Duostominidae, occasion-
ally associated with Planinvoluta carinata, also occur.
Palynological investigations by BRENNER (in press) and
BrenNER et al. (in press), however, found only Rhaetian



palynomorphs (especially the dinoflagellate Rhaetogony-
anlax) in this interval. These results lead to the assumption
that the lowermost section of Site 764 is Rhaetian, age which
has to be applied also to the foraminifers.

2. The intermediate interval, which extends from Core 122-
764-26R to 21R (Fig. 17 A), is characterized by smaller
foraminifers. These are represented by Nodosariidae,
Ataxophragmiidac?, Duostominidae, ‘Trochamminidae’,
Miliolidae?, Tetrataxis’ sp., Duotaxis birmanica, Oph-
thalmidiumspp., Gandinellafalsofriedliand by Galeanella?
laticarinata, which first appears in Core 122-764-24R (PL.
62/17, 18; Fig. 17 A). The age of this intermediate interval
cannot be precisely established, it is (upper Norian ? (o)
Iower Rhaetian.

3. The upper interval extends from Core 122-764-20R to 4R
(Fig. 17 A). This interval is dominated by the Anlotortidae
Aulotortus sinuosus, Aulotortus communis, Aulotortus spp.,
Auloconus permodiscoides, and Triasina hantkeni.

The Aulotortidae often occur together with Nodosariidae,
Duostominidae (Pl. 62/14, 15), and particularly with Gan-
dinella falsofriedli (P1. 62/5, 6) and Galeanella sp. aff. G.
panticae. Interruptions inthe vertical distribution of Triasina
hantkeni and sometimes also of Aulotortus spp. and Aulotortus
permodiscoides are characterized by the presence of smaller
foraminifers with microgranular or porcelaneous walls. These
include ‘Trochamminidae’, Endothyridae, small miliolids,
“Tetrataxis’ inflata, Duotaxis birmanica, Ophthalmidium
Spp., Planiinvoluta carinata, Planiinvoluta? irregularis,and
Galeanella? laticarinata (Pl. 62/12,13, 19). At the top of the
Rhaetian of Site 764, we observe the first occurrence of
Trocholina sp.. A doubtful form, tentatively placed into
Semiinvoluta , is also present at this level.

5.3 Micropaleontological comparison between Sites
761 and 764

The microfaunal analysis shows similarities between the
two sites, with the predominance of the Aulotortidae at the
base and, particularly, at the top of the sections. Duostom-
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inidae and Nodosariidae occur in both sites. They are,
however, more common in Site 764. Also the group
Tetrataxis' - Duotaxis, and especially Miliolina, repre-
sented in Site 761 only by Ophthalmidium spp., are more
common in Site 764. Galeanella? and Planiinvoluta were
observed in Site 761. This is perhaps an indication of a more
external reefal sedimentation in Site 764, We further ob-
serve in Site 764 a regular alternation of cores with Triasina
hantkeni and cores with Galeanella? laticarinata (Fig. 17
C). This clearly indicates that these species are restricted to
paleoecologically different environments. Apparently
Triasina hantkeni occurs in more quiet muddy suben-
vironments of the reefal platform, whereas Galeanella? la-
ticarinata appears to be restricted to the bioconstructions
itself or.to their immediate vicinity.

5.4 Micropaleontological comparison with other
Triassic Tethyan localities

The Northwestern Australian Triassic foraminiferal
fauna shows the closest affinity with that of the Indonesian
locality of Seram (AL-SualBiAN et al 1984).

The more important species of the Rhaetian of Seram are
Triasina hantkeni, which is abundant, several species of
Aulotortus, then Duostominidae, and “Trochamminidae’.
Other species also occur, which are biostratigraphically
significant, but up to now less often recorded in the Upper
Triassicof the Tethys; they are ‘Tetrataxis” inflata, Duotaxis
birmanica, which was originally recorded in the Upper
Triassic of Burma, and especially Galeanella? laticarinata.
This species was first described from Seram (AL-SHAIBANI
etal., 1983) and seems to be paleogeographically restricted
to the eastern Tethys. In fact, the occurrence of the species,
though mentioned in Sicily (o1 STEFANO etal., 1990) remains
doubtful in the Alps and Western Tethys.

Obviously the micropaleontological similarities between
the Indonesian and Australian localities should be supported
by further stratigraphic information in order to establish the
paleogeography of the Upper Triassic carbonate platforms
in the eastern Tethys. However, the presence of Triasina
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hantkeni permits to identify at least a Rhaetian interval in
both localities. The characteristic species, Galeanella?
laticarinata, considered of Norian-Rhaetian age in the type
locality of Seram, also occurs in the upper interval of Site
764 containing Triasina hantkeni. This suggests a Rhaetian
age for Galeanella? laticarinata in the Wombat Plateau, as
well as probably in the Upper Triassic locality of Seram.

There is also a certain resemblance between the mi-
crofaunas from Sites 761 and 764 with those of Upper
Triassic age of the Caucasus (EFiMova, 1974, 1975), at least
as far as Aulotortus spp., Auloconus, ‘Tetrataxis’, Oph-
thalmidium, ‘Trochaminidae’.

Duostominidae, and Nodosariidae are concerned. In this
area however Triasina hantkeni seems to be absent. Also the
Rhaetian of New Guinea (KrisTAN-ToLLMANN, 1986) con-
tains microfaunas that, in part, can be compared with those
from Northwest Australia. Also in this locality the Aulo-
tortidae and the Glomospirellae predominate.

The microfaunas of the Wombat Plateau are also related
with those from the Upper Triassic of China (He Yan & Hu
LaNYING, 1977; HE Y AN, 1982), as shown by the occurrence
in the Chinese localities of “Trochamminidae’, ‘Tetrataxis’,
Glomospirella, Aulotortus spp., Duostominidae, and Nod-
osariidae. As far as the distribution of Triasina hantkeni in
the eastern Tethys is concerned, the species has also been
described in China (He Yan, 1980) and in the Philippines
Islands (FoNTAINE et al., 1979; see also AL-SHAIBANI et al.,
1982).

In contrast to the above listed localities, the microfaunas
described by HEatn & AprHorpE (1986) from the Lower?
and Middle Triassic of the Australian Northwest Shelf,
dominated by the Nodosariidae, differ strongly from those
of the Wombat Plateau. In our opinion, they show in their
overhauled morphology more of a Jurassic (Cretaceous?)
than a Triassic aspect.

There are significant differences between the Upper
Triassic foraminifers from the shallow carbonate platform
drilled in ODP Sites 761 and 764 and the Upper Triassic
(probably Rhaetian) foraminifers dredged from the northern
escarpments of Wombat Plateau and northern Exmouth
Plateau, (Kristan-ToLLMANN & GRAMANN, in press). The
dredge samples contain rare Aulotortidae (‘Glomospirella’
friedli (= Aulotortus friedli)) and abundant Involutinidae
(Involutina liassica, Involutina turgida, Trochalina turris,
Trocholina crassa, Coronipora austriaca). This suggests a
deeper sedimentary environment for these dredge samples
ranging, according to the paleoecology of the Involutinidae
inthe Alps, from outer shelf or below (see also PiLLER, 1978),
whereas the foraminiferal assemblages of ODP Sites 761
and 764 a comparatively shallow environment.

5.5 Paleoecological and stratigraphical conclusions
5.5.1 Paleoecology

The stratigraphical alternation between Aulotortidae
(Aulotortus, Auloconus, Triasina) and smaller foraminifers
(Duotaxis, ‘Tetrataxis' ,“Trochamminidae’, Ophthalmidium)
is characteristic for a reefal platform. This environment can,
however, be differentiated into an inner zone (lagoon to

patch reef) with abundant Aulotortidae, and a more external
zone (patch reef to outer shelf) with small microgranular or
porcelaneous foraminifers (Fig. 17 C). The occurrence of
Galeanella? laticarinata, in several cores of Site 764, places
this site in a more reefal (external) environment whereas
abundant Aulotortidae in Site 761 indicate alagoonal facies.

5.5.2 Stratigraphy

On the basis of Triasina oberhauseri and Triasina
hantkeni, the samples examined from Site 761 are of upper
Norian/(or lower Rhaetian) to Rhaetian age. Triasina
oberhauseri has been reported from various Norian locali-
ties of the western Tethys (KOEN-ZANINETTI & BRONNIMANN,
1968; BRONNIMANN et al., 1970; ABATE et al., 1984). But this
species could extend into the lower Rhaetian, according to
the palynological, nannoplankton and ostracode results
(BRENNER et al., in press). Throughout the Tethyan realm,
Triasina hantkeni defines the Rhaetian Triasina hantkeni
Biozone (Gazpzickietal., 1979; Gazpzickt, 1983; Gazpzickr
&RED 1983; ABATE, ClarAPICA & ZANINETTI, 1984; VACHARD
& FoNTAINE, 1988).

6 COMPARISON WITH THE TRIASSIC OF THE
WESTERN TETHYS (WESTERN EUROPE)

The Triassic and early Jurassic series of the Wombatand
Exmouth Plateaus show many similarities with the series of
western Europe, despite their different geodynamic setting.
Considering the distance between these two localities during
late Triassic times, some of the similarities between these
two types of serics can be explained by the influence of
global events.

6.1 Microfacies evolution

The microfacies types of the Rhaetian in Sites 761 and
764 can be combined in characteristic facies associations
(Figs. 5 and 8). Biolithite facies, oncoid-grapestone facies,
calcareousalgae-foraminifers facies, and detritus mud facies
could be combined to a facies model where they follow each
other from reef to back reef to restricted lagoon (Fig. 8). This
evolution is compatible with facies models for the Rhaetian
of the Northern Calcareous Alps (e.g. PiLLER, 1976; ScHA-
FER, 1979; ScHortr, 1983; SENOWBARI-DARYAN, 1980; STANTON
& FLUGEL, 1989).

The distribution of microfacies types at Site 764 (Sec-
tion 4.3; Fig. 16) can be compared with those of the ‘Ober-
rhitriffkalk’ (upper Rhaetian reefal limestone; FaBricius,
1974; StantoN & FLUGEL, 1989) or the ‘Dachsteinriffkalk’
(Dachstein reef limestone; ZANKL, 1971) of the Northern
Calcareous Alps (Fig. 18). Site 761 reflects the lagoonal
facies of the ‘gebankter Dachsteinkalk’ (bedded Dachstein
limestone; PILLER 1976), whose cycles are similar to the well
known regressive cycles of BRANDNER (1984).

6.2 Facies similarities

The Carnian-Norian facies of the Wombat Plateau
(deltaics with coal seams and minor carbonates) are different
from those of western Europe (piedmont siliciclastics, playa



and sebkha type deposits with thick carbonate or evaporitic
sequences), because of the higher (southern) paleolatitude
of the Wombat Plateau and its more humid climates during
the late Triassic. But towards the end of the late Triassic, the
carbonate productivity and the development of reefs in-
creased, possibly in connection with the northward drift of
eastern Gondwana (GRADSTEIN & VON RAD, in press, QGG et
al., in press). Therefore the Rhaetian facies of the Wombat
Plateau is more similar to that of western Europe, especially
in the Northern Calcareous Alps (Eastern Alps; Fig. 18). The
marl/limestone alternations of the lower part of the Rhaetian
sequence S4 at Sites 761 and 764 can be compared to the
‘Kossen facies’ (limestones and marly shales), which are
also found in the lower part of the Rhaetian of the Alps. They
are the same lithologies (marl-/limestone alternations) with
comparable microfacies types (mudstones, wackestones,
floatstones with echinoderm fragments and fine-grained
bioclastic debris), which indicate similar environments in a
broad shallow seaon a platform (cf. STanTON & FLUGEL, 1989:
Pls. 2, 3). The carbonate facies of Site 761 and the reefal
carbonates of Site 764 (S4) show similarities to the ‘Gebank-
ter Dachsteinkalk’ (bedded Dachstein limestone), and to the
‘Oberrhiitkalk’ (upper Rhaetian limestone) facies of the
Northern Calcareous Alps, respectively (Fig. 18). In addi-
tion to general trends, e.g., the regressive cycles from the
bioturbated wackestones to algal bindstones described by
BRANDNER (1984), we found similar to identical microfacies
types (coral and calcisponge floatstone and boundstone,
foraminiferal wackestone to packstone) and fauna (foram-
inifers, corals, sponges; cf. SCHAFER & SENOWBARI-DARYAN,
1981: Table 1, Figs. 2, 3 and 6). The overlying foraminiferal
and crinoidal limestones of sequence S5 correspond to the
“Zlambachbeds’. This transgressive facies of (late ?) Rhaetian
age represent the ‘Adneter Wende’ of the Western Tethys.
In the Western Alps and in the Southern Alps, where the
Rhaetian series are more restricted and more distant from the
late Triassic shelf edge and the open marine areas, one can
still observe a terrigenous-rich, more marmic !awer part, and
a carbonate-dominated upper part in which patch-reefs and
tidal-flats are developed (Luarpi, 1983; Dumont, 1988;
Accorpi, 1976; THERY ET AL., 1989). These are more similar
to those of Site 761. The thickness of the Alpine Rhaetian
sequences is also comparable to that of the Australian
sequences (one or two hundred meters), except in the Lom-
bardy graben (one kilometer; MaseTTI et al., 1989).

6.3 Sequence evolution

An outline of the Triassic series of the Western Alps
(after MEGARD-GALLI & FAURE, 1988) is given in Fig. 11A.

During the middle Triassic (Anisian-Ladinian) the Alpi-
ne series are characterized by major transgressions resulting
in the most marine environments. At the Australian margin,
these beds were not drilled during the Leg 122, but a similar
conclusion is given by Kirk (1985), based upon seismic and
well data : the middle Triassic marine Locker Shale forma-
tion overlies a prominent lower Triassic angular un-
conformity, and consists of prodelta shales with interbedded
delta front turbidites. The overlying Mungaroo Formation is
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non-marine to marginal-marine (regressive).

A marked regression occurred in the uppermost Ladinian-
lower Carnian of the Alpine series, which led to the wide-
spread development of evaporites (e.g., Raibl beds). This
regression is consistent with the latest Ladinian major sea-
level fall of the Hag et al. (1987) cycle chart (Fig. 11B). Itis
overlain in the western Alps by three sedimentary cycles
(cyclesIV, Vand VI, Fig. 11A; after MEGarD-GaLLI & BAuD,
1977) which are roughly of Carnian, Norian and Rhaetian
age. Cycle IV (Carnian in part) shows thickness and facies
variations and is characterized by synsedimentary tectonics
(MEGARD-GALLI & FAURE, 1988). 1t is likely that, as in the
Wombat Plateau area, the eustatic signal has been strongly
altered by extensional tectonics. This precludes a detailed
comparison.

Cycle V (Norian, the ‘Hauptdolomit®) is made of a thick
and widespread pile of intertidal to supratidal sequences
(‘Lofer cyclothems’) with very little facies change. Its top is
regressive. It seals the paleotopography and the structures
produced by the Carnian tectonic pulses, and it accomodates
the regular tectonic subsidence of the European plaiform.
The Norian deltaic sequence of the Wombat Plateau (se-
quences 52, in part, and S3) is also much less disturbed by
extensional tectonics than the Carnian one (Fig. 9). It shows
more homogeneous, regressive facies, These facies are
different from those of the Alpine Cycle V, but they have
roughly the same significance regarding relative sea-level
changes: they may both reflect the 224 MA/215 MA global,
third-order sequence of the Haq et al. (1987) cycle chart
(Fig. 11). However, the S2/S3 sequence boundary observed
in the Wombat Plateau area the (‘220 Ma’ SB of von Rabp et
al., in press) is not identified in the western European series,
and may have been produced by local tectonics.

The Norian Rhaetian sequence boundary is wellidentified
both in the Wombat Plateau area, in Western Europe, and in
other areas such as Canadian Arctic (EMBry, 1988). Thus it
islikely to represent a global event, which is consistent with
the 215 MA sequence boundary of the Haget al. (1987) chart.
In Western Europe, this SB is generally not a distinct
unconformity, but a gradual transition of the regressive top
(late HST) of the ‘Hauptdolomit’ formation and the trans-
gressive base (TST) of the Rhaetian formation (Fig. 12A).
No lowstand wedge or shelf margin wedge have been
evidenced in the Western Alps. There is no lowstand sys-
tems tract (LST) between the SB and the TST in the Western
Alps and at the Wombat Plateau, since the tops of carbonate
platforms typically lack lowstand wedges (they can only be
found off-banks).

Fig. 12A shows an example of the Rhaetian series in the
Western Alpine internal nappes (after Dumonr, 1984, and
unpublished data), which shows this gradual transgressive
evolution (TST; 0 m to 60 m on Fig. 12A). This terrigenous-
rich interval is overlain by aregressive carbonate wedge (60
m to 140 m) which contains Triasina hantkeni Marzon
(DumMonT& ZANINETTI, 1985; ZANINETTI et al., 1986). Inside
this carbonate wedge we found a thin transgressive interval
(97 m 10 107 m on Fig. 12A) which contains small syn-
sedimentary faults (Dumont, 1984). Two possible sequence
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interpretations are proposed in Fig. 12 :

(1) the 97 m/107 m transgression is due to a local tectonic
event, and the next SB is placed at the top of the carbonate
wedge (140 m.). This SB isbetween Rhaetian and Hettangian
beds.

(2) the 97 m/107 m. transgression is the base of a TST, and
the SB should be placed inside the carbonate wedge (97 m).
This SBisoverlain by Rhaetian beds with Triasina hantkeni.

Interpretation (2) is consistent with the Haqetal. (1987)
cycle chart, after which the 211 Ma sequence boundary is
intra-Rhaetian (Fig. 11; Fig. 12). Itisalso consistent with the
resultsof the Leg 122 which found a SB inside the uppermost
Rhaetian beds (S4/S5; Fig. 12). Thus this latter SB is a good
candidate for representing a global eustatic event (the ‘211
Ma’ sequence boundary of the chart), but this has to be
confirmed by more accurate paleontological data at several
other localities in the Tethyan realm.

6.4 Syn-rift and post-rift tectonics
(late Triassic-middle Jurassic)

The tectonic behaviour of the Northwestern Australian
margin shows some unexpected similarities and some dif-
ferences with western Europe.

(1) Carnian tectonics

Anoverview of the Alpine Triassic sequencesis givenin
Fig. 19: the mostimportant synsedimentary faults and slumps
are found in the Carnian sequence (cycle IV, after MEGARD-
GaLLr & Faurg, 1988). Moreover, the Carnian coincides
with a major change in the distribution of tectonic subsid-
ence, as shown in Fig. 19B: in the Ligurian Alps, in the
central Western Alps and in the Prealps, the pre-Carnian
sequences (cycles I, Il and II) are generally present (except
if an décollement has truncated the series above them),
whereas the thickness of the post-Carnian sequences (cycle
V) varies from O to 800 m. This is probably a consequence
of thelate Ladinian-Carnian ‘tectonic crisis’ (MEGARD-GALLI
& Baup, 1977) which is also well expressed in the southern
Alps (BoseLLmv et al., 1982). A similar tectonic crisis affected
the Wombat Plateau area during Carnian times, as shown by
the interpreted seismic profile (Fig. 19C).

(2) Rift volcanics at the Triassic/Jurassic boundary

A short-lived volcanic event occurred in western Europe
around the Triassic/Jurassic boundary (DUMONT, in press).
Lava flows or ashes are interbedded in some Rhaetian-
Hettangian series of the western Alps, Pyrenees, northern
and southern Spain. They are contemporaneous with the
well-known rift volcanism of Morocco and of the eastern
coast of Northern America (MaNserEiZER, 1988). Rift
volcanics of the same age were dredged on the Wombat
Plateau (213 Ma and 190-206 Ma: voN RAD & Exon, 1983)
and some were drilled at the Scott Plateau, located to the NE
of the Wombat Plateau (Hettangian; Bint, 1988 and pers.
com.).

(3) Birth of marginal plateaus
A rim of non-subsiding or uplifted marginal plateaus

developed along the European Tethyan margin soon after
the Triassic (the so-called ‘Briangonnais’ domain). During
Liassic times, deep and strongly subsiding basins formed
between the marginal plateaus and the European continent
(LEMOINE et al., 1986). At the Australian margin (BARBER,
1988; ExoN et al., 1982), major tectonic events occurred in
the earliest Jurassic, when the margin was split into a rim of
marginal plateaus with a thick Triassic and a thin Jurassic
cover on one hand (Exmouth, Wombat, Scott), and several
broad nearshore grabens with thick Triassic and Jurassic
series on the other hand (Barrow-Dampier basins).

1t is surprising to find such a similar tectonic and geo-
dynamic behaviour at two continental margins which were
so far apart. This suggests that not only eustasy, but also
tectonic events may have been globally synchronous (and
perhaps linked with eustasy). Global unconformities and
third-order depositional sequences may have been influenced
by global tectonic events. These features might be explained
by the intraplate stress model of CroerngH (1986) and
CLOETINGH et al. (in press).

(4) Callovian/Oxfordian extensional block-tectonics

A major block-faulting event occurred at Exmouth Plateau
during mid-Jurassic (probably Callovian) times. At Wombat
Plateau this ‘late-rift’ tectonic eventcaused the downwarping
of the Wombat Halfgraben (south of the plateau; Fig. 2) and
the upliftand subaerial erosion of the Wombat Plateau horst.
This resulted in the formation of the conspicuous ‘post-rift
unconformity’ (voN Rap et al., in press). There is clear
evidence of substantial erosional truncation of the uppermost
Rhaetian strata between Sites 761 and 764 in high-resolution
seismic profiles (WILLIAMSON in press). This seismic and
regional geological evidence for post-Rhaetian uplift and
subaerial erosion is supplemented by the evidence of post-
depositional, late-diagenetic fresh-water overprinting of the
Rhaetian carbonates (RoHL et al., in press), and by the com-
position of the lower Neocomian transgressive sand overly-
ing the PRU in Site 761 (voN Rap & THUROW, in press). An
alternative interpretation by SARTI (in press) suggests that
Wombat Plateau did not experience any tectonic uplift or
subaerial erosion in Jurassic times, but underwent slow
subsidence, condensation or non-deposition on a sediment-
starved, drowned carbonate platform. Because of the evi-
dence discussed above, we cannot follow this interpretation.
The postulated major mid-Jurassic block-tectonic event was
probably of regional importance for NW Australia only.
Elsewhere, e.g. in the Tethys Himalaya (Nepal) or at several
circum-North Atlantic margins, a mid-Callovian to early
Oxfordian hiatus is a marine hiatus, which was caused by a
global (third-order) sea level rise (GRADSTEIN et al., 1989)

7 CONCLUSIONS
7.1 Microfacies and facies model

The Carnian and Norian paleoenvironment is charac-
terized by fluviodeltaic to shallow-marine deposits. The
siliciclastic sediments were derived from Gondwana in the
southeast and distributed by laterally migrating delta lobes.
Several limestone beds are intercalated within the siliciclastic
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; evidence of synsedimentary tectonics in the western Alps is
found in the upper Ladinian to Carnian series (after MEGARD-

sequences. They interrupt the clayey to silty and fine-sandy
background sedimentation. These carbonaies are interpreted
as bioclastic sands (grainstones), algal mats, paich reefs and
storm deposits with reworked bioclasts. The carbonate beds

GaLLt & Faure, 1988). B: In connection with this Camian
tectonics, the Carnian and post-Carnian series (cycles IV and
V) show strong thickness variations in the Ligurian Alps, the
central Western Alps and the Préalps (after MEGARD-GALLI &
Baup, 1977, Baup, 1987, and LuaLpi, 1990). C: The NW
Australian margin was also effected by a major extensional
tectonic event during the Carnian, which was more or less
sealed by the Norian to Rhaetian deposits. Interpretation of
seismic line BMR 56-13, after SHIPBOARD SCENTIFIC ParTY,
1990.

become more abundant up-section, parallel to the shallow-
ing-upward trend. We interpret the limestones as alloch-
thonous accumulations (e.g., storm deposits and bioclastic
sand-shoals) or local autochthonous carbonate buildups in
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Late Triassic ('"Rhaetian') Facies Model
of NE Gondwanan Margin (Wombat Plateau)

commercial
walls

Rhaetian

Norian .
: .'iallu'vla_l

Carnian << plain’

Fig. 20. Generalized facies model for the Wombat Plateau. Sites 759 and 760 represent the fluviodeltaic-dorinated series of the Carnian
and Norian, Sites 761 and 764 the Rhaetian carbonate platform. The time-equivalent Rhaetian series in the area of Sites 759 and 760 that
have been eroded by the Jurassic post-rift unconformity, are assumed to be fluviodeltaic or mixed fluviodeltaic/shallow-water carbonate.
Alternatively, there was no deposition at this location during Jurassic times, due to the northward tilting of the Wombat block and emersion
ofits southern flank. Site 761 reflects the intertidal to shallow-subtidal lagoonal areas. Site 764 reflects the better ventilated subtidal oolite

shoals, reef, and reefal debris areas (modified after RonL et al., in press).

restricted areas without siliciclastic dilution.

The firstrecovery of Rhaetian reefal limestones offshore
NW Australia demonstrated an important link between
casternand western Tethys. Itis also of interest as a potential
hydrocarbon reservoir in areas off NW Australia, where the
Rhaetianreefallimestone which are underlain by hydrocarbon
source rocks of the Mungaroo Formation to accumulate and
preserve gas or oil (WiLLiaMsoN et al., 1989). The develop-
ment of the Rhaetian carbonate platform documents a major
southward transgression of the southern Tethys Sea that took
place during early Rhaetian times. The gradual development
of a carbonate ramp resulted in local algal bindstones and
coral/sponge reefs alternating with lagoonal facies includ-
ing typical molluscs like Megalodon and foraminifers like
Triasina hantkeni.

The distinguished twenty-five microfacies types within
the Carnian to Rhaetian limestones point to carbonate sand
shoal facies, lagoonal facies, and patch reef facies. All
transitions to open marine environments occur in the
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Fig. 1.
759B-11R-1, 12-16 c¢m; scale = 5 mm.

lowermost and uppermost parts of the Rhaetian sites
Ourinterpretation of the different sedimentation areas of
the Upper Triassic (Carnian, Norian, and Rhaetian) on
Wombat Plateau is summarized in Fig, 20. The three-
dimensional facies model shows the fluviodeltaic setting,
the siliciclastic-dominated marine environments, and the
carbonate platform as separate blocks. The Carnian and
Norian sediments of Sites 759 and 760 are deposited in a
deltaic and prodeltaic environment (Fig. 20). ‘Coal measure
sequences’, deltaplain sandstones, siltstonesand fine-grained
sandstone turbidites, and finally calcareous tempestites in-
tercalated with silty claystones. Autochthonous carbonates
were deposited in intra-distributary bays and on tidal flats.
Calcisponge patch reefs flourished in relatively deeper areas
in front of the intra-distributary bays. Coarse-grained car-
bonate sands are more common in the front of delta lobes.
The lagoonal facies of the Rhaetian in Site 761 is dominated
by peloid- and foraminifer-rich wackestones (Fig.20). Algal
laminites occur in the shallower, calcisponge patch-reefs in

Upper Triassic microfacies types of the Wombat Plateau (NW Australia).
Quartz-sandstone with ooids and bioclastic layers (stained by Alizarin-S); Carnian-Norian, sample 122-
Bioturbated wackestone with quartz (MFT 2); Norian, sample 122-760B-8R-3, 82-86 cm; scale = § mm.

Codiacean grainstone (MFT 20) with peloids, ooids, surficial ooids, and oomolds; Norian, sample 122-759B-

Grainstone (MFT 17/22) with surficial ooids, oomolds, echinoderms (crinoids), and gastropods; Carnian-

Fig. 2.
Fig. 3.
19R-CC, 11-13 cm; scale = § mm.
Fig. 4. Algal bindstone (MFT 21); Rhaetian, sample 761B-33X-1, 41-43 cm; scale = S mm
Fig. 5.
Norian, sample 122-760B-15R-1, 59-60 cm; scale 5 mm.
Fig. 6.

Wackestone to floatstone (MFT 7/13) with pelecypods, ostracodes, and rare echinoderm fragments; Rhaetian,

sample 122-761C-22R-1, 53-56 c¢m; scale = § mm.
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the deeper areas of the ramp. The Rhaetian of Site 764 is
dominated by subtidal limestone types, characterized by
reefal facies and associated sediments, whereas several
grainstone types were deposited on nearby shoals.

7.2 Foraminiferal biostratigraphy

The occurrence of Aulotortidae (Aulotortus, Auloconus,
Triasina) and smaller foraminifers (Duotaxis, ‘Tetrataxis’,
‘Trochamminidae’, ‘Ophthalmidium’) characterize a reefal
platform, which can be differentiated into (1) a lagoon to
patch reef environment with abundant Aulotortidae, and (2)
a patch reef to shelf zone with small foraminifers. On the
basis of Triasina oberhauseri and Triasina hantkeni the
samples of Site 761 are of upper Norian to Rhaetian age,
those of Site 764 are of Rhaetian age.

7.3 Sequence stratigraphy and Tethyan connections

The potential of sequence-stratigraphic interpretations
was tested at this very old passsive continental margin in a
mixed clastic-carbonate (Carnian-Norian) and in a pure
carbonate system (Rhaetian). The identification of uncon-
formities (interpreted as sequence boundaries) and the com-
parison of the sequences with those of the Haq et al. (1987)
cycle chart led to the estimation of the major causes for the
development of depositional sequences at the Wombat Pla-
teau.

The Carnian - Norian series were affected by significant
extensional tectonics, as proven by erosional unconformities
and the deposition of conglomeratic layers. The structural
deformation is also shown by seismic evidence. Our inves-
tigations suggest that the eustatic signal within the Carnian
and Norian can still be discerned, although it is mixed with
the tectonic signal. Because of the higher latitude and its
more humid climate, the Carnian - Norian facies of the
‘Wombat Plateau is different from that of western Europe. In
connection with the northward drift of eastern Gondwana to
lower latitudes (about 25-30°S, according to OGG et al., in
press) the carbonate productivity increased during Rhaetian/
Liassic times. The Rhaetian series show only weak evidence
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Fig. 1.

of tectonicinfluence. A good argument in favor of global sea
level fluctuations is the correlation of two SB’s (§3/4, and to
a lesser degree S4/S5) and of the resulting conspicuous
facies changes between the eastern Tethys (NW Australia)
and the western Tethyan outcrops in the western, northern
and eastern Alps. The Norian/Rhaetian boundary correlates
well with a global sequence boundary (‘215 Ma’ after Haq
et al., 1987) which caused the ‘early Rhaetian transgres-
sion’, well known form all over the world. The marl/lime-
stone alternations of the lower part of the Rhaetian sequence
S4 can be compared with the marly ‘Kdssen’ facies. The
upper parts of sequence $4 in Sites 761 and 764 are similar
to the ‘Gebankier Dachsteinkalk’ (bedded Dachstein lime-
stone) and to the ‘Oberrhiitkalk’ (upper Rhaetian limestone)
facies of the Northern Calcareous Alps. The ‘latest Rhaetian
drowning event’ coincides with the worldwide latestRhaetian
sequence boundary (‘211 Ma’ after Haqet al., 1987) thatled
to the Hettangian (early Jurassic) transgression or to the
‘Adneter Wende’ in the Alps.

Our detailed investigations of the upper Triassic series of
the Wombat Plateau show that regional tectonics are less
important for the distribution of sediments and definition of
depositional sequences than eustatism, Correlations of the
Rhaetian series over long distances between the eastern and
western Tethyan realm suggest that sedimentation is mainly
controlled by global sea level changes.
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Upper Triassic microfacies types of the Wombat Plateau (NW Australia).

Codiacean packstone to floatstone (MFT 12), note different preservation of codiacean fragments; large thick-

shelled mollusc fragments, peloids, echinoderm fragments and extraclast consisting of quartz (not stained by
Alizarin-S) - bearing oolitic grainstone (ooids are dolomitized); Carnian-Norian, sample 122-760B-21R-1,

120-123 cm; scale = 5 mm.

Oncolitic grainstone (MFT 18) with quartz, brachiopod fragments and gastropods; Carnian-Norian, sample
Skeletal grainstone (MFT 22) with crinoids, coated grains with Involutinidae-nuclei, pelecypods, and surficial

Sponge/hydrozoan floatstone (MFT 14) sponges and hydrozoans (Disjectopora?) are recrystallized, pelecypods,

Fig. 2.
122-760B-17R-2, 15-17 cm; scale = 5 mm.
Fig. 3.
ooids; Norian, sample 122-760B-9R-2, 38-42 c¢m; scale = 5 mm.
Fig. 4.
crinoids and gastropods; Rhaetian, sample 122-761C-30R-1, 28-31 ¢m; scale = 5 mm,
Fig. 5.

=5 mm.

Quartz-sandstone with large skeletal fragments; base of Rhaetian, sample 122-761C-32R-CC, 1-5 cm; scale
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Upper Triassic Microfacies types of the Wombat Platcau (NW Australia): ooids, peloids, oncoids

Oolitic grainstone with inter- and intraparticle porosity; MFT 17; Rhaetian, sample 122-761C-12R-1, 12-14

Oolitic grainstone, ooids contain dolomitized nuclei, calcitic coatings, and even-rim cement (stained by
Alizarin-S), dolomitized blocky cement; MFT 17, Norian, sample 122-760A-38X-1,6-9 ¢m; scale = 100 um.
Spalling of ooid cortices within oolitic grainstone (MFT 17) signs early compaction; Carnian, sample 122-

Oolitic grainstone, MFT 17, sparitized ooids, oomolds, granular calcite cement; Carnian-Norian, sample 122-
Peloidal grainstone withkeystone vugs, MFT 21; Rhaetian, sample 122-761C-12R-1, 52-55 cm; scale =5 mm.

Fecal pellets within peloidal packstone, MFT 9; Rhaetian, sample 122-761C-12R-1, 8-10 cm; scale = 300 um,
Oncoid of an oncolitic grainstone (MFT 18), irregular concentric micrite layers and spar-filled interstices;
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and coated grains.

Fig. 1.

cm; scale = 300 pm.
Fig. 2.
Fig. 3.

760B-20R-CC, 16-18 cm; scale = 100 pum.
Fig. 4.

760B-15R-1, 23-25 cm; scale = 100 um.
Fig. 5.
Fig. 6.
Fig. 7.

Carnian-Norian, sample 122-760B-17R-2, 15-17 c¢m; scale = 300 um.
Fig. 8.

Micrite coatings surround pelecypod fragments, coated-grain grainstone, MFT 16; Rhaetian, sample 122-31-
CC, 8-12 cm; scale = 300 pum.
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Blue-green algae with typical branching of filaments, even-rim and blocky calcite cement, coated-grain

grainstone (MFT 16); Carnian-Norian, sample 122-760B-15R-1, 59-60 c¢m; scale = 100 pm.
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Fig. 8.

764B-27R-1, 95-99 cm; scale = 100 pm.
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Plate 61 Upper Triassic microfacies types of the Wombat Plateau (NW Australia): calcisponges, corals,
typical foraminifers.

Fig. 1. Coral/calcisponge boundstone (MFT 25) with recrystallized corals (Retiophyllia paraclathrata RONIEWICZ)
and calcisponges; Rhaetian, sample 122-764B-24R-1, 127-129 c¢m; scale = 5 mm.

Fig. 2. Asiraeomopha sp., recrystallized; Rhactian sample 122-764B-14R-CC, 2-5 cm; scale 2000 pum.

Fig. 3. Solenolmia sp.?, recrystallized and ostracode; Rhaetian, sample 122-764B-27R-1, 95-99 cm; scale = 2000
pm.

Fig. 4. Calcisponge, dolomitization increases to the right; Rhaetian, sample 122-764B-28R-3, 47-51 cm; scale =
2000 pm.

Fig. 5. Foraminiferal grainstone (MFT 15) with several Involutinidae (Aulotortus sp.); sample 122-761C-16R-1, 52-
55 cm; scale = 5 mm.

Fig. 6. Foraminiferal grainstone (MFT 15) with Triasina hantkeni Maizon and Glomospirella sp.; Rhaetian, sample
122-761C-16R-1, 23-26 cm; scale = 300 pm.

Fig. 7. Aulotortus friedli; Carnian, sample 122-759B-19R-CC, 11-13 c¢m; scale = 100 um.

Fig. 8. Aulotortus sp. within intraclast; Norian, sample 122-760B-8R-3, 18-21 c¢m; scale = 300 um.

Fig. 9. Frondicularia sp.; Carnian-Norian, sample 122-759B-8R-1, 14-17 ¢cm; scale = 100 pm.

Fig. 10. Duostominid foraminifers; Rhaetian, sample 122-764B-4R-1, 38-41 c¢m; scale = 300 pum.
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Scale for all Figs. is 200 pm

Fig. 1, 2. Triasina hantkeni MAIZON
Fig. 1 sample 122-761C-16-1, 23-26 ¢m.
Fig. 2 sample 122-761C-15-1, 18-21 cm.
Fig.3 Triasina oberhauseri KOEHN-ZANINETTI & BRONNIMANN, sample 122-761C-32-3, 2-4 cm.
Fig. 4. Gandinella sp. aff. G. falsofriedli (SaLa1, BorzA & SAMUEL), sample 122-761C-13-1, 6-9 cm.
Fig. 5, 6. Gandinella falsofriedli (SALAI, BorZA & SaMUEL), sample 122-764B-5-1, 19-13 cm.
Fig. 7. Aulotortus sinuosus pragsoides (OBERHAUSER), sample 122-761C-12-1, 16-19 cm.
Fig. 8. Aulotortus friedli (KrisSTAN-TOLLMANN), sample 122-761C-13-1, 1-3 cm.
Fig.9 Auloconus permodiscoides (OBERHAUSER), sample 122-764B-5-1, 9-13 cm.
Fig. 10 Aulotortus tumidus (KRisTAN-TOLLMANN), sample 122-761C-13-1, 6-9 cm.
Fig. 11 Trocholina sp., sample 122-764B-27-1, 60-64 cm.
Fig. 12 Ophthalmidium sp., sample 122-764B-20-1, 72-76 c¢cm.
Fig. 13. Planiinvoluta carinata LEISCHNER, sample 122-764A-7-1, 12-14 cm.
Fig. 14, 15. Duostominidae
Fig. 14. sample 122-764A-9-CC, 4-8 cm.
Fig. 15. sample 122-764A-8-CC, 25-29 cm.
Fig. 16. Duotaxis birmanica ZANINETTI & BRONNIMANN in BRONNIMANN, WHITTAKER & ZANINETTI, sample 122-761C-24-
1,69-73 cm.
Fig. 17,18. Galeanella? laticarinata AL-SHAIBANI, CARTER & ZANINETTI
Fig. 17. sample 122-764B-23-1, 72-76 cm.
Fig. 18. sample 122-764B-23-1, 98-102 cm.
Fig. 19. "Tetrataxis’ inflata KristaN, sample 122-764B-14-CC, 5-8 cm.
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