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10. UPPER TRIASSIC (RHAETIAN) SEQUENCES OF THE AUSTRALIAN NORTHWEST SHELF
RECOVERED ON LEG 122: SEA-LEVEL CHANGES, TETHYAN RIFTING, AND OVERPRINT OF

INDO-AUSTRALIAN BREAKUP1

Thierry Dumont2

ABSTRACT

During Leg 122, Upper Triassic shallow-marine sequences capped by an erosional post-rift unconformity with a
80-m.y. sedimentary gap were recovered in the northern part of the Exmouth marginal plateau (Sites 759-761 and
764). The continent/ocean boundary is located only a few kilometers north of the northernmost site (Hole 764B). The
components and microfacies of the most recent sediments below the post-rift unconformity (Rhaetian; about 200
samples) were analyzed. These sediments were found in two sites about 20 km apart (Holes 761C and 764B). Based
on microfacies analysis and chemical logs, a correlation between these two sites is proposed. It is suggested that the
uppermost Rhaetian beds at Site 764 do not exist at Site 761 (later erosion), and that the part existing in both holes
(about 170 m) is only 5% thicker at Site 764. Rhaetian tilting along a north-south direction was thus insignificant
(0.02°). The Rhaetian series are composed of two shallowing-upward sequences which correspond to third-order
depositional sequences (sensu Haq et al., 1987). The lack of evidence for Rhaetian syn-sedimentary tectonics in the
study area, and the similarities between the northwestern Australian sedimentary sequences and the European
series, indicate that global eustasy has played a major role during the Rhaetian. The analysis of Rhaetian beds, which
were deposited upon a rather stable platform, and the geometry of underlying Triassic beds, do not document any
causal link between the Late Triassic rifting and the breakup in the nearby Argo Abyssal Plain 80 m.y. later. This
breakup is probably more related to the Neocomian separation between India and Australia, and cuts obliquely
through the rim of marginal plateaus of the older Tethyan margin. The geodynamic evolution of this latter
Gondwanan Tethyan margin around the Triassic-Jurassic boundary appears closely comparable to, and synchro-
nous with, the evolution of the European margin of the Ligurian Tethys, presently outcropping in the Western
Alpine nappes.

INTRODUCTION

The Northwest Shelf off Australia is an old Gondwanan
passive margin whose sedimentary sequences recorded the
successive breakups of several Gondwanan continental blocks
throughout the Mesozoic. Four sites (759, 760, 761, and 764)
were drilled during Ocean Drilling Program (ODP) Leg 122 in
the Wombat Plateau area, on the northern promontory of the
Exmouth marginal plateau (von Rad et al., 1989a; Fig. 1A).
The marginal plateaus offshore northwestern Australia bear a
thin post-rift sedimentary cover of late Mesozoic to Holocene
age, overlying a prominent, often erosional "post-rift uncon-
formity" (PRU) (Barber, 1988; von Rad et al., 1989b). Thus,
we were able to drill the pre-rift and syn-rift series, on which
this chapter focuses. The four sites are distributed along a
roughly north-south seismic profile (Fig. IB). We recovered
only Upper Triassic beds overlain by the PRU, which corre-
sponds to a huge depositional (and erosional) gap of at least 80
m.y. As shown by the profile, erosion and angular unconfor-
mity increase toward the south, and therefore younger beds
were drilled in the northern well. This paper focuses on these
most recent pre-breakup beds (Rhaetian) for two reasons:

1. These beds were recovered at two Sites (761 and 764)
about 20 km apart, and the abundance and the variety of open
marine and platform carbonate facies provide data for a
tentative correlation and an analysis of spatial and vertical
facies development.

1 von Rad, U., Haq, B. U., et al., 1992. Proc. ODP, Sci. Results, 122:
College Station, TX (Ocean Drilling Program).

2 Institut Dolomieu, Université Joseph Fourier, 15 rue Maurice Gignoux,
38031 Grenoble, France.

2. These beds are the most likely to have recorded some
information about the anomalous behavior of the Wombat
Plateau before the first oceanic crust appeared in Argo Abys-
sal Plain, because all the expected Jurassic sequence is
missing.

In addition to the sedimentological and sequence history,
which is detailed in the first sections, this chapter is concerned
with the factors that played a major role during the deposition
of Upper Triassic sequences. Indeed, the Triassic-Jurassic
boundary is known all over the world as a sensitive time
interval in terms of both plate tectonics and eustasy.

UPPER TRIASSIC SEDIMENTS IN THE WOMBAT
PLATEAU AREA

Detailed descriptions of lithofacies of the material drilled
during Leg 122 and of some other dredged rocks from the
Wombat Plateau are given by von Rad et al. (in press) and by
Shipboard Scientific Party (1990). The Upper Triassic litho-
facies vary from fine-grained terrigenous siliciclastic sedimen-
tation (prodelta to flood-plain environments), which is preva-
lent during the Carnian-Norian, to neritic carbonates culmi-
nating with the Rhaetian reefal limestones. A simplified
description of Rhaetian lithofacies and their stratigraphy is
given in Figure 1C (see Shipboard Scientific Party, 1990, for
detailed data).

Siliciclastic facies of deltaic origin are dominant in Carnian
and Norian series (Ito et al., this volume). They are deposited
in an overall regressive cycle, punctuated by the episodic
development of shallow carbonate wedges. Siliciclastic facies
of the Rhaetian series are different: they occur in gray marine
marls or marl/limestone alternations (lithofacies A, Fig. 1C),
and are observed in the lower part of the Rhaetian sequence,
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(a) gray marls or marl/limestone alternations, with evidences of outer shelf, below wave
base, environments.
(6) Gray carbonate-cemented sandstones and quartz grainstone/packstone, which occur only

at the very base of site 761 (core 761C-32R), just above the Norian-Rhaetian sequence
boundary. Quartz grains are sorted, angular. Crinoids and other bioclasts are common. One
intraclast is noticed, made up of ooid grainstone whose ooid cores are mainly quartz grains.
(c) Gray carbonate mudstones and wackestones with various amount of clay. Bioturbation is
common, bioclasts are mainly echinoids and sponge spicules (outer shelf, below wave base).
@) Gray to brown crinoid-rich packstones and grainstones, with marine phreatic cements and
components showing the proximity of carbonate banks or patch reefs (shallow outer shelf).
(e) Light yellowish-reddish sponge boundstone, associated with red clay,
brachiopods and minor corals. This is a special marker bed occurring in the lower
part of both holes 761C and 764B, which underlies the development of patch reefs.
(f) Whithish coral or coral-sponge boundstone and associated detrital wedges
(patch reefs), with common moldic and intergranular porosity and geopetal fillings.
Branching corals are frequently found in life position (site 764).
(g)- White lagoonal wackestones and packstones with foraminifera and thick-
shelled molluscs (Megalodon). Occasional keystone wugs, extensive secondary
porosity and fresh water cements are noticed. Patchy dolomitization may occur.
(h) Yellowish-white beach carbonate sands, containing well sorted ooids or
rounded grains, frequently (cross)laminated. They are interbedded with algal
laminations with bircTs eyes, indicative of episodic tidal-flat development. Meteoric-
phreatic cements, secondary porosity and dolomitization are frequent.
(T) Brown, iron-oxide rich, carbonate packstones and wackestones with mixed
cπnoid and foraminifera faunas, showing evidences of condensation with iron-oxide
concentration along dissolution surfaces. This facies, which is found at the very top
of the Rhaetian sequence at site 764, can be compared to some quartz-rich dredged
material described by von Rad et al. (in press) which is possibly of Earliest Jurassic
age (Quilty, in press) and has not been encountered by leg 122 due to Jurassic
erosion of the Wombat Plateau.
(T) Originally a gray carbonate mudstone or wackestone with crinoids and/or
sponge spicules, similar as lithofacies g), but which is extensively recristallised.
The recristallisation develops behind a sharp, highly contorted ferruginous front
(bacterial activity ?) which obliterates the original sedimentary structures and
bioclasts. This phenomenon postdates induration and even fracturing of the
original sediment. The elongated shape of the calcite crystals and their
organization (sometimes radial or parallel) could evoque a pedogenetic alteration.
^Regular, subparallel iron-oxide banding superimposed upon carbonate
packstones with crinoids and foraminifers (lithofacies i). The geometry of banding
is uninfluenced by the structure of the sediment, despite its heterogeneity. The latter
had thus terminated its early diagenetic evolution and induration. This iron-oxide
banding could result from remobilization of iron-oxide of lithofacies i due to

oscillations of fresh water bodies long after the deposition of the sediment, thus
leading to the same interpretation than lithofacies j .

Lithology indicator,
Hole 764 B Cores

Lithology indicator,
Hole 761 C

<-Si
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Figure 1. A. Location of the Wombat Plateau and of Sites 759 to 761 and 764 (Leg 122, passive margin) and of Site 765 (Leg 123, oceanic crust)
offshore northwestern Australia. B. Schematic interpretation of seismic line BMR 56-13 across Wombat Plateau, adapted from Williamson et al.
(1989), and location of the ODP sites (vertical exaggeration 20 ×). Vertical hatching: post-rift series. Note the truncation of Upper Triassic beds
by the post-rift unconformity (PRU). C. Lithological description of the Rhaetian series at Sites 761 and 764. The lithofacies ("a" to "j") are
located in front of the geochemical logs (lithology indicator), which show carbonated intervals (blackened peaks) and siliceous intervals (light
gray).
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pointing to the most important transgressions during the Late
Triassic. These facies occur in the transgressive systems
tracts of the Rhaetian formation (see "Sequence Stratigra-
phy" section, this chapter).

Various carbonate facies are present in the Rhaetian forma-
tion. They range from mudstones to grainstones, rudstones, or
boundstones as a result of the considerable variability of the
environments. They contain different faunal associations corre-
sponding to lagoonal (foraminifers-megalodonts), reefal (brachio-
pods-calcisponges or corals-calcisponges), or deeper environ-
ments (echinoderms-sponge spicules-brachiopods). These
facies were affected by a complex diagenetic history, especially
because of the influence of freshwater diagenesis, mixed-water
dolomitization, and the consequences of syndepositional or
postdepositional subaerial exposure. A detailed study of diagen-
esis is found in Röhl et al. (this volume).

CORRELATION OF THE RHAETIAN SERIES
BETWEEN HOLES 761C AND 764B

The seismic profiles across the Wombat Plateau show strong
and fairly continuous reflectors in the Rhaetian sequence. These
continuous reflectors are interrupted in some places, however,
coinciding with patchy reefal buildup (especially at Site 764;
Williamson et al., 1989). It is of major interest for the under-
standing of tectonic evolution and eustasy to correlate the
Rhaetian beds-the most recent below the PRU-between Sites
761 and 764. The Rhaetian sequence at Site 761 can be schemat-
ically divided into two members (Fig. 1C). The lower member A
is transgressive and shows open-shelf facies and faunas; the
upper member B is regressive and dominated by restricted
shallow-platform carbonates. Site 764 is made up of four mem-
bers: from bottom to top, member C is shallow marine (except at
its very base) with frequent reef development and rare marly
layers, member D is more restricted and calcareous, member E
is still calcareous but more external than member D, and
member F contains marls and limestones of outer shelf origin.
According to microfacies and biogenic content (see following
sections), two hypotheses concerning correlations between Sites
761 and 764 can be considered.

Hypothesis 1: Members A and B at Site 761 correspond
respectively to members C and D at Site 764. Members E and
F do not exist at Site 761. The series recovered in both holes
(members A and B, C and D) is 5% thicker at Site 764 than at
Site 761.

Hypothesis 2: The top of member B at Site 761 corresponds
to the top of member E at Site 764. Member F does not exist
at Site 761. The series recovered in both holes (members A
and B, C to E) is 25% thicker at Site 764.

Hypothesis 1 is preferred here for the following reasons:

1. As documented in the following sections, the micro-
facies and depositional environments of member D are similar
to those of member B. On the contrary, biogenic content
(sponge spicules, crinoids, brachiopods) and microfacies of
member E (Site 764, especially Cores 122-764B-13R to -11R)
are significantly different from those of the upper member B
(Site 761). This is also noticed by Zaninetti et al. (this volume).
Together with the decreasing percentage of coral elements
(Sarti et al., this volume), the development of stalked crinoids
in member E indicates a transgressive character with regard to
member D. (Jurassic stalked crinoids need at least 80 m water
depth to develop, according to Roux et al., 1988.)

2. The well logs, which are of major interest regarding the
poor recovery of Rhaetian carbonates, must be taken into
consideration in the correlation. Holes 761C and 764B were
logged through the drill pipe using the gamma-ray spectrom-
etry tool (GST), which gives the relative amounts of Ca, Si,

Cl, Fe, H, and S (see Pratson et al., this volume; Borella et al.,
this volume). Three original curves, shown in Figure 2, were
used: Si/(Si + Ca) (lithology indicator), Cl/H (salinity indica-
tor), and H/(Si + Ca) (porosity indicator). Note that hypoth-
esis 1 corresponds to a very good fit of these geochemical logs
between Sites 761 and 764 (Fig. 2).

Considering the fact that there is only minor thickening
between Sites 761 and 764 during the deposition of members
A, B, C, and D (less than 10 m, according to the proposed
correlation), and that the Rhaetian sequence is capped by the
PRU, which is markedly erosional farther south, it is reason-
able to assume that the uppermost Rhaetian series (member F
and probably member E) has been eroded at Site 761.

SEMIQUANTITATIVE THIN-SECTION ANALYSIS
Within each thin section the relative abundance of some

selected bioclastic elements and sedimentary structures was
visually estimated. The results are plotted on top of the log
(lithology indicator, which shows the carbonate vs. silica
content) of each site. The diagrams of the two sites are
superimposed (Fig. 3). The best fit between the diagrams is
obtained when members A and B at Hole 761C, respectively,
correspond to members C and D at Hole 764B, and when the
diagram of Hole 764B is slightly compressed vertically (which
means that the series is about 5% thicker than at Site 761).
Some elements show fairly good correspondence between
both sites (right side of Fig. 3), and the limits between
members A and B, C and D, or D and E are clearly apparent.
The most transgressive intervals (members A, C, E, and
especially lower F) contain sponge spicules, crinoids, and
brachiopods. The most regressive intervals contain the fora-
minifer Triasina hantkeni Majzon and stromatolites (members
B and D). Some other elements show significant differences
between both sites (left side of Fig. 3). These differences do
not imply that the chosen correlation is invalid; instead they
are explained by the stronger development of building orga-
nisms (patch-reef) at Site 764, and by the deeper "back-reef"
(or actually, "inter-reef) situation at Site 761.

MICROFACIES ANALYSIS
The Rhaetian thin sections from Holes 761B and 761C and

from Holes 764A and 764B (about 200 samples) were sepa-
rated into 19 microfacies types and divided into five groups of
microfacies. These microfacies types are described below and
some of them are illustrated in Plate 1. For each site, all
microfacies represented in each core are plotted. The relative
abundance of each microfacies is not taken into consideration
because the recovery was poor and presumably selective. As
with the quantitative thin-section analyses, the diagrams of
the two sites are superimposed using the correlation of hy-
pothesis 1 (Fig. 4)-that is, by reducing the vertical scale of the
diagram of Site 764 by 5%. The two sites show similar
evolutionary trends and similar shifts near the member A/B
limit and the member C/D limit. The strongest difference is
observed between upper member A (Site 761, Cores 122-
761C-26R to -23R: gray marl-limestone alternations with
sponge spicules) and upper member C (Site 764, Cores 122-
764B-26R to -22R: biogenic carbonates with tabulozoan-hy-
drozoan communities and Retiophyllia-dominated coral com-
munities, Sarti et al., this volume). This difference also
appears in the percentage of carbonates (logs on both sides of
Fig. 4) which is higher at Hole 764B. Thus, according to the
proposed correlation, the environments during the deposition
of upper member A and upper member C were significantly
shallower at Hole 764B than at Hole 761C. This could be
explained in a transgressive context (catch-up type sedimen-
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Figure 2. Geochemical well logs of the Rhaetian series at Sites 761 and 764 (gamma-ray spectrometry tool, GST). The correlation hypothesis
which is preferred in this chapter, and which is based upon sedimentological criteria (see discussion in text), is represented here. It is in good
agreement with log data. Note the sharp change of logs between members A and B (Site 761) and between members C and D (Site 764). This
supports the correlation of the A/B boundary with the C/D boundary. Salinity indicator: Cl/H. Lithology indicator: Ca increases to the right
(blackened peaks), Si to the left. Vertical hatching: post-rift series. Oblique hatching: interval of Rhaetian series which is preserved only at Site
764.

tation) by the faster carbonate productivity of isolated reefal
buildups (Hole 764B) which are able to keep pace with relative
sea-level rise.

The identification of microfacies types is based upon textures
and some components. Crinoids, although reworked, are used as
indicators of comparatively deeper environments, as they lived
at a minimum depth of about 100 m (Roux et al., 1988).

Description of Microfacies Types
Microfacies type la: algal mats, generally dolomitized,

with bird's eyes and dessication cracks; type lb: algal-lami-
nated pelletal lime-mud.

Microfacies type 2a: ooid grainstone with foraminifers. Car-
bonate grains (more than 50% ooids) are well sorted, partly
micritized, and include foraminifers {Triasina hantkeni Majzon
and Aulotortus spp.), dasyclad algae, mollusc fragments, and a
few echinoderms. Ooid cortex is thin, radiaxial, and partly
micritized. Aggregates are observed. Current bedding is fre-
quent; important primary and vuggy porosity is accentuated by
later dissolution. Beach or tidal bar environments, periodically
exposed (imbrication with microfacies type 1).

Microfacies type 2b: ooid quartz grainstone is exception-
ally found at the base of Site 761 (intraclast). The cores of
ooids generally consist of well sorted, angular detrital quartz
grains of 0.5 mm size.

Microfacies type 3: Grainstone with rounded, moderately
sorted carbonate grains and foraminifers. Texture and com-
ponents are similar to those of type 2a except for ooids, which
are exceptional, but micritization is extensive. Rare keystone
vugs. Beach to lagoon transition.

Microfacies types 1 to 3 belong to the "beach to tidal-flat"
group.

Microfacies type 4: peloid packstone-grainstone with abun-
dant foraminifers. Extensive micritization of carbonate grains
(many "peloids" are in fact unrecognizable micritized bio-
clasts), which include coprolites and pellets. Dasyclad algae
are frequent.

Microfacies type 5: peloid packstone with foraminifers.
Peloids become dominant because of micritization and pellets
are found in significant amounts. Other grains, poorly sorted,
include foraminifers {Triasina hantkeni Majzon), molluscs,
and dasyclad algae.

Microfacies type 6: peloid packstone with foraminifers,
skeletal fragments, and Megalodon shells. The background
sediment is similar to that in type 5. The Megalodon shells
show an altered, perforated, sometimes encrusted surface.
Valves are found isolated or paired. This facies is specific to
Site 761.

Microfacies type 7: skeletal-peloid packstone with foramin-
ifers. Contains similar elements to these in type 5 {Triasina

200



~ traces «1%) 11 11 1 | 1 ! l! I 1 |

medium ,5-10%, | | | J |
frequent (10-25%) ^ mbsftt f * f f #

abundant (25-50%) © UJ I I

very abundant (> 50%) l i

761 c yj- i T

I I 3 0 0 18 /CA ^ ^Rλ ^ tz ? f I

I i • mbsf - ® l l f CD) Rig :

_ T § ! * ' ' ^ : ' I LJ | *
Litholoαy (<-Si Ca->) _ . ..

Differences Coincidences
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comparison. The best fit is obtained when members A and B (Site 761) respectively correspond to members C and D (Site 764), the diagram of Site 764 being slightly compressed vertically
(about 5%). Some elements show the same evolution at both sites; others show differences which are mostly explained by the more reefal character of the series at Site 764. Lithology
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hantkeni Majzon, algae, micritized grains, coprolites, and
pellets), plus a major proportion of large skeletal elements
(pepecypods, gastropods). Geopetal fillings are observed.
They correspond to the type 2 internal sediment of Aissaoui
and Purser (1983) and occur in intertidal environments.

Microfacies types 4 to 7 belong to the "lagoonal" group.
Microfacies type 8: white carbonate mudstone with

sparse, shallow subtidal fauna (gastropods, pelecypods).
Darker, halo-shaped patches of micritization are observed
that may have been produced by bacterial activity. This
microfacies is similar to the mudstone matrix of some coral
boundstones.

Microfacies type 9: coral boundstone (see Sarti, et al., this
volume, for an extensive study on reefal facies). Branching
corals are floating in carbonate mudstone and wackestone-
packstone with coral fragments, pelecypods, brachiopods,
echinoderms, and green algae. Small calcareous sponges are
frequently associated with them. Geopetal fillings and patches
of micritization (see type 8) are common.

Microfacies type 10: calcisponge-brachiopod boundstone.
Matrix is either carbonate mudstone and wackestone with
patches of micritization of probable bacterial origin, or red-
dish clay (marker bed " e , " Fig. 1C). Primary porosity is
significant. Associated fauna include brachiopods in life posi-
tion, sometimes encrusted by sponges, and serpulids. Authi-
genic dolomite is frequent. These facies, studied by Sarti et al.
(this volume), show similarities to those described by Stanton
and Flügel (1989) in the Eastern Alps.

Microfacies type 11: skeletal wackestone with coral and
sponge fragments, brachiopods, crinoids, and red algae. The
matrix resembles those of microfacies 9 and 10 but echino-
derms and crinoids increase significantly. Micritization
patches and geopetal fillings are still present.

Microfacies 8 to 11 belong to the "patch-reef" group.
Microfacies type 12: skeletal grainstone-rudstone with bra-

chiopods. Allochems are broken, poorly sorted, and show
micritic envelopes and sometimes algal crusts. Coral and
sponge fragments occur.

Microfacies type 13: crinoid grainstone. At least 30% of
grains are crinoids, together with "peloids" (micritized
skeletal grains of unknown origin), brachiopods, and fora-
minifers (mainly Aulotortus spp., no Triasina hantkeni Maj-
zon). Sorting is good. Ooids are rare (Sample 122-764B-
30R-1, 64-67 cm). Oncoids are more frequent. Neither
laminations nor keystone vugs are observed. This micro-
facies differs significantly from microfacies 2 and 3 (not
connected with tidal flats; stronger marine influence) and
indicates a continuous trend to microfacies 14, 15, and 16
(PI. 1).

Microfacies type 14: crinoid-skeletal packstone. Poorly
sorted, coarse bioclasts (1 mm or more) are mostly crinoids
and brachiopods, together with dasyclad algae, gastropods,
pelecypods, and small foraminifers. Micritization patches,
geopetal fillings, and syntaxial (marine) cement are observed.
Porosity is mainly due to dissolution.

Microfacies type 15: fine crinoid-peloid packstone, moder-
ately sorted, containing similar elements to those of type 14,
but of smaller size (<0.5 mm). Many bioclasts are micritized
(except crinoids) and hardly identifiable ("peloids").

Microfacies type 16: very fine crinoid-peloid packstone
belonging to the same trend as types 14 and 15 (grain size
about 0.1 mm). Clay and bioturbation appear.

Microfacies 12 to 16 belong to the "shallow outer shelf"
group.

Microfacies type 17: calcareous mudstone with thin-shelled
molluscs ("filaments") and rare sponge spicules. Weakly
bioturbated.

Microfacies type 18: bioturbated calcareous mudstone to
marly lime-mudstone with foraminifers (Duostominidae only)
and sponge spicules.

Microfacies type 19: bioturbated marls with sponge spi-
cules.

Microfacies 17 to 19 belong to the "outer shelf" group.

SEQUENCE STRATIGRAPHY

Basal Boundary
Based on the pollens and dinoflagellates data (Brenner et

al., this volume), Core 122-761C-32R contains the boundary
between the Norian and Rhaetian. It appears to correspond to
a facies boundary between underlying black silt and clay
(shallow deltaics), and the overlying marine outer-shelf marl
and marly limestone with crinoids. Thus, the sedimentological
change either may occur exactly at the time boundary if the
sedimentary record is complete or may correspond to a
depositional gap in which the time boundary is included. The
latter interpretation is confirmed by the following observation:
the lowermost Rhaetian crinoid layers contain a rounded
lithoclast made of oolitic grainstone whose oolite cores are
quartz grains. This lithoclast is reworked into outer-shelf,
quartz-rich marly limestones with crinoids, implying that the
first Rhaetian beds are erosional (lithoclasts, quartz grains
reworked from the underlying formations) and postdate the
development of a shallower, quartz-rich carbonate wedge.
This leads to the interpretation that the Norian-Rhaetian
facies boundary is a sequence boundary coincident with a
transgressive surface (sensu Haq et al., 1987). The overlying
beds belong to the transgressive systems tract, and the re-
worked oolitic clast is a remnant of earlier stages of the
transgression.

Lower Part (Members A and C, Fig. 4)
The base of this part is markedly transgressive in both

sites. However, at a higher level, deeper microfacies are
observed at Hole 761C compared to Hole 764B which is
indicative of the major development of coral-rich carbonates.
This can be explained by differences of carbonate accumula-
tion rate between (1) the reef environments, which were
initially developed at both sites (sponge boundstones, micro-
facies 10) but grew into coral reefs only at Hole 764B, and (2)
non-reefal environments of Site 761. According to Gildner and
Cisne (1989), the water depth is a function of the ratio between
the rate of sea-level rise and the maximum sediment accumu-
lation rate which is higher in reefal environments. Thus, for a
given rate of sea-level rise during the deposition of members A
and C, a greater water depth is expected outside of the
patch-reefs (Hole 761C, member A) because of the slower
carbonate accumulation rate. In addition, the relative sea-
level rise and its fluctuations are better recorded by this
drowned series (Hole 761C), whereas the reefal buildups
(Hole 764B), which remain at sea level, are no longer able to
show variations in water depths and environments (Gildner
and Cisne, 1989). Thus, based mainly upon Hole 761C data,
members A and C are interpreted as belonging to a transgres-
sive systems tract composed of several parasequences which
appear on the log of Hole 761C (Fig. 4, left side). On this log
the peaks of the successive parasequences become less and
less carbonated toward the top (displaced to the left). This
should represent retrogradation leading to maximum flooding
in upper members A and C; this corresponds well to the
microfacies interpretations (Fig. 4). At the top of members A
and C, a marker layer of yellowish limonite-rich marl is
observed (Sections 122-761C-23R-1 and 122-764B-22R-1),
which could correspond to the maximum condensation. If this
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thickness^ / ^ 1 ^ ~ > . - ^ ^ ^ .
gradient & • ]SJ. v ^ S E ^ <^^S- T~~^T~' .". .-_

Site 759 -V > ^ I I : 1

^

i7°oσ

"̂ " south Wombat fault trend

Figure 5. Geometrical relations between Upper Triassic sedimentary bodies, unconformities, and the PRU in the southern Wombat Plateau. A. Traces of seismic lines BMR 122-1 and 122-2.
First, the present-day dipping of Norian beds around Sites 759 and 760 is determined using two perpendicular lines. It is found to be 4.1° toward the north-northeast. It is most likely influenced
by the South Wombat fault trend which runs parallel to the continent-ocean boundary of the Argo Abyssal Plain. Second, the direction of Norian depositional trends and paleogeography
is evaluated by joining the same thicknesses and seismic signatures of Norian carbonate layers (recovered in Site 760, Cores 122-760B-6R to -17R) between two subparallel lines. This trend
is approximatively northeast-southwest, which is coherent with published data concerning the Triassic paleogeography of the Northwest Shelf of Australia (see text). It is not related to
present-day dipping and was more likely influenced by the activity of the East Wombat fault trend. B. Part of seismic line 122-2: tilting and erosion of Upper Triassic beds are maximum
approaching the South Wombat fault and are evidently linked to the activity of this fault. But Norian layers are more or less isopaquous and are not significantly thickening northward
although the profile is perpendicular to the South Wombat fault. This shows that the South Wombat fault was not active during the Triassic, but is more recent.



UPPER TRIASSIC (RHAETIAN) SEQUENCES

sequence interpretation is correct, the paleodepth and facies
differences between upper member A (Site 761) and upper
member C (Site 764) are the result of a different response to an
increase of accommodation potential (Posamentier and Vail,
1988; Sarg, 1988).

Middle Part (Members B and D, Fig. 4)
This part shows more homogenous facies at both sites,

which is also expressed by the similarity of chemical logs (Fig.
2 and 3). However, microfacies indicate that Site 761 corre-
sponds to slightly more restricted environments (Megalodons,
ooids, etc.). Member B is shallowing upward (progradation),
because tidal flats are observed only in its upper part. Evi-
dences of subaerial exposure and non-marine cementation are
frequent. The widespread platform carbonate sedimentation
was able to keep pace with sea-level change. Members B and
D are interpreted as belonging to a highstand systems tract.

Upper Part (Members E and F, Fig. 4)
The interpretation of this part is more problematic because

(1) it is preserved only at Site 764, and (2) it is possibly
truncated at its top by the PRU. As mentioned above, member
E is transgressive with regard to D, and the deepest environ-
ments, which are observed in the lower member F (Cores
122-764B-8R to -6R), are comparable to those of the maxi-
mum flooding of member A at Site 761. Member E and lower
member F (Cores 122-764B-12R to -6R) are interpreted as a
new transgressive systems tract and the limit between members
D and E as a sequence boundary superimposed on a transgres-
sive surface. Overlying cores are difficult to interpret because
they correspond to a wide microfacies range and show evidence
of both shallowing and condensation. It should represent a
condensed interval which anounces either the transition toward
an unpreserved highstand or the appearance of an anomalous
sedimentation state (starved submarine high).

Extensional Tectonics or Global Eustasy?
These sequence interpretations do not definitely identify

global eustasy as the major causal factor, as relative sea-level
changes are produced by local tectonic subsidence as well.
However, actual evidence of Rhaetian syn-sedimentary tec-
tonics that can disturb the arrangement of the sedimentary
bodies is lacking in the Wombat Plateau area: differential
subsidence, basins and shoals, and angular unconformities are
never observed on the seismic record of Rhaetian beds. In
addition, the lateral continuity of the Rhaetian layers seems
very good (as shown by seismic data and by the proposed
correlation) and their thickness fairly constant.

The only indication of syn-sedimentary tectonics is found
at or below the very base of the Rhaetian series and consists
of small, normal faults that delimit slightly upthrown blocks
upon which coral patches have sometimes developed (Wil-
liamson et al., 1989). This extensional tectonic event is,
however, of a lower order of magnitude than that which
affected Carnian deposits and it is sealed by the lower Rha-
etian beds. It is possible that this late Norian-earliest Rhaetian
tectonic event initially influenced the location of the coral
patches, which probably settled on paleohighs. But the initi-
ation, development, and end of the Rhaetian reef growth are
primarily controlled by accommodation space and need a
Rhaetian relative sea-level rise. The causal link between the
late Norian-earliest Rhaetian small faults and paleohighs and
this Rhaetian sea-level rise is not demonstrated. Furthermore,
the proposed correlation and the seismic data show that there
is no significant thickness difference for the total Rhaetian
series between a reef position (Hole 764B) and a non-reef
position (Hole 761C). Since the paleo-water depths are com-

parable, the reef growth was not caused by differential tec-
tonic subsidence.

Moreover, the lower sequence boundary observed in the
Rhaetian series of the Wombat Plateau, which is near the
Norian-Rhaetian boundary (Brenner, this volume), is consis-
tent with the 215-Ma global sequence boundary of the cycle
chart (Haq et al., 1987), and the upper sequence boundary
(between members D and E) is a good candidate for the
211-Ma global sequence boundary, which is still Rhaetian.
Thus, the systems tracts and sequence boundaries of the
Rhaetian series of the Wombat Plateau were strongly influ-
enced by a global cause, which could have been global
eustasy. Some tectonic processes may also have been in-
volved if they were synchronous worldwide, such as varia-
tions of intraplate stresses proposed by Cloething (1986), but
local tectonics alone was unsufficient to create the observed
unconformities and changes of depositional environment.

WHAT HAPPENED AFTER THE RHAETIAN?
This was a major objective of Leg 122. At least two

scenarios were considered to explain the relationship between
the neritic uppermost Triassic carbonates and the pelagic
Lower Cretaceous sediments: either (1) the Wombat Plateau
was drowned in deep water in the earliest Jurassic and
remained in pelagic marginal plateau environments during the
entire Jurassic (bottom currents and trapping of sediments
into nearshore basins are put forward to explain the deposi-
tional gap), or (2) the Wombat Plateau was subaerially ex-
posed and partly eroded during the Jurassic. Unfortunately,
the four sites could give no definite answer. However, there
are some arguments in favor of the second explanation:

1. This chapter shows that the PRU is erosional not only at
southern sites (that is, near the fault scarps) but also in the
central Wombat Plateau (about 70 m of carbonates eroded at
Site 761); this is not very consistent with the first explanation.

2. Two diagenetic features observed at Site 764 could result
from subaerial exposure long after deposition (Röhl et al., this
volume): the first one (lithofacies " j , " Fig. 1) consists of an
extensive recrystallization of marine packstones and wacke-
stones with crinoids, which postdates hardening and fractur-
ing of the sediment, and which shows a sharp ferruginous
front. Some radial or parallel arrangement of the elongated
calcite crystals may indicate a pedogenetic origin. The second
one (lithofacies "k," Fig. 1) is a regular, anastomosing milli-
metric banding of iron oxide which is superimposed upon
marine crinoid packstones. The iron oxide bands, which are
not sedimentary layers, can cross through some bioclasts (i.e.,
crinoids) or can merge with some big pelecypod shells as a
result of shelter effect. They are tentatively interpreted as the
result of iron oxide remobilization and reprecipitation by an
oscillating freshwater lens into a hardened, porous sediment.
These two late diagenetic features occur a few meters below
the erosional PRU at Holes 764A and 764B.

3. Von Rad et al. (in press) describe dredged rocks from the
northern edge of the Wombat Plateau which were not recov-
ered at Site 764, and which must be younger than the youngest
sediments below the PRU at this site; they contain subaerially
emplaced volcanics, which show that the plateau was not
drowned at that time.

The second explanation is therefore more likely, and it is
coherent with other regional data which show that (1) Upper
Triassic beds are very frequently eroded by the so-called
"main unconformity" and unconformably overlain by the
Lower Cretaceous on the Exmouth Plateau (Vincent and
Tilbury, 1988) as well as on Scott Plateau (Middleton, 1988;
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Bint, 1988), and (2) when some Jurassic is observed in these
areas, it consists either of neritic Hettangian (Bint and Helby,
1988; Bint, 1988, and pers. comm., 1989) or of deeper marine
Upper Jurassic. The "main unconformity" can be traced in
the sediments of the Barrow-Dampier basins, where it is of
Callovian to Tithonian age (Vincent and Tilbury, 1988). The
Wombat Plateau has probably experienced the same history
as the Exmouth Plateau and had not significantly drowned
before the Late Jurassic.

GEOMETRY OF SEDIMENTARY SEQUENCES AND
UNCONFORMITIES: AGE OF EXTENSIONAL

TECTONICS IN THE WOMBAT PLATEAU AREA
Block faulting, tilting, and erosion have had a major

influence on the organization of some of the sedimentary
sequences of the Wombat area since the Triassic, and tectonic
subsidence itself began in Permian times (Williamson and
Falvey, 1988). But because the sedimentary record is inter-
rupted during the Jurassic, it is difficult to determine whether
this tectonic activity was continuous throughout the whole
Mesozoic or whether it occurred in several different pulses.
The Wombat Plateau is now bounded by major normal faults
and grabens, both on its southern (South Wombat fault trend)
and on its eastern edges (East Wombat fault trend). Both these
fault trends, which delimit the Montebello Canyon, are likely
to have been involved during the rifting events. The three-
dimensional geometric relationships between sedimentary
bodies and unconformities cannot be understood using one
single north-south profile across the Wombat Plateau (seismic
line 56-13 of the Australian Bureau of Mineral Resources,
BMR, Fig. IB), which best shows east-west structures. Thus,
several perpendicular and parallel segments of lines 122-1 and
122-2 were used. As shown in Figure 5A, the present-day
dipping of Upper Triassic (Norian) beds around Site 760 on
the one hand, and the direction of maximum thickness and
facies gradients of Upper Triassic sequences on the other,
which appear linked on the north-south profile, are in fact
oriented differently (nearly perpendicular). Thus, to consider
the apparent northward dipping of the Upper Triassic beds on
the north-south profile as a relic of Late Triassic dipping is an
oversimplification. Several different tectonic pulses actually
affected the Wombat Plateau area, and this has major impli-
cations for the understanding of rift tectonics.

During the Late Triassic, the platform faced toward the
northwest, as shown also by Exon et al. (1982), Williamson et al.
(1989), and von Rad et al. (1989b). North-northeast, south-
southwest to northeast-southwest faults were active at that time
(i.e., the East Wombat fault or the Swan Canyon graben; Exon
et al., 1982) but no actual evidence of activity along the South
Wombat (east-west) fault trend has been found (Fig. 5B).

After the latest Triassic and before deposition of the first
beds above the PRU at Site 760 (before the Eocene) the Upper
Triassic beds were tilted toward the north-northeast and
eroded, a result in part of the activity of the South Wombat
fault and the creation of the South Wombat graben which
separated the Exmouth and Wombat plateaus.

The record at Site 761, which is more complete above and
below the PRU than at Site 760, gives more details about this
history. Here, (1) the influence of the South Wombat (east-
west) fault is weaker than at Site 760 (nearly conformable
across the PRU; weaker tilting), and (2) the first beds above
the PRU, which are older than at Site 760 (lowermost Creta-
ceous), are tilted. That means that the South Wombat fault
was still active after the earliest Cretaceous although it could
have been active earlier. In addition, a Lower Cretaceous
siliciclastic wedge overlying the PRU was recovered at Site 761
(10 m of upper Berriasian to lower Valanginian hemipelagic-

deposited ferruginous sand with belemnites; Cores 122-761A-
30X and 122-761B-10R): this wedge cannot represent the north-
ward tongue of the Barrow Group (Boote and Kirk, 1989) since
the Wombat Plateau was not connected to the Exmouth Plateau
at that time (von Rad and Thurow, this volume). Thus, the
siliciclastic material (reworked from the Late Triassic) comes
from the Wombat Plateau itself and especially from its southern
edge where the blanket of Rhaetian carbonates has been eroded.
This provides evidence of the activity of the South Wombat fault
during or a little before the Early Cretaceous.

These arguments lead to the following conclusions:

1. The Wombat Plateau cannot be considered as one simple
and fixed north-facing margin edge throughout the Mesozoic
that experienced a continuous rift evolution from the Late
Triassic to the birth of the oceanic crust in the Argo Abyssal
Plain 100 m.y. later. The tectonic evolution was more complex
and included several pulses probably related to several conti-
nental breakups.

2. The Upper Triassic northwest-facing margin was domi-
nated by north-northeast, south-southwest to northeast-south-
west faulting. No evidence of east-west faulting is found at
that time. This is consistent with the overall evolution of the
Exmouth Plateau.

3. The orientation of tilting and faulting during the Jurassic
cannot be characterized with the available data and must be
deduced from other regional studies.

4. East-west faulting and the correlative creation of the
South Wombat graben possibly started in earliest Cretaceous
and certainly developed during the middle to Late Cretaceous,
together with the development of the Argo Abyssal Plain.

COMPARISONS WITH EUROPEAN TETHYAN
MARGINS

Many similarities are found between the study area and
some European series which also belong to Mesozoic Tethyan
margins. Three examples concerning carbonate sedimentol-
ogy, sequence history, and tectonic/geodynamic evolution are
given below.

Carbonate Sedimentology
The Rhaetian microfacies found offshore Australia and

their distribution are similar in part to those described in
Central Europe (Piller, 1981; Schott, 1983). The calcisponge-
tabulozoan facies encountered in members A and C resemble
some Steinplatte mound facies described by Stanton and
Flügel (1989). The general distribution of organisms on the
platform corresponds to several published models of Upper
Triassic carbonate platforms (Piller, 1981; Flügel, 1981; Di
Stefano and Senowbari-Daryan, 1985): crinoids, then brachio-
pods, are found in the most distal position; calcisponges
appear in a somewhat shallower zone and predate the devel-
opment of coral patches; Megalodons and Triasina hantkeni
Majzon are extensively developed in the back-reef position (or
between patch reefs).

Sequence Evolution
With the exception of near-continental areas (i.e., southern

France), the Rhaetian sequence in Europe shows generally a
sharp basal transgression, a terrigenous-rich, marine lower
part, and a carbonate-dominated upper part in which patch-
reefs and tidal flats are developed (Lualdi, 1983; Dumont,
1988; Accordi, 1976; Thery et al., 1989). Thicknesses are of
the same order as in the Wombat Plateau area (100-300 m)
except in Lombardy, where drastic extensional tectonics have
produced a 1-km-deep graben (Massetti et al., 1989). There is,
however, one difference between European and Australian
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Rhaetian series: in the latter, a sequence boundary is found
inside the upper part of the series (Site 764), whereas in the
former, the top of the highstand carbonates is supposed to
coincide with the Triassic-Jurassic boundary. Two explana-
tions are possible: (1) this difference is real, and thus the
intra-Rhaetian sequence boundary of the Wombat series may
be due to tectonic subsidence and not to global eustasy, or,
more probably, (2) this difference is an artifact of the difficul-
ties in dating the lowermost Hettangian in the European
series: the first beds overlying the facies boundary are gener-
ally undated or their age is poorly documented (Cantaluppi
and Lualdi, 1983; Dumont, 1988); precise dating shows that
the time boundary does not coincide exactly with the facies
boundary (Mettraux and Mohr, 1989).

Geodynamic Setting
The Wombat Plateau series were deposited on a marginal

plateau which was affected by several rifting pulses through-
out the Mesozoic (Fig. 6). They recorded first an extensional
tectonic event somewhere in the Carnian, connected with and
followed by significant subsidence, then a major tectonic shift
soon after the Rhaetian, which produced (1) volcanism (Wom-
bat Plateau: von Rad et al., 1989b; von Rad et al., in press;
Scott Plateau: Bint, 1988), and (2) a drastic change of the
subsidence pattern and the birth of nearshore basins (Barrow-
Dampier) and marginal plateaus (Exmouth, Scott). The same
events are recorded at the same time on the "fossil" Euro-
pean passive margin of the Ligurian Tethys presently imbri-
cated in the Western Alpine nappes and European foreland
(Fig. 5C): "Carnian tectonic crisis" (Megard-Galli and Baud,
1977; Megard-Galli and Faure, 1988), volcanism close to the
Triassic-Jurassic boundary (France: Laurent, in press; Cur-
nelle and Cabanis, 1989; Spain: Lago, 1984), and contempo-
raneous major reorganization of the subsidence pattern cou-
pled with a change of stress orientation (Grand, 1988). This led
to the individualization of Jurassic nearshore basins and
marginal plateau, the so-called Briançonnais domain (Lem-
oine et al., 1986; Faure and Megard-Galli, 1988; Dumont,
1988). As a result, the Upper Triassic-Jurassic series ob-
served in the latter domain are very similar to the Wombat and
Exmouth Plateau series, and have experienced a similar
evolution: strong Norian subsidence balanced by sedimenta-
tion; Rhaetian transgressino; earliest Jurassic, locally pre-
served, shallow marine beds; later (pre-Callovian) extensional
tectonics; subaerial exposure and erosion; and final drowning
as a result of thermal subsidence when the first oceanic crust
appeared. Furthermore, this evolutionary history is not ex-
ceptional, as it resembles the Suez Rift development, for
example (Dumont and Grand, 1987).

CONCLUSIONS
Legs 122 and 123 have significantly modified the ideas

about the geodynamic evolution of the northern part of the
Exmouth Plateau. First, there are probably no Jurassic depos-
its preserved in the Wombat Plateau area and there were
certainly no thick syn-rift Jurassic series. Second, the oceanic
crust north of the Wombat Plateau is not a true Tethyan one,
but results from the Early Cretaceous (latest Berriasian-
Valanginian) breakup of an unknown continental block
("Argo landmass," Gradstein et al., 1989) just before the
Neocomian Indo-Australian breakup. Thus, the data of Legs
122 and 123 document Late Triassic extension and subsidence
on the one hand, and the birth of the Argo ocean and the
correlative development of the PRU in the passive margin on
the other. But these two events cannot be included a priori in
the same evolutionary trend, especially considering the lack of
information about Jurassic events. In particular, it is not

obvious that the northern part of the Wombat Plateau, which
is at present the edge of the continental margin, was already
the edge of a Tethyan platform during the Late Triassic.

This study drew attention to the following points: (1) the
Late Triassic margin did not face northward (that is, toward
the present northern edge of the Wombat Plateau and the Argo
ocean) but northwestward, (2) the most recent deposits below
the PRU (Rhaetian) were not significantly thickened or faulted
during deposition approaching the present-day continent/
ocean boundary, and (3) the environments are different at Site
764 because at this site we recovered one of the numerous
reefal buildups that are commonly found in the Rhaetian series
where these series are preserved (northern Wombat Plateau;
Williamson et al., 1989), but not because Site 764 was located
on a reef belt at the Triassic platform edge (reefal buildups are
also found southward from Site 761; Williamson et al., 1989).

Thus, the Upper Triassic sequences of the Wombat Plateau
do not really indicate the proximity of a margin edge and they
do not correspond to syn-rift deposits with respect to the Argo
ocean. It is likely that the continental breakup northward from
the Wombat Plateau, which gave birth to the Argo oceanic
crust, was not initiated during the Late Triassic, but later.

It is proposed that the Wombat Plateau area experienced
two different rift phases (Fig. 6):

1. A Tethyan rift phase which began in the Late Triassic (or
even earlier) and was responsible for the Carnian tectonic pulse,
and then the development of Jurassic nearshore basins and a rim
of marginal plateaus (Exmouth, Wombat, Scott). This rift phase
is likely to have produced the Jurassic breakup of northern
Gondwanan continental blocks (Purcell and Purcell, 1988).

2. A second (earliest Cretaceous) rift phase which
"stamped out" the previous Tethyan margin and its rim of
plateaus, and whose effects upon the Wombat Plateau were
both renewed uplift and erosion after the Jurassic breakup and
before the Argo then Gascoyne breakups, and activation of
transverse fault zones (South Wombat fault, North Wombat
transform continent/ocean boundary). This model fits (1) the
tectonic and sedimentary history of the Wombat Plateau
during the Late Triassic, which has to be regarded as pre-rift
with respect to the Neocomian breakup, (2) the long duration
of the sedimentary gap below the PRU, which commenced
with the development of the marginal plateaus of the first rift
phase and ended only with the breakup of the second rift
phase, and (3) the age of the oceanic crust at Site 765 (Leg 123:
Gradstein et al., 1990; Marcoux and Baumgartner, in press),
which was younger than expected.

In regard to sequence stratigraphy, two sequence bound-
aries are documented: the lower one near the Norian-Rhaetian
boundary and the upper one within the upper part of the
Rhaetian beds at Site 764. Relative sea-level rise could be
produced either by tectonic subsidence or by an eustatic rise,
but no local evidence showing significant Rhaetian tectonics
was found. Furthermore, a similar sequence evolution is ob-
served in some Rhaetian series far from the Australian margin
(i.e., in the "stable" part of the northern Tethyan margin in
western Europe (French western Alps)), with comparable facies
evolution and thickness. This suggests that Rhaetian systems
tracts are mostly influenced by global sea-level changes. How-
ever, the origin of the second, intra-Rhaetian sequence bound-
ary, which is not observed in Europe, is less certain. It could
correspond to the late Rhaetian (211 Ma) sequence boundary of
the global cycle chart (Haq et al., 1987), but it could also be
enhanced by local tectonic subsidence.

The Rhaetian transgressions occur close to a major tec-
tonic reorganization that produces drastic paleogeographic
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changes all over the northwestern Australian margin, as well
as local volcanism. Some other passive margins are also
concerned by such events: latest Triassic-earliest Liassic
paleostress reorientation synchronous with short-lived fis-
sural volcanism and paleogeographic changes documented
in the Western Alps (Grand, 1988), and the widespread
Rhaetian-Hettangian short-lived volcanism (North America:
Manspeizer, 1988; Sutter, 1989; Spain: Lago, 1984; southern
France: Curnelle and Cabanis, 1989) which coincides with a
tectonic reorganization on the North American margin (Ven-
katakrishnan and Lutz, 1988; Klitgord et al., 1988). The
synchronism of these events is noticeable and it is likely that
the tectonic and magmatic events which are recorded in the
Wombat Plateau area around the Triassic-Jurassic boundary
(latest Triassic to earliest Jurassic volcanism, uplift of the
plateau) should not be regarded as local events as opposed to
global eustasy, but are an expression of a worldwide geody-
namic activity which is certainly not independent of global
eustasy. This could explain the difficulties in evaluating the
influence of tectonics and global eustasy upon margins such
as northwestern Australia, especially if the effects of both
are superimposed.
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Plate 1. Distribution of some representative Rhaetian microfacies typ e s upon theoretical platform profiles. Two different profiles are used that correspond respectively to transgression
and drowning of a previously shallow shelf (a situation which developed in the lower Rhaetian especially at Site 761, member A, and in the upper Rhaetian at Site 764, member E) and
to growing of a shallow carbonate platform in the context of relative sea-level stability (a situation mainly observed during deposition of members B and D).


