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DEEPENING-UPWARD SUBTIDAL CYCLES, MURRAY BASIN, SOUTH AUSTRALIA
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ABSTRACT: Decimeter-scale, deepening-upward cycles are the basic
depositional motif of Oligocene–Miocene Murray Supergroup lime-
stones in the Murray Basin, southeastern Australia. Cycles formed in
this large intracratonic basin on a centripetal, temperate-water epeiric
ramp. They reflect generation by trophic resource-influenced carbon-
ate production under mostly transgressive conditions. Listed from the
base up, each cycle is ideally composed of five parts: Part A—biotically
depauperate carbonates reflecting relatively shallow-water, restricted,
variably stressed highly mesotrophic environments; Part B—increas-
ingly biotically diverse limestones recording progressively more phys-
ical energy and less mesotrophic conditions upward; OM1—a conspic-
uous hardground to firmground surface formed during late transgres-
sion to stillstand during which wave sweeping and reworking contrib-
uted to omission and lithification; Part C—relatively biotically diverse,
epifauna-dominant sediments that were highly abraded during periods
of condensed sedimentation under marginally oligotrophic conditions;
and OM2 (cycle boundary)—a rarely conspicuous surface representing
arrested sedimentation and variable cementation as trophic resources
increased and conditions for carbonate production deteriorated. Ten
cycle types are grouped into four major styles; clay cycles, mollusc
cycles, echinoid cycles, and bryozoan cycles. These are interpreted to
form a lithological continuum from inner restricted terrigenous locales
to outer, open marine, bryozoan-colonized environments.

Deepening-upward cycles were profoundly sensitive to autogenic fac-
tors such as nutrient influx, terrigenous content and turbidity, hydro-
dynamic energy, water temperature, salinity, and water depth mani-
fested in this intracratonic setting. Although these cycles share a sim-
ilar sedimentological motif and hydrodynamic energy-based cycle-cap-
ping process with open shelf, epicratonic, shallowing-upward subtidal
cycles of Tertiary age, they formed in a very different way reflecting
the distinctive intracratonic environment in which they formed. Mur-
ray Basin cycles preserve a record of relative sea-level rise whereas
open shelf cycles accumulated mostly during relative sea-level fall.

INTRODUCTION

One of the fundamental elements of carbonate sedimentology and stra-
tigraphy is the meter-scale, shallowing-upward cycle (James 1984; Tucker
and Wright 1990; Pratt et al. 1992; Goldhammer et al. 1993). This building
block of many platforms and ramps is an integral part of the philosophical
approach to understanding carbonate sedimentology. Although most meter-
scale carbonate cycles are demonstrably shallowing-upward with peritidal
or subaerial exposure caps (Wilson 1975; Tucker and Wright 1990; Walker
and James 1992; Read 1998), deepening-upward, exposure-capped cycles
can also occur (Fischer 1964; Haas 1991; Soreghan and Dickinson 1994;
Lehrmann and Goldstein 1999) but are relatively uncommon. Outside of
the tropical to subtropical peritidal realm, open marine, wholly subtidal
cyclicity is less well documented and arguably not so easily interpreted
because of a lack of specific paleoenvironmental sedimentary features like
mudcracks and ooid grainstones. As summarized by Osleger (1991), ‘‘shal-
lowing-upward’’ is a typical, expected, and explainable motif in predom-
inantly subtidal rocks. However, mid-Cenozoic carbonate subtidal cycles
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generated within the largely shallow, low-energy dominated intracratonic
Murray Basin of southeastern Australia possess attributes logically inter-
preted as deepening-upward, thus suggesting this is not the rule. The pur-
pose of this report is to document these deepening-upward, temperate-water
cycles, interpret their origin, and indicate why such contrary units might
form.

GEOLOGICAL SETTING

Rocks of this study constitute the thin (, 150 m), generally flat-lying
Oligo–Miocene Murray Supergroup within the Murray Basin, South Aus-
tralia (Lukasik and James 1998; Lukasik 2000). The Murray Basin is one
of many similar Cenozoic basins situated along the southern Australian
margin (Fig. 1). It is a large (450 000 km2), shallow, intracratonic depres-
sion formed during Cretaceous rifting of Australia from Antarctica (Veev-
ers 1991) filled with carbonate and lignitic, siliciclastic, fluvio-deltaic sed-
iments of Eocene to Pliocene age (Brown and Stephenson 1991). Shallow,
low-energy carbonates of late Oligocene to middle Miocene age were de-
posited in the western portion of the basin (the area of this study) and
separated somewhat from the open ocean by the Padthaway Ridge (Fig. 1),
an episodically emergent granitic archipelago. Sediments accumulated on
a centripetal epeiric ramp behind this barrier within an extensive, shallow,
temperate-water inland sea approximately 200–500 kilometers from the
shelf edge. Facies analysis and regional basinal lithological trends (Radke
1987; Brown and Stephenson 1991; Lukasik and James 1998; Lukasik et
al. 2000) show that this broad epeiric ramp deepened from shallow inboard,
low-energy, restricted marine facies and tidal flats to deeper offshore, open
marine, wave influenced facies (Fig. 2). High-energy sedimentation was
limited to an offshore zone of winnowing by waves, shallow paleotopo-
graphic highs across the Padthaway Ridge, and nearshore environments
affected by storm surge (Lukasik et al. 2000).

Exposure is superb: strata crop out as cliffs along the River Murray in
South Australia nearly continuously for more than 175 kilometers (Fig. 1).
Most rocks are densely fossiliferous and heavily bioturbated. Lateral and
vertical facies changes are often subtle and best defined on variations in
gross lithology and macrofaunal dominance. Preservation of uncompressed,
thin-walled delicate biota and spherical to circular trace fossils verifies min-
imal compaction.

This study is focused on rocks representing the subtidal realm, generated
offshore from a wide belt of episodically emergent siliciclastic tidal flats
(Radke 1987; Brown and Stephenson 1991). Regressive incursions of clay
and marl sandwiched between packages of offshore carbonates argues that
although not all facies are present at any one time, there was always a
paleogeographic continuum between siliciclastic and carbonate environ-
ments. Biotic and lithological trends suggest that trophic resource levels
here increased consistently towards the shoreline (Fig. 2) as reflected by
successively more restricted marine, less fossiliferous, and increasingly
clay-rich facies inboard (Brown and Stephenson 1991; Lukasik et al. 2000).
Details of the stratigraphy, sedimentology, and environmental setting are
further outlined in Lukasik and James (1998) and Lukasik et al. (2000).

METHODS

Placed in a chronostratigraphic framework using foraminiferal event da-
tums (also see Lukasik et al. 2000), rock units were correlated between
many closely spaced cliff sections, each of which was measured in detail



654 J.J. LUKASIK AND N.P. JAMES

FIG. 1.—Location map of the Murray Basin
and the primary section localities along the River
Murray in South Australia. MPS, Mannum
Pumping Station; DD, Devon Downs; BB, Big
Bend Conservation Area; SR, Swan Reach; C,
Cudgee; KWPS, Kura Wira Pumping Station; B,
Blanchetown bridge; WOOF, Wood’s Flat; KH,
Kanyaka Houseboats; CM, Cadell Formation
type section; BC, Bryant’s Creek Conservation
Area; WAPS, Waikerie Pumping Station; OC,
Overland Corner. Line x–y is the approximate
paleogeographic location of the cross section in
Figure 2.

FIG. 2.—The Murray Basin epeiric ramp
model (after Lukasik et al. 2000). A broad
inboard proximal ramp of predominantly low-
energy open to restricted marine facies are
separated from low-energy (below FWB) open
marine distal facies by a narrow zone of high-
energy, wave-reworked, open marine facies.
Storm processes affect the seafloor across the
ramp.

(Fig. 3). Visual tracing and walking of units, where possible, confirmed
stratigraphic correlation. Because of the highly fossiliferous nature of these
strata and their dissimilar lithification and faunal preservation patterns, the
paleontology, taphonomy, and ichnology (ichnofacies, ichnofabrics, and
tiering) were determined qualitatively in the field (see Lukasik et al. 2000
for full details). Ichnological study relied heavily on general ichnofabric
pattern analysis (cf. Bromley and Ekdale 1986), ichnofacies, and their dom-
inant taxa (cf. Bromley and Asgaard 1991) as they pertained to sediment
induration, overprinting, and omission surface recognition. Quantitative
ichnotaxa abundance data are estimated as a percentage of the total rock
surface.

Analysis of trophic resources and determination of relative water depth
are fundamental components of the paleoenvironmental and depositional
interpretations of these strata. Trophic resource analysis relied on the in-
tegration of biotic and sedimentological attributes already established for
basin-scale facies distribution through time (Lukasik et al. 2000). Actu-
alistic studies have shown that organism diversity and abundance can be
related to trophic resource levels at the time of deposition. Changes in the
trophic resource continuum from nutrient-poor, relatively oligotrophic con-
ditions to nutrient-rich, relatively eutrophic states affect the turbidity of the
water column and the character of the substrate (e.g., Hallock 1987). Such
changes in the physiochemical environment have a profound effect on the
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FIG. 3.—Stratigraphic correlation, lithological character, and distribution of basic cycle types of the primary sections located in Figure 1. Profiles reflect weathering
patterns influenced by original rock texture. Foraminiferal events help to constrain the chronostratigraphic correlation. The contact between the Finniss and Glenforslan
formations (lowest middle Miocene) forms the horizontal datum. Vertical scale is in meters.

diversity, dominance, type, and trophic structure of the macrofaunal assem-
blages and on microfaunal composition (e.g., Valentine 1971; Stanton and
Dodd 1976; Hallock and Schlager 1986; Hallock 1988; Brasier 1995a,
1995b). Interpretation of the range of trophic resource levels for each cycle
type in the Murray Basin relied upon comparison of their composite facies
attributes (Fig. 4).

Relative water depths were determined using presence/absence and abun-
dance criteria of extant fauna with known depth constraints (including pho-
tosymbiont-bearing foraminifers such as Marginopora, Lepidocyclina,
Operculina, and Amphistegina, pinnid bivalves, and seagrass-dwelling or-
ganisms) integrated into their composite facies spectrum. For details, see
Lukasik et al. (2000).

MURRAY BASIN SUBTIDAL CYCLES

General Sedimentological Attributes

The sub-meter-scale subtidal cycle forms the fundamental building block
of these strata. Each cycle has a predictable upward facies succession con-
taining consistently similar patterns of relative lithologic, biotic, ichnologic,
and taphonomic change (Fig. 5). Such commonality indicates the presence

of a basic five-part, idealized subtidal cycle motif applicable to all occurring
within these strata. The general interpretation of this motif is outlined be-
low, followed by details of the different depositional cycle types that sup-
port it.

Part A.—Where preserved, this faunally poor, least bioturbated and lo-
cally laminated basal part of the cycle is a barren to molluscan clay or
clay-rich horizon. On the basis of comparison with similar facies at a ba-
sinal scale, this interval represents relatively restricted marine deposition
within shallowest environments that contain the highest trophic resource
levels (Lukasik et al. 2000). The sedimentary record at this level in the
cycle can be partially to completely obliterated by downward bioturbation
associated with deposition of overlying sediment. In such cases, part A is
merged with the poorly defined omission surface (OM2) capping the un-
derlying cycle (Fig. 5).

Part B.—Part B is interpreted to represent deepening-upward sedimen-
tation under progressively decreasing trophic resources. Forming the bulk
of the cycle, sediments of Part B are mostly bioturbated and locally coarsen
upward, coinciding with a corresponding increase in faunal diversity and
abundance. Multiple overprinted softground (Cruziana) and firmground
(Glossifungites) ichnofacies suites (Bromley and Asgaard 1991; Goldring
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FIG. 4.—Faunal and sedimentological attributes of the trophic resource continuum (TRC; after Lukasik et al. 2000, compiled from Valentine 1971; Stanton and Dodd
1976; Hallock and Schlager 1986; Hallock 1987, 1988; Allmon 1988, 1992; Shepherd et al. 1989; Brasier 1995a, 1995b). Ranges of facies within different cycle types are
plotted to approximate interpreted trophic resources available during their deposition. The mesotrophic interval is subdivided into high and low, reflecting the gradational
continuum between the TRC end members. C 5 clay cycles, M 5 mollusc cycles, E 5 echinoid cycles, B 5 bryozoan cycles, TRC 5 trophic resource continuum.

FIG. 5.—The idealized, sub-meter-scale, subtidal cycle from the Murray Basin. Separated into five parts, facies within the cycle range from those of relatively eutrophic,
restricted marine settings (A), upward to facies of progressively more oligotrophic, open marine environments (B). Part B is capped by an indurated omission surface
(OM1) that divides the predominantly infaunal biotic assemblages of Parts A and B from the epifaunal dominant assemblages of Part C. Part C is the most open marine
part of the cycle. It is typically relatively thin, and composed of reworked sediments with or without physical scouring and reworking features. The cycle is capped by a
sedimentologically minor omission surface (OM2). The cycle is interpreted to represent deepening-upward sedimentation from Parts A to B, followed by a relatively thin
record of sea-level stillstand expressed by the omission surfaces and relatively condensed sedimentation within Part C.
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FIG. 6.—A) Ten subtidal cycle types separated
into four major styles based on their facies
composition. Cycle types one to ten (clay to
bryozoan) form a gradational facies continuum
from restricted to open marine with a
corresponding expansion of the trophic resource
continuum from eutrophy to low mesotrophy.
All cycles range in thickness from 15 to 95 cm.
B) Legend of symbols used for all figures.

1995), different types and crosscutting relationships of burrow fill, and
evidence for episodic physical reworking indicate a complex accumulation
history.

OM1.—Induration increases upward, terminating in a conspicuous firm-
ground or a hardground omission surface, OM1 (Fig. 5). This hiatus rep-
resents a period of low net sedimentation likely associated with but not
confined to increased wave and storm energy in a widening sea.

Part C.—A thin (1–20 cm thick) relatively grainy unit overlies the con-
voluted OM1 omission surface. This grainstone to rudstone is interpreted
to represent sedimentation in the deepest, most open marine environments.
Winnowed biota from Part B, other epifaunal skeletons, intraclasts, crustose
coralline algae, relatively high particle abrasion, fragmentation and/or en-
crustation rates, and locally prevalent physical sedimentary and scouring
structures together imply condensed deposition under conditions of rela-
tively high energy.

OM2.—A second, more subdued omission surface forms the upper cycle
boundary (Fig. 5) and seems to be associated with relative sea-level still-
stand from maximum transgression to early regression. This surface is ex-
pressed as an iron-stained and/or oyster-encrusted weakly convoluted
hardground, or as a sharp flat surface in contact with Part A. Where best
preserved, this contact separates facies of most disparate nature (e.g., rel-
atively open marine carbonate sands of Part C from overlying relatively
restricted marine clays interpreted as Part A of the overlying cycle).

Ten different cycle types with this general five-part motif can be rec-
ognized (Fig. 6; Table 1), each ranging in thickness from 15 to 95 cm.
They fall naturally into four groups; clay cycles, mollusc cycles, echinoid
cycles, and bryozoan cycles (see Fig. 3 for their stratigraphic distribution).
The paleogeographic distribution of cycle types across the epeiric ramp
reflects a gradational nearshore (clay cycles) to offshore (echinoid and
bryozoan cycles) expansion of the trophic resource continuum (TRC) in
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TABLE 1.—Biotic, taphonomic, and ichnologic attributes of subtidal cycles from the Murray Basin.

Cycle
Type

Scale
(cm) Dominant Biota Taphonomy Bioturbation

Major Omission
Surface Interpretation

Clay Cycles

1 25–90 rare infaunal bivalves, turritellid gastropods
and bryozoans; pyrite tubules present

excellent faunal preserva-
tion; shell disarticulation
common

tiered; Cruziana into Chon-
drites, overprinted by
Glossifungites

weakly convoluted firm-
ground

shallow restricted marine,
nearshore; dysoxic to oxic
condition fluctuation; eu-
trophic to highly mesotro-
phic

2 10–30 bivalves (taxodont), gastropods, Margino-
pora, Ditrupa, pectinids, oysters, schi-
zasterid echinoids, bryozoans (Idmidro-
nea)

articulated oysters in clay;
fragmented biota in grain-
stone; shell disarticulation
prominent; encrustaton
low

Cruziana overprinted by
Glossifungites on a 20–50
cm scale; rudstone to
grainstone scour fill com-
monly with Skolithos-type
ichnofacies

weakly convoluted firm-
ground, commonly
scoured 5–40 cm depth

shallow, highly mesotrophic,
nearshore restricted ma-
rine to seagrass setting;
storm surge influenced

Mollusc Cycles

3 40–90 infaunal bivalves, pinnid, turritellid, and
volutid gastropods, solitary corals, sca-
phopods, oysters, miliolid foraminifers
with Marginopora

excellent preservation; bi-
valves commonly articu-
lated, Atrina and Panopea
in life position; abrasion
minimal

pervasively mottled, over-
printed by Glossifungites
suite with clay-filled bur-
row networks; laminated
clays present at base

weakly to moderately con-
voluted firmground; rare,
shallow scours

shallow, low-energy, eutro-
phic to highly mesotro-
phic conditions; seagrass-
es

4 30–60 as above; plus grainstones with cellarid
bryozoans, Ditrupa, Fibularia, oysters,
pectinids, and brachiopods

articulation and disarticula-
tion in floatstone; slight
abrasion, encrustation and
fragmentation in locally
cross-stratified grainstones

slightly mottled, based into
pervasively mottled float-
stone overprinted by
Glossifungites

weakly convoluted firm-
ground overlain by thin
(1–4 cm) grainstone

Shallow marine, highly me-
sotrophic to mesotrophic
conditions

5 30–80 infaunal bivalves, gastropods, corals with
celleporid and fenestrate bryozoans,
Spondylus, irregular echinoids, oysters,
pectinids, and Marginopora; Operculina,
cellarids, serpulids, brachiopods, and
pectinids in grainstone

shell disarticulation; intact
Spondylus common; mini-
mal abrasion and frag-
mentation except in grain-
stones; encrustation high
in grainstones; Cellepor-
aria often encrusted and
bored

slightly to pervasively mot-
tled, overprinted by Glos-
sifungites suite; grain-
stones weakly
cross-stratified

moderately convoluted firm-
ground

Shallow, mesotrophic condi-
tions from seagrass to
bryozoan meadow

Echinoid Cycles

6 25–90 irregular echinoids (Lovenia, Monostychia,
Fibularia, Eupatagus), fenestrate and
celleporid bryozoans, infaunal bivalves,
turritellid and cassid gastropods, solitary
corals, brachiopods, serupulid worm
tubes, oysters, pectinids; with Operculi-
na and Amphistegina foraminifers

disarticulation and abrasion
common to prevalent;
fragmentation locally
common; encrustation
generally low

overprinted Cruziana and
Glossifungites suites on a
50–60 cm scale; multiple
burrow and fill events
mottled base

moderately to highly convo-
luted firmground to
hardground

shallow, mesotrophic condi-
tions; offshore open ma-
rine; sparsely covered
open sand flat

7 25–90 as in 6, with additional crustose coralline
algae and larger amounts of cellarid
bryozoans, serpulid worm tubes (Ditru-
pa), and Operculina /Amphistegina fora-
minifers

disarticulation, fragmenta-
tion, abrasion, and en-
crustation very high in
rudstone to grainstone;
hardgrounds rarely to to-
tally encrusted by coral-
lines, bryozoans, serpu-
lids, and/or oysters

overprinted Cruziana and
Glossifungites suites on a
50–60 cm scale; omission
surfaces shallowly bored

highly convoluted hard-
ground; locally iron-
stained, bored and en-
crusted, overlain by
intraclastic rudstone to
grainstone

offshore, open marine set-
ting within the zone of
wave winnowing; iron-
stained hardgrounds dur-
ing periods of high tro-
phic resources

8 40–70 irregular echinoids (Fibularia, Lovenia),
pectinids, serpulids, bryozoans, solitary
corals, infaunal bivalves, volutid gastro-
pods, regular echinoids, brachiopods

disarticulation common;
abrasion and encrustation
low; fragmentation mod-
erate to high in rudstones

Cruziana overprinted with
Glossifungites; multiple
events; scour fill rud-
stones laminated at base
with Skolithos Ichnofacies

weakly to moderately con-
voluted firmground
scoured to depths up to
40 cm

highly mesotrophic condi-
tions; fluctuating oxygen
levels associated with
changes in energy; cool
waters

Bryozoan Cycles

9 50–90 bryozoans (cellarid, fenestrate, celleporid),
irregular and regular echinoids, brachio-
pods, pectinid and infaunal bivalves,
Spondylus, gastropods, Operculina and
Amphistegina foraminifers

common; abrasion minimal
to moderate (grainstones);
fragmentation minimal

grading into Cruziana suite
overprinted by Glossifun-
gites; cross-stratified
grainstone

moderately convoluted firm-
ground overlain by thin
grainstone

mesotrophic, open marine
conditions; fluctuating
low and high energy from
seagrass to bryozoan
meadows offshore

10 30–70 Celleporaria, bryozoans (as above), irregu-
lar and regular echinoids, pectinids, oys-
ters, infaunal bivalves and gastropods,
turritellids, crustose coralline algae, bra-
chiopods, solitary corals, with Operculi-
na, Amphistegina, Marginopora foramin-
ifers

disarticulation common;
abrasion minimal; frag-
mentation minimal; en-
crustation very high in
rudstone and grainstone

overprinted Cruziana and
Glossifungites suites on a
50 cm scale; multiple
burrow and fill events

moderately convoluted firm-
ground; rarely oyster en-
crusted

shallow, low mesotrophic
conditions; open marine,
offshore bryozoan mead-
ows with seagrasses; low
energy setting; warm sub-
tropical waters

Weakly convoluted 5 1–3 cm surficial relief.
Moderately convoluted 5 4–8 cm surficial relief.
Strongly convoluted 5 81 cm surficial relief.

progressively deeper waters (Fig. 7; Lukasik et al. 2000). Physical sedi-
mentary structures and reworking of sediments are most prevalent in the
deepest-water, most offshore echinoid and bryozoan facies.

Clay Cycles

Clay cycles (cycle Types 1, 2; Table 1; Fig. 6) are thin (; 20–40 cm)
coarsening-upward successions of clay (Part A) and pervasively bioturbated

molluscan floatstone (Part B). Fossils consist of epifaunal bivalves (espe-
cially oysters and mussels), small gastropods, and a few bryozoans. Echi-
noids are limited to those morphologically adapted to locomotion in clays
(e.g., Schizaster). Foraminifers include small infaunal detritivores (Bolivina
and Uvigerina), miliolids, and Marginopora (Type 2 cycles). Extent and
degree of bioturbation increases upward from part A to B (Fig. 8A, B).
Part A is dominated by Chondrites (30–40%), Gyrolithes (10–15%; Fig.
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FIG. 7.—Cycle types through time and space. Temporal and interpreted paleogeographic location of cycle types across the Murray Basin epeiric ramp. Clay cycles (Types
1 and 2) accumulated in shallow, nearshore restricted marine environments. Mollusc cycles (Types 3–5) accumulated in slightly deeper nearshore, low-energy, muddy sand
flat (early Miocene) to seagrass meadow (middle Miocene) environments. Echinoid cycles (Types 6–8) represent deposition within offshore, low-energy to high-energy,
open marine environments dominated by highly mesotrophic echinoid sand flats in the early Miocene. Bryozoan cycles (Types 9 and 10) reflect deposition under favorable,
offshore, open marine bryozoan meadows generated under conditions of relatively low mesotrophy. All facies lie within the euphotic zone. All are interpreted as subtidal.

8D), Thalassinoides and Teichichnus (20–50%), all of which are filled with
sediment from Part B above. Thalassinoides is re-penetrated by clay-filled
Chondrites from the base of the overlying cycle. Part B is modified by
Thalassinoides, Teichichnus, Scolicia, and Zoophycos (70–90%) with lesser
Skolithos (5%) and clay-filled Thalassinoides and Chondrites (10–15%).
Where present, thin (1–4 cm) grainstones of Part C (Fig. 8C), composed
of up to 80% serpulid worm tubes and 15% bryozoan fragments, contain
the only fragmented and encrusted biota in the cycle and overlie pot
scoured surfaces. Scours measure 5–50 cm in depth and up to 100 cm in
width. Bioturbation comprises overprinted tiers that repeat on a 10–50 cm
scale. Firmgrounds are weakly convoluted (Fig. 8B, C, D).

Interpretation.—Judging from their limited biota, barren to sparsely
fossiliferous clay composition, abundance of Chondrites, and oxygen-re-
lated tiered bioturbation patterns (cf. Savrda and Bottjer 1986), clay cycles
are interpreted to represent deposition in shallow nearshore, restricted ma-
rine environments subjected to repeating levels of stressful conditions such
as fluctuations in oxygen level and/or salinity (Fig. 7). Upward facies trends
throughout these cycles suggest depositional conditions graded from a high-
ly mesotrophic–eutrophic, dysoxic, euryhaline (?), quiet, inimical seafloor
(Part A) upward to increasingly less eutrophic, more oxygenated and steno-
haline (?), shallow marine seagrass environments (Part B) susceptible to
scouring by storm surge events (OM and Part C; cf. Myrow 1992). Scours
are comparable to seagrass meadow blowouts documented from southeast-
ern Florida (Wanless 1981). Frozen tiers of bioturbation in Type 2 cycles
may be related to storm depositional processes (cf. Orr 1994).

Similar lithofacies occur in the subsurface (Geera Clay and Winnambool
formations) as a strandline fringe along the inboard margin of the basin
(Radke 1987; Brown and Stephenson 1991). Tidal channels veneered with
quartz-pebble conglomerates occurring locally on the omission surfaces of
Type 1 cycles near Waikerie (Giles 1972; Lukasik et al. 2000) also lend
support to the notion that these cycles represent shallow, nearshore, re-
stricted marine environments.

Age.—Clay cycles occur in the lower Miocene Finniss Formation, and
in the middle Miocene Cadell and lower Bryant Creek formations (Fig. 3).

Mollusc Cycles

Mollusc cycles (cycle types 3, 4, and 5; Table 1; Fig. 6) are burrow-
mottled, fine-grained molluscan packstone and floatstone units with an av-
erage thickness of 40–60 cm. Part A is either a thin laminated clay (Type
3; Fig. 9A, B, C), a dolostone, or a clay-rich, slightly burrow-mottled,
sparsely fossiliferous Marginopora–molluscan floatstone (Types 4 and 5;
Fig. 10B). It grades upward across a burrowed contact into Part B, a mil-
iolid–molluscan floatstone (Figs. 9, 10) that may or may not be rich in
celleporarid bryozoans (Type 5; Fig. 10B, C). Fossil abundance and diver-
sity increase upward towards the omission surface. Many constituents are
found in life position, especially the pinnid bivalve Atrina, shallow and
deep infaunal bivalves Glycimeris and Panopea respectively, spondylid bi-
valves, and less commonly the bryozoan Celleporaria. Part B terminates
in a weakly to moderately convoluted firmground (OM1) rich in infaunal
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FIG. 8.—Clay Cycles. A) Cycle Type 1. Well-
preserved tiering from pervasively bioturbated
(Cruziana and Glossifungites ichnofacies)
molluscan floatstone (Part B) downwards into a
Chondrites (Ch) and Teichichnus (Te) burrowed
laminated clay (Part A). BI 5 bioturbation index
(Taylor and Goldring 1993). Section OC 10.2–
10.7 m. B) Cycle Type 1. A weakly convoluted
omission surface cycle contact (OM) at 10.8 m
separates molluscan floatstone of the lower cycle
(Part B) from the non bioturbated clay of the
overlying cycle (Part A). Section OC 10.6–10.9
m. C) Cycle Type 2. Part A—laminated clay.
Part B—indurated molluscan–Marginopora
floatstone with a slightly scoured firmground
omission surface (OM1). Part C—serpulid–
molluscan grainstone (weathered surface makes
it difficult to see clearly). Section CM 19.15–
19.35 m. D) Cycle Type 2. Three complete
cycles showing the rhythmic nature of Part A
clay and Part B molluscan floatstone. Well-
preserved, offset suites of ichnofacies
(Chondrites-dominated overprinting
Thalassinoides/Teichichnus /Scolicia-dominated
facies), and overlapping tiers. Section BC 14.0–
15.0 m.

molluscs and the large, photosymbiont-bearing, benthic foraminifer Mar-
ginopora. The firmground zone is associated with a relative increase in
epifaunal suspension feeders including oysters, brachiopods, pectinid bi-
valves, and bryozoans (celleporarids and fenestrates in particular) with
spondylid bivalves and articulated oysters often wedged in firmground
nooks and crannies (Fig. 10C). The firmground is rarely scoured (Fig. 9B)
but always overlain by either a thoroughly bioturbated, mottled, molluscan
floatstone (Type 3) or a thin (0.5–4 cm), patchy, cellarid bryozoan–serpulid
worm tube grainstone (Types 4 and 5; Fig. 10A) locally rich in photosym-

biont-bearing rotaliid foraminifers such as Operculina and Amphistegina
(especially in Type 5). Sediments of Part C contain abraded, fragmented,
and encrusted biota.

Bioturbation is complex, overprinted on a 30–100 cm scale (commonly
penetrating down past lithological cycle boundaries), and consists of offset
softground and firmground ichnofacies suites helpful in defining cycle
boundaries (e.g., Figs. 9A, 10B). Planolites is pervasive throughout, except
in basal clay layers where they are preserved (Part A; Fig. 9C). Bioturbation
increases upward towards omission surface OM1, ranging from a suite of
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FIG. 9.—Mollusc Cycles. A) Cycle Type 3.
Two mollusc cycles with well-preserved
overlapping ichnofabrics. Clay-filled Chondrites,
and Chondrites-burrowed Thalassinoides traces
that are present in the upper part of each cycle
actually initiate in the lower part of the
overlying cycle (early in the overlying cycle’s
Part B deposition). These clay-filled burrows cut
older traces in the underlying cycle filled with
molluscan floatstone. Firmground omission
surfaces (OM) cap the cycles. Section BC 8.0–
8.8 m. B) Cycle Type 3. A complete cycle
ranging upward from the basal laminated clay
(Part A) that grades into a thoroughly mottled
molluscan floatstone (Part B) capped by a
shallowly scoured firmground omission surface
(OM1) and is overlain by a patchy and thin
molluscan skeletal hash (Part C). This hash fills
burrow networks throughout part B. At the base
of the cycle, clay-filled Chondrites burrows
initiate in Part A at 15.8 m and extend into the
upper part of the underlying cycle. Section CM
15.8–16.6 m. C) Cycle Type 3. A vertical
section through the cycle boundary and
overlying Part A clay horizon. The lower cycle
boundary (OM2) grades sharply from well-mixed
floatstone (light gray) into the laminated clay
(dark gray) of Part A. Clay-filled Thalassinoides
traces initiate from the surface delineated as the
cycle boundary at 7.9 m. Floatstone-filled traces
(fltst) originating in Part B cut down into the
laminated clay (Part A) from above. Section BC
7.9–8.0 m.

Chondrites and Gyrolithes near the base, to a suite incorporating Scolicia,
Teichichnus, Zoophycos, and Thalassinoides near the top (e.g., Figs. 9,
10A, C). Crosscutting relationships of multiple and overlapping Thalassi-
noides populations defined by different burrow fills (e.g., Thalassinoides
filled with molluscan floatstone crosscut by skeletal hash-filled burrows that
are in turn cut by clay-filled burrows) illustrate a temporal hierarchy of
sedimentation from oldest to youngest. Many molluscan floatstone and
skeletal hash-filled traces are subsequently repenetrated by clay-filled
Chondrites coming down from Part A of the younger cycle above. Traces
of a single Thalassinoides population become stenomorphic with depth
through the cycle, ranging from 6–7 cm in diameter near the firmground
surface to 1–2 cm at the base (Fig. 10B). Ichnofabrics that overlap omission
surfaces from above suggest that firmgrounds were never very hard. In
those cycles where Part A basal clays are absent, late-stage open burrow
networks within the underlying firmground (Fig. 9A) and/or in the thor-
oughly mottled floatstone of Part C (Fig. 9C) are typically filled with lam-
inated clay. Such clay-filled burrow networks define omission surfaces
where Part A clays have been either removed or subsequently mixed with
the molluscan floatstone of Part B.

Interpretation.—Mollusc cycles share biotic attributes with both re-

stricted-marine clay cycles and relatively open-marine bryozoan–echinoid
cycles. They are interpreted to record accumulation within shallow, near-
shore, mesotrophic to highly mesotrophic, seagrass to muddy sand flat set-
tings (Fig. 7; Lukasik et al. 2000). Laminated clays and the presence of
only a sparse molluscan assemblage in floatstones of Part A suggest sedi-
ment accumulation in low energy, stressed to restricted marine environ-
ments. Low-oxygen conditions are expressed by the abundance of clay-
filled Chondrites at this level (Bromley and Ekdale 1984).

Progressively more oxygenated and open marine conditions prevailed
through the deposition of Part B as expressed by an upward increase in
faunal abundance and diversity, and an upward increase in the intensity of
bioturbation. Increasing induration towards OM1, which presumably re-
sulted from decreasing rates of sediment accumulation, correspond to an
infaunal to epifaunal biotic shift and the appearance of firmground burrows
(Glossifungites Ichnofacies). An upward increase in faunal abundance and
diversity coinciding with the appearance of photosymbiont-bearing fora-
minifers is interpreted to reflect a change in sedimentation from offshore
seagrass meadows (Types 3 and 4) to increasingly deeper and more off-
shore seagrass–bryozoan (Type 5) environments (Fig. 7). Celleporaria
(Type 5), the dominant macrofossil in this upper Part B facies, seems to
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FIG. 10.—Mollusc Cycles. A) Cycle Type 4.
Slightly burrow mottled clayey molluscan
floatstone (Part A) grades upward into
pervasively bioturbated molluscan floatstone
(Part B) capped by a slightly convoluted
firmground omission surface (OM1). A thin
serpulid worm tube–cellarid bryozoan grainstone
(Part C) overlies OM1 and is capped by OM2.
Section C 10.9–11.2 m. B) Cycle Type 5. Two
complete subtidal cycles. Soft clayey molluscan
floatstone (Part A) grades upward into indurated
molluscan–Celleporaria rudstone–floatstone (Part
B). A thin, patchy Operculina–cellarid bryozoan
grainstone (Part C) overlies the firmground
omission surface. A gradation of later stage firm-
substrate burrows from a Chondrites–Gyrolithes
assemblage in Part A upward into a
Thalassinoides–Teichichnus–Scolicia assemblage
in Part B overprints a thoroughly mottled
softground ichnofabric. Section CM 11.2–12.5
m. C) Cycle Type 5. Looking down on an
exhumed firmground surface reveals isolated
colonies of Celleporaria (Ce) occurring in
conjunction with articulated thorny oysters
(Spondylus; Sp) that lived among the firmground
convolutions. Lens cap is approximately 5 cm in
diameter. Section CM 23.1 m (Bryant Creek
Formation).

have flourished near to the open marine seagrass meadows of the middle
Miocene (Fig. 7). Overall, the abundance of articulated bivalves and lack
of widespread scours such as those present in the clay cycles suggest over-
all low-energy conditions prevailed throughout Part B deposition.

On the basis of their biotic similarity with underlying Part B sediments,
those of Part C are interpreted to represent a continuation of offshore open
marine depositional conditions. Depending on the paleogeographic position
of a cycle on the epeiric ramp, Part C is either a thoroughly mottled mol-
luscan floatstone (Type 3) or a thin, open marine grainstone to rudstone
(Types 4 and 5) with photosymbiont-bearing foraminifers, brachiopods, and
cellarid bryozoans. Clay-filled burrows within Part C and/or oysters encrust-
ing its upper surface indicate a period of omission capping the cycle (OM2).

Age.—Mollusc cycles occur within all formations of the Murray Super-
group, but are best developed in the uppermost lower Miocene Finniss
Formation and the middle Miocene Cadell Formation (Fig. 3).

Echinoid Cycles

Echinoid cycles (cycle Types 6, 7, and 8; Table 1; Fig. 6) constitute
fossiliferous facies dominated by infaunal irregular echinoids (especially
Lovenia, Eupatagus, Fibularia, and Monostychia). Cycles average 40–60
cm in thickness and are composed of only Parts B and C (Fig. 6). Part A
is most commonly preserved as an omission surface in the form of a sharp
to burrowed contact (OM2) separating echinoid rudstone or grainstone of
Part C from overlying Part B echinoid floatstone.

Part B forms the bulk of the cycle and is composed of echinoid floatstone
locally rich in celleporid bryozoans (Type 6) and iron-stained carbonate
sand grains. It contains an open marine, stenohaline fossil assemblage of
brachiopods, bryozoans, crinoid ossicles, serpulid worm tubes, and pectinid
bivalves in varying abundance plus a diverse array of infaunal bivalves and
infaunal to epifaunal gastropods (Lukasik et al. 2000). Photosymbiont-bear-
ing foraminifers including Operculina and Amphistegina range from scarce
to abundant. The upper surface of Part B (OM1) varies from a moderately
to highly convoluted hardground (Type 7; Figs. 11, 12A, B, C) that is

uncommonly iron-stained, bored, and encrusted (Fig. 12D) to a moderately
to highly convoluted firmground (Type 6; Fig. 12A) locally scoured to
depths of 40 cm (Type 8; Fig. 13A, B). Small oyster bioherms reaching
not more than 50 cm in width and 10 cm in height nucleate locally on
hardground surfaces.

Part C is an echinoid–bryozoan rudstone (Figs. 12A, 13) or a cellarid
bryozoan–coralline algal–serpulid worm tube grainstone with or without
intraclasts (Fig. 12B, C). Fossils include those from Part B in addition to
an epifauna that colonized the indurated omission surface. Low-amplitude
pot scours (as per Myrow 1992) reaching depths of 20 cm cutting into
firmground omission surfaces (OM1) are common. Part C sediments fill
open burrow networks within Part B. Such fillings are locally so dense that
they form up to 70% of the total rock volume (Figs. 11, 12A, 13C), making
it difficult to determine the nature of the original sediment matrix. Biotur-
bation is overprinted and pervasive (e.g., Figs. 11, 12A), creating complex
ichnofabrics with indistinct burrows that are not readily identified.

Interpretation.—The nature of the biota and common iron staining of
carbonate sand grains suggest highly mesotrophic (see Fig. 4), open marine
depositional conditions (Lukasik et al. 2000). Given the basinal distribution
trend of facies, these cycles are thought to have accumulated in shallow to
moderate water depths outboard of the seagrass meadows and open clayey
sand flats (Fig. 7). The infaunal trophic structure and overall high abrasion
and fragmentation rates of shelly biota often associated with scours suggest
that the seafloor was susceptible to reworking by storms, the evidence being
sparse epifauna and paucity of rooted organisms able to hold the substrate
in place. Rudstones and grainstones of Part C, particularly when associated
with hardground development, likely reflect an offshore zone of wave win-
nowing that prevented accumulation and promoted lithification.

Age.—Echinoid cycles are restricted to upper Oligocene and lower Mio-
cene strata (Mannum Formation; Fig. 3).

Bryozoan Cycles

Bryozoan cycles (cycle Types 9, 10; Table 1; Fig. 6), averaging 40–60
cm in thickness, are extremely fossiliferous units with a well preserved,
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FIG. 11.—Echinoid cycle Type 6 (upper Oligocene to lower Miocene Mannum Fm). The upper part of one cycle and the lower two-thirds of the overlying cycle are
shown. Part A is not present but is interpreted to be coincident with the sharply gradational, burrowed cycle contact (OM2). Echinoid floatstone of Part B is thoroughly
mottled with burrow networks filled with various generations of sediment indicating a complex depositional history. Part B terminates in a moderately to convoluted
firmground to hardground surface (OM1) overlain by the echinoid–bryozoan rudstone of Part C. Section BB 14.0–15.0 m.

FIG. 12.—Echinoid Cycles. A) Cycle Type 6
(upper Oligocene to lower Miocene Mannum
Fm). Cycle showing extensive burrow fill (Part
C), nearly completely obliterating the Part B
cycle matrix. Irregular echinoids (Lovenia; Lo)
fill a distinct Thalassinoides burrow from the
omission surface (OM1) right down to the
underlying cycle boundary (OM2). Section DD
8.8–9.2 m. B) Cycle Type 7 (lower Miocene
Mannum Fm). Close-up of an OM1 hardground
surface encrusted with oysters. Infaunal
echinoids (Lovenia; Lo) are encrusted with
coralline algae. Part C coralline algal–bryozoan
grainstone overlies the omission surface. Section
B 5.8 m. Coin is approximately 1.5 cm wide. C)
Cycle Type 7. Hardground surface (OM1) at
21.05 m is overlain by coralline algal- and
bryozoan-encrusted intraclasts resting in a
bryozoan–echinoid rudstone matrix (Part C).
Intraclasts are commonly bored and, less
frequently, associated with vermetid gastropods.
Section SR 20.7–21.15 m. D) Cycle type 7.
Cross-sectional close-up view of borings into the
iron-stained OM1 hardground surface. Section
KWPS 6.8 m.

highly diverse and abundant biota. Part A is a bryozoan floatstone to rud-
stone (Type 10) with a bryozoan–foraminiferal packstone matrix that is
occasionally clay-rich (Type 9; Fig. 14A). Dominant biota include celle-
porid bryozoans, pectinid bivalves, infaunal echinoids, solitary azooxan-
thellate corals, and oysters. Part A passes gradationally upward into bryo-
zoan floatstone, rudstone, to bafflestone of Part B (Figs. 14A, B, C) with
a corresponding increase in faunal diversity and abundance. Celleporaria
locally formed coalescing boxwork-style thickets often populated by artic-

ulated pectinid and spondylid bivalves (Fig. 14D). A moderately convo-
luted firmground omission surface (OM1), typically associated with large,
photosymbiont-bearing Marginopora foraminifers, caps Part B.

Part C is coralline algal–bryozoan–foraminifer rudstone to grainstone
with a highly diverse biota reflecting all trophic levels from deep burrowing
suspension feeders (e.g., Panopea) and deposit feeding echinoids (espe-
cially the bulbous Cyclaster), to high-story epifaunal suspension feeders
(Celleporaria; Lukasik et al. 2000). Minimal abrasion and fragmentation
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FIG. 13.—Echinoid Cycle. Type 8 (upper Oligocene, lower Mannum Formation). A) A complete subtidal cycle showing the scoured OM1 omission surfaces, and
percentage of background mottling vs. traces filled with Part C skeletal rudstone (rdst). Section DD 1.6–2.4 m. B) Amalgamated scour and fill episodes (1, 2, and 3) cutting
into the firmground OM1 omission surface that caps Part B. Echinoid rudstone scour fill (Part C) preserves primary sedimentary structures. They likely represent episodic
depositional events due to storms. Coin at contact between fills 2 and 3 is approximately 1.5 cm in diameter. Section DD 2.2–2.4 m. C) Slightly convoluted firmground
omission surface overlain by Part C echinoid (Fibularia) rudstone that fills previously open burrows underlying the omission surface. Coin is roughly 1.5 cm in diameter.
Section DD 1.0–1.1 m.

of skeletal elements are offset by high epibiotic encrustation. Deep burrow-
ing infaunal echinoids are often found heavily encrusted with a variety of
epizoans. Grainstones are locally cross-laminated. The upper omission sur-
face (OM2) is in gradational contact with Part A. Sharp surfaces are rela-
tively rare.

Largely similar biotic elements and sediment composition throughout the
bryozoan cycle unit results in vague and graded boundaries between inter-
nal cycle components that are difficult to discern. Bioturbation is generally
pervasive and overprinted to a depth exceeding one meter, with traces filled
by multiple generations of sediment from different levels of the cycle and
the cycle above (e.g., Fig. 14D, E). The upper portion of Part B, including
the primary omission surface (OM1), is usually blended together with the
rudstones of Part C to form a homogeneously mixed fossiliferous horizon
associated with a vaguely defined omission surface. However, where this
cycle portion is best preserved, it is clear that the omission surface is rid-
dled with open network burrows filled with sediment from Part C. Esti-
mates of rudstone burrow fill exceeding 70% of the total area immediately
below the firmground omission surface fall to ;25% in the lower parts of
the same cycle. Similar to the fabrics developed through dense networks
of ‘‘tubular tempestites’’ (Tedesco and Wanless 1991), the burrow fill can
be so complete that it almost totally obliterates the original lithology of the
upper portion of Part B (e.g., Fig. 14C, E).

Interpretation.—Given their abundance of photosymbiotic foraminifers,
coralline algae, and extremely diverse bryozoan biota, these cycles are in-
terpreted to represent deposition in open marine, low mesotrophic, shallow
marine waters located in offshore seagrass and bryozoan meadows (Fig.
7). The overall paucity of physical sedimentary structures, lack of frag-
mented and abraded shelly biota, intense and pervasive bioturbation, and
excellent faunal preservation suggest that minimal hydrodynamic influence
and reworking prevailed throughout most of the depositional history of

each cycle. Such attributes probably reflect extensive epifaunal (bryozoan)
substrate cover that resisted hydrodynamic reworking of the substrate. Only
Part C contains evidence for accumulation under agitated conditions that
lead to substrate reworking and temporal condensation. Evidence includes
a mixture of fossils from different trophic levels, high encrustation rates,
and the presence of crustose coralline algae. Faunal abundance and diver-
sity, in combination with basic lithological trends, reveal an increasingly
open marine signature upward through the cycle that is interpreted to rep-
resent deposition in progressively deeper, offshore, and higher-energy en-
vironments towards the zone of wave winnowing (Fig. 7).

Age.—Bryozoan cycles are temporally restricted to strata of upper lower
Miocene and middle Miocene age (uppermost Mannum, Glenforslan, and
upper Bryant Creek formations; Fig. 3). Middle Miocene bryozoan cycles
formed in a paleogeographic location similar to those responsible for the
generation of the older echinoid cycles, but in an environment of lower
trophic resources (Lukasik et al. 2000).

Distribution of Subtidal Cycles

The stratigraphic distribution of cycle Types 1–10 reveals a progression
of facies development both laterally and vertically through time (Fig. 15).
In general, echinoid facies comprise lower Miocene strata while bryozoan
cycles are confined to middle Miocene units. Mollusc and clay cycles occur
throughout the succession. Together, the echinoid–bryozoan and clay cycle
types form the end members of an interpreted environmental and paleo-
geographic continuum across the epeiric ramp (Fig. 7). Laminated clay,
limited biotic diversity and abundance, discrete burrowing, and shallow
tiering of trace fossils within clay cycles are interpreted to reflect their
development under generally low-energy conditions of high trophic re-
sources, fluctuating oxygen levels, and likely euryhaline conditions in an
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FIG. 14.—Bryozoan Cycles. A) Cycle Type 9 (middle Miocene, Glenforslan Fm). Two complete subtidal cycles. Thin clay of part A grades upward in the bryozoan
floatstone of Part B. A thin bed of cellarid bryozoan–foraminifer–serpulid worm tube grainstone (Part C) overlies the moderately convoluted omission surface. Section OC
4.8–6.7 m. B) Cycle Type 10 (middle Miocene, Glenforslan Formation). Clayey bryozoan floatstone (Part A) grades upward into bryozoan floatstone of Part B. The upper
part of the cycle is indistinct, with the firmground surface, upper part of Part B, and the bryozoan rudstone of Part C blending together, resulting in a jumbled mass of
biota. Different generations of burrow fill from their respective parts of the cycle help in distinguishing cycle components. Section WOOF 4.6–5.5 m. C) Cycle Type 10.
Complete subtidal cycle. Bryozoan floatstone (Part A) grades upward into more fossiliferous floatstone to rudstone (Part B) terminating in a firmground omission surface.
Bryozoan rudstone of Part C overlies this surface and fills open burrow networks in the upper portion of Part B. Section B 18.9–19.5 m. D) Cycle Type 10. Articulated
pectinid bivalves (pb) and Spondylus (Sp) within the open burrow networks of Part B. Section WOOF 4.7 m. E) Cycle Type 10. Bryozoan rudstone–grainstone burrow
fill of Part C (with fenestrate bryozoans and Celleporaria) nearly completely obliterates the bryozoan floatstone sedimentary record of Part B. Finger for scale. Section OC
4.6–4.7 m.

overall nearshore, restricted marine setting. In contrast, carbonate sands,
pervasive bioturbation, deep tiering, and relatively high abundance and di-
versity of biota in the bryozoan and echinoid cycles are interpreted to
record accumulation under relatively oligotrophic, well-oxygenated, steno-
haline conditions in an offshore, open marine environment. Mollusc cycles
formed in the transition zone between these restricted and open marine

environments (Figs. 7, 15). They share biota, bioturbational patterns, and
lithological elements commonly found in the clay and echinoid–bryozoan
cycle types. Because of these shared attributes with the relatively incom-
plete end-member cycle types, mollusc cycles possess many features crit-
ical to deciphering the nature of subtidal cyclicity in this system.

Lithostratigraphic correlation, supported by local visual and physical
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FIG. 15.—Stratigraphic distribution of cycle types. Echinoid cycles are confined to the lower Miocene. Bryozoan cycles occur only in middle Miocene strata. Clay and
mollusc cycles form laterally adjacent to both echinoid and bryozoan cycles but are mostly confined to stratigraphic levels in the lower and middle Miocene, where they
are laterally adjacent to each other. Locations of sections are noted in Figure 1. Stratigraphic datum is the Finniss–Glenforslan formation contact. Vertical scale is in meters.
See Figure 3 for sedimentological character legend. Box in the upper right corner defines the stratigraphy focused upon in Figure 16.

tracing of cycles in the middle Miocene Glenforslan, Cadell, and Bryant
Creek formations (Fig. 16) reveals that cycles commonly extend over dis-
tances of several tens of kilometers. Using distinctive marker beds, lateral
correlation of these decimeter-scale cycles in outcrop can exceed 80 kilo-
meters, limited only by the extent of exposure. Between Waikerie and
Overland Corner, clay cycles grade laterally into coeval mollusc cycles of
the Cadell Formation and bryozoan cycles grade westward into mollusc
cycles of the upper Glenforslan Formation (Fig. 16). Although outcrop is
extensive, individual lower Miocene Mannum and Finniss formation cycles
are physically traceable only over short distances (1–10 kilometers). Strati-
graphic packages of distinct cycle types, however, are correlatable over
larger distances (Figs. 3, 15).

DISCUSSION

How Do They Form?

We propose an allogenic, eustatic mechanism for the generation of these
subtidal cycles (Figs. 17, 18). Trends of internal facies and trophic resourc-
es within each cycle correspond to onshore–offshore, shallow–deep, rela-

tively eutrophic–oligotrophic basin-scale facies trends (Lukasik et al. 2000).
Wide lateral continuity, uniformity of cycle thickness, and a persistent,
progressive pattern of change in facies and trophic resource upward within
all cycle types point to a consistent external mechanism for their formation.
A lack of significant development of regressive facies in combination with
consistently complete cycles spanning all depositional environments argues
against accumulation under punctuated, episodic cyclicity (PACs of Good-
win and Anderson 1985). The relatively quiet intracratonic setting (Well-
man 1987) makes cycle generation through jerky subsidence or tectonism
unlikely. On the other hand, autogenic controls such as variable marine
cementation, wave reworking, storm scouring, patchy biotic community
establishment, and subtle paleotopographic seafloor relief doubtlessly con-
tributed towards cycle variability and lateral discontinuity.

Part A.—Cycle deposition is envisaged to have begun in relatively shal-
low, low-energy, euryhaline to stenohaline, variably restricted to open ma-
rine environments with relatively high trophic resources (Part A; Fig. 17)
during early transgression (Fig. 18). The muddy seafloor had only scarce
infaunal bivalves and gastropods, and the terrigenous sediments contained
little oxygen (cf. Savrda and Bottjer 1986).
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FIG. 16.—Cycle and cycle type correlation for the upper Glenforslan and Cadell formations from south of Morgan to Overland Corner, South Australia (see Fig. 1). Key
marker beds (labeled as such) help to provide stratigraphic control over large distances. Lateral facies transitions on a cycle scale occur between Morgan and Overland
Corner to the east (see text). Cycles are confidently correlated between KH, CM, and BC on the basis of closely spaced sections and intermittent visual tracing of units
along the extent of outcrop. Their correlation towards the east is interpretive, based on regional vertical facies changes (Finniss–Glenforslan formation contact and the
Cadell–Bryant Creek formation contacts), location of the Celleporaria marker cycle, and the Lepdiocyclina foraminiferal event in the lower Glenforslan Formation.

FIG. 17.—Subtidal-cycle generation in response to eustatic fluctuation, using mollusc cycle Type 5 as an example (common in upper Glenforslan Formation; e.g., Fig.
15B). Part A accumulated in the shallowest marine setting. Part B represents relatively consistent sedimentation through sea-level rise. Pervasive bioturbation implies
softground to firmground substrate evolution. A primary omission surface (OM1) is developed at or near the point of maximum water depth as a response to hydrodynamic
reworking that kept carbonate accumulation at a minimum. Firmground to hardground surfaces with open network burrows developed as a result. Part C accumulated
during relative sea-level stillstand under the most open marine, energetic conditions of any in the cycle. Epifauna dominate. High taphonomic indices imply sediment
reworking, exhumation, and condensation. Grainy sediment filled open burrow networks. A second omission surface (OM2) formed during relative sea-level stillstand to
fall, capping the cycle. See text for full explanation.

Part B.—Accumulation continued as sea level rose (Fig. 17). Increased
biotic diversity upward in the cycle attests to increasingly more open and
more mesotrophic to oligotrophic conditions (Fig. 18). The changes were
accompanied by increasingly complex and overprinted trace fossil suites
that registered a progressively more indurated substrate and more numerous

physical sedimentary structures that recorded increasing hydrodynamic en-
ergy (cf. Bromley and Ekdale 1986; Wetzel and Aigner 1986; Taylor and
Goldring 1993; Orr 1994).

OM1.—Further transgression resulted in a trend towards maximum deep-
ening and development of maximum fetch. All these factors combined to
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FIG. 18.—Paleogeographic cycle generation model. Generation of subtidal cycles across the epeiric ramp in response to sea-level fluctuation. Echinoid–bryozoan cycles
form offshore, while clay–mollusc cycles form nearshore. Part A accumulates during the period of early transgression. A continued rise in sea level results in a transgression
of facies across the ramp responsible for the ‘‘deepening-upward’’ facies signature in Part B. As sea level continues to rise, a critical threshold is reached where waves
create an expanded agitated environment on the seafloor resulting in the development of an indurated omission surface (OM1). Hardgrounds predominate in the offshore
zone of wave winnowing where wave intensity is highest. Wave energy becomes attenuated inboard. Part C is generated during relative sea-level stillstand, or maximum
transgression. Grainy, reworked sediments are most common in the offshore, high-energy, open marine settings, but accumulation is kept low by wave processes. Primary
omission surfaces are scoured inboard by storm surge. A secondary omission surface (OM2) likely develops in response to a collapse of the carbonate factory during late
sea-level stillstand to fall, leading to a subsequent basinward regression of facies belts.

increase hydrodynamic energy throughout the shallow basin to the point
where, even though the seafloor was an active carbonate factory, there was
little sediment accumulation and most was transported away (viz. the
shaved shelf model of James et al. 1994). Cycles at this level of omission
surface development were effectively accumulating under conditions of
stillstand due to a slowing of relative sea-level rise. Physical evidence for
sediment omission includes sea-floor sedimentation (to variable degrees
across the ramp), condensed trophic level structure in biotic elements, and
development of a Glossifungites ichnofacies with open network burrows.

Outboard, resultant hardgrounds were iron-stained (e.g., Fig. 12D—echi-
noid cycles) during times of high trophic resources (e.g., Hallock and
Schlager 1986) whereas those produced during relatively oligotrophic pe-
riods were mostly unstained (e.g., Fig. 12B, C—bryozoan cycles). Inboard,
reworking by fair-weather waves may have decreased owing to damping
by friction across the wide, shallow seafloor (Keulegan and Krumbein
1949; Irwin 1965), resulting in the formation of firmground surfaces only
(Fig. 18C).

Part C.—There was also sedimentation during this period between max-
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FIG. 19.—A comparison between models of
open-shelf and epeiric-ramp subtidal cycles from
Cenozoic cool-water carbonate settings. Shelf
cycles shallow-upward toward an omission
surface, whereas epeiric-ramp cycles deepen
upward to the omission surface. Basal
grainstones of A) open-shelf cycles are typically
considered to be the shallowest-water facies and
are interpreted as transgressive deposits. Similar
grainstones in B) epeiric-ramp cycles are closely
related to their underlying omission surfaces and
are interpreted to represent relatively deep-water
deposits generated during late transgression.

imum transgression and early regression. Deposits consisted of epibionts,
and their associated epifauna that grew on hardground to firmground sur-
faces. High taphonomic indices, the highest in the cycle, record extensive
abrasion, fragmentation, and encrustation. Taphonomic feedback (Kidwell
and Jablonski 1983; Kidwell 1991) is conspicuous. Sediments fill extensive
omission burrow networks excavated into Part B. Paleogeographically,
grainy sediments that thin in shoreward cycles are interpreted to reflect
decreasing hydrodynamic energy (Fig. 18C). These same sediments and
associated omission surfaces, however, are extensively scoured because of
the increasing effectiveness of storms in shallowest nearshore environ-
ments. Overall, the mixture of fossils from different trophic regimes dis-
playing a wide range of taphonomic signatures atypical of the rest of the
cycle indicates that the deposits likely represent condensed, time-averaged
units formed under a wide range of environmental conditions.

OM2.—This omission surface caps the cycle but is rarely as well de-
veloped or as prominent as OM1. It is a surface of admittedly ambiguous
nature that lacks sedimentological evidence for subaerial exposure. OM2 is
locally obscured by bioturbation (Fig. 11) or merges with OM1 inshore
(Figs. 8B, 10B, 18). The physical development of this surface (i.e., its
cementation, trophic structure condensation, and development of omission
burrow networks) is less pronounced compared to the OM1 surface, which
implies generation under different conditions, which may include lower
hydrodynamic energy and/or formation over a shorter time and/or forma-
tion during periods of decreased marine cementation. Yet at the same time,
where preserved, it marks the most profound boundary in the cycle, sep-
arating outboard, relatively open marine sediment (Part C) from relatively
inboard, restricted marine facies (Part A). Given its placement within the
cycle scheme, the most parsimonious explanation is that it represents a
development of deteriorating environmental conditions inimical to carbon-
ate production ultimately associated with relative sea-level fall (Figs. 17,

18). Thus, OM1 is interpreted to record high energy while OM2 reflects
arrested production.

Shallowing-Upward vs. Deepening-Upward Cool-Water Subtidal Cycles

Although cool-water carbonate cycles from the open shelf and epeiric
ramp settings of extensive Cenozoic basins of southern Australia have a
lithological motif similar to those from the Murray Basin, their genetic
interpretation is quite different. Models of both cycles (Fig. 19) show the
same pattern of upward facies development from the conspicuous omission
surface, to overlying grainy reworked sediments and finally into relatively
fine-grained low-energy facies. Their different interpretation, however,
highlights the significance of platform-specific hydrodynamics and its effect
on the nature of the carbonate factory during generation of small-scale
allogenic cycles.

Shelf cycles are typically interpreted as ‘‘shallowing-upward’’ on the
basis of their internal patterns of facies development and hydrodynamic
reworking placed into context with their corresponding depositional model
(e.g., Osleger 1991; James and Bone 1994; Boreen and James 1995). In
open shelf cycles, shallowest water facies are typically some of the highest-
energy, comprising basal transgressive grainstones and rudstones that di-
rectly overlie cycle bounding, firmground to hardground omission surfaces
(Fig. 19). The lower part of the cycle represents deepest water accumula-
tion, typically below wave base, followed by relative sea-level fall and a
return to inner shelf, relatively shallow water, high-energy deposition above
wave base. The firmground or hardground omission surface capping the
subtidal cycle is generated in response to reworking of the seafloor within
this relatively shallow zone.

In contrast, Murray Basin epeiric ramp facies are primarily low-energy
accumulations, moderated by storms, that deepen offshore into a zone of
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wave sweeping (Lukasik et al. 2000). Given this epeiric ramp setting, where
highest-energy facies accumulated offshore, internal upward gradation into
increasingly open marine, fossiliferous, and reworked sediments through
the subtidal cycle is interpreted to reflect deepening-upward sedimentation
through transgression (Fig. 19). The cycle boundary is drawn between the
relatively deep-water, higher-energy Part C grainstones and omission sur-
faces generated during maximum (late) sea-level transgression to stillstand
and the overlying shallowest-water, relatively low-energy facies of Part A,
representing periods of lowstand to early transgression.

The enclosed to semi-enclosed setting of this intracratonic basin strongly
influenced the nature and development of small-scale cycles compared to
those which accumulated within coeval open shelf settings (e.g., James and
Bone 1994; Boreen and James 1995; Shubber et al. 1997). The Murray
Basin inland depositional system was particularly sensitive to fluctuations
in the trophic resource continuum (TRC), likely driven by changes in cli-
mate and water temperature (Lukasik et al. 2000; Lukasik and James in
review). This, in turn, determined the nature of the carbonate factory and
its facies patterns across the epeiric platform. Conversely, open shelf set-
tings elsewhere in southern Australia did not seem to be as strongly affected
by changes in the TRC. In fact, Cenozoic and modern accumulation on
open shelf cool-water systems in southern Australia is governed more by
wave reworking (cf. Boreen and James 1993; James et al. 1994; James
1997) than overall trophic resource influenced productivity. This distinction
seems fundamental to interpreting the differences between small-scale cy-
cles generated in shallow marine, high-energy and low-energy depositional
settings.

SUMMARY AND CONCLUSIONS

1. Sub-meter-scale subtidal cycles across the Murray Basin epeiric ramp
share biotic and sediment attributes. They represent a continuum of
facies and trophic resources from relatively shallow, restricted prox-
imal to deeper distal, open marine ramp environments. Facies changes
are gradational throughout, reflecting the gradational nature of the
trophic resource continuum and its significance for facies develop-
ment across the epeiric ramp.

2. Part A facies are best developed in nearshore cycles, whereas Part C
facies are best expressed in offshore facies. Cycle boundaries are
zones of condensed sedimentation or amalgamation.

3. Cyclicity was driven by eustasy. Each cycle represents progressively
more open water accumulation during sea-level rise. The capping cy-
cle boundary (OM2) separates open marine facies interpreted to have
accumulated during maximum transgression and stillstand (Part C)
from overlying deposits (Part A) that accumulated during subsequent
lowstand to early transgression under relatively shallow water re-
stricted marine conditions.

4. Carbonate accumulation during periods of relative sea-level change
was not equal. Early transgressive deposits (Part A) accumulated
gradually in low-energy environments. In contrast, late transgressive
to stillstand deposits (Part C) are thin because of continuous rework-
ing by high-energy events. Such differences are a function of both
intrinsic (wave reworking and community replacement) and extrinsic
(eustasy) factors.

5. Subtidal cycles from the Murray Basin are distinctive in that most of
the cycle represents accumulation under transgression capped by a
thin interval of facies and/or a surface reflecting a relative stillstand
to early shallowing event. Although semantics could argue that these
cycles inevitably ‘‘shallow upward’’ at their upper bounding limit,
most of the cycle accumulated during transgression and are thus con-
sidered here as mostly ‘‘deepening-upward.’’ This is in direct contrast
to the more usual shallowing-upward cycle in which a relatively thin
basal transgressive facies is overlain by largely regressive deposits
forming the bulk of the unit.
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