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Abstract

Aspects of the preservation of the enigmatic soft-bodied Ediacara biota in relatively coarse-grained siliciclastic sediments remain
unresolved. The taphonomic model proposed by Gehling in 1999 is here validated through examination of previously unpublished
discoid fossils from the shallow marine-deltaic Arumbera Sandstone in the Amadeus Basin. Within the Flinders-style preservation,
the model predicts stalked-frondose organisms attached by a discoid-holdfast to a microbial mat encrusted sea-bed, with sedimen-
tation as periodic storm-event beds during a terminal Neoproterozoic taphonomic window. A pyrite sole-veneer provided critical
fossil rigidity during burial. The sequence of sedimentation events presented here advances a slightly modified Gehling model.
No direct evidence of pyrite is detected; instead, a thin haematite/clay coating covers fossil hyporelief surfaces. Nevertheless, an
original pyrite sole-veneer is indirectly validated by tracing its diagenetic history through to today’s haematite. Detailed petrogra-
phy demonstrates reducing conditions during eodiagenesis that remained anoxic mildly alkaline through mesodiagenesis, thus the
pyrite sole-veneer survived deepest burial. Meteoric water penetrated the deep regolith during prolonged telodiagenesis creating

oxic mildly acidic pore-water, so pyrite oxidised and hydrolised to haematite. The applicability of Gehling’s model is higher where
marine shelf sediments subsided continuously. In shallower or eroded areas that experienced intermittent meteoric eodiagenesis,
diagenetic history was different and Ediacaran fossil preservation unlikely. Diagenetic history, therefore, has crucial implications
for Ediacaran fossil preservation.
© 2006 Elsevier B.V. All rights reserved.

Sole-ve
Keywords: Ediacaran; Amadeus Basin; Discoid fossils; Taphonomy;

1. Introduction

The late-Neoproterozoic and Cambrian was a period
of fundamental change on Earth following the breakup
of Rodinia and the early stages in the formation of
Gondwana (Dalziel, 1997; Meert and Lieberman, 2004),

global ‘snowball’ glaciations (Hoffman et al., 1998;
Walter and Veevers, 2000; Hyde et al., 2000; Schaefer
and Burgess, 2003), and major changes in ocean
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and atmospheric chemistry (Knoll and Walter, 1992;
Brasier, 1992; Bartley et al., 1998). Increased trace fossil
diversity reflects the early evolution and diversification
of the Metazoa, and begins during the Ediacaran Period
(Knoll et al., 2004) with the enigmatic Ediacara biota
(575–542 Ma). The acme of diverse Ediacaran organ-
isms was the final 20 Ma of that period. Ediacaran fossils
are recorded from over 30 localities on five continents
(Narbonne, 1998), of which the four most studied

localities are the Flinders Ranges in South Australia,
the Avalon Penninsula of southeastern Newfoundland,
the White Sea coast in northern Russia, and southern
Namibia.
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The Ediacara biota was dominated by discoid,
talked-frondose, flat-reclining and segmented mor-
hological forms. Early discoveries were assigned to
cyphozoan jellyfish and frond-like benthic pennatu-
aceans (Sprigg, 1947, 1949; Glaessner, 1959, 1979,
984; Glaessner and Wade, 1966; Wade, 1968, 1972).
ubsequent research (Gehling, 1991, 1999; Jenkins,
992, 1995; Narbonne, 1998) mainly accepted the dis-
oid and stalked-frondose forms as parts of pennatu-
acean sea-pens attached to the seabed by a bulbous
oldfast. Most commonly, discoid and stalked-frondose
orms are fossilised separately; rarely, excellent exam-
les occur intact (Jenkins and Gehling, 1978; Seilacher,
992; LaFlamme et al., 2004; Narbonne, 2004). An inter-
rading plexus of three end-member discoid morphs
epresenting different preservation states of the single
diacaran taxon Aspidella Billings, 1872 is proposed by
ehling et al. (2000), who suggest that the well known
iscoids Ediacaria, Cyclomedusa and others are junior
ynonyms of Aspidella. Other researchers suggest dis-
arate affinities for elements of the Ediacara biota, from
icrobial growths to giant protists, a subject addressed in

he recent comprehensive review of the Ediacara biota by
arbonne (2005). A radical interpretation proffered by
eilacher (1984, 1989, 1992) introduced the unconven-

ional quilted pneu construction for frondose and seg-
ented forms within an extinct kingdom Vendobionta

later phylum Vendobionta, Buss and Seilacher, 1994).
espite the general lack of enthusiasm for Seilacher’s

deas, latest research resurrects this modular construction
f self-similar highly fractal elements called rangeo-
orph frondlets (Brasier and Antcliffe, 2004; Narbonne,

004; Xiao et al., 2005). Intergrading rangeomorph
rondlets combined in various ways to build different
egmented frond-, bush-, plume-, comb- or spindle-
haped morphology, some of which are fossilised with
discoid-holdfast. Nevertheless, Narbonne (2005) still

llies the frond, stalk and discoid-holdfast organism
harniodiscus with crown-group cnidarians, but all
ther rangeomorph based forms he regards as a ‘forgot-
en’ architecture representing an extinct phylum-level
tem-group indistinguishable from Seilacher’s Vendo-
ionta. Rare Cambrian frondose survivors are also
ikened to Ediacaran vendobionts (Shu et al., 2006).

At most Ediacaran localities worldwide the ongoing
alaeontological enigma is why and how this soft-bodied
iota was preserved in relatively coarse-grained silici-
lastic sediments under high-energy conditions? Four

iscrete preservational styles are proposed for the Edi-
cara biota based on a worldwide review (Narbonne,
005). Narbonne’s ‘Flinders-style preservation’ applies
o Ediacaran shallow marine and deltaic deposits in
n Research 149 (2006) 126–148 127

the White Sea and Flinders Ranges, and incorporates
Gehling’s (1999) pyrite sole-veneer taphonomic model.
The present paper addresses this enigma, and argues
the case that a slightly modified Gehling (1999) model
also applies to the preservation of Ediacaran discoid fos-
sils within the Arumbera Sandstone from the Amadeus
Basin, central Australia. Furthermore, we demonstrate
petrographically how diagenesis initially retained, but
subsequently modified, original fossil preservation.

2. Geological setting

2.1. Amadeus Basin structural evolution

The Amadeus Basin (Fig. 1a and b) contains a
Neoproterozoic-Palaeozoic shallow marine to fluvial
succession of clastic, evaporate and carbonate sediments
(Lindsay, 1987) and is one of several similar tenuously
interconnected basins forming the Centralian Superbasin
of Australia (Walter and Veevers, 2000). The Ooraminna
Sub-basin occupies the north-eastern part of the
Amadeus Basin (Fig. 1b and c), to the west is the saddle-
shaped Missionary Plain Trough where the succession is
thinner and some formations absent, and further west the
Carmichael Sub-basin. The Petermann Ranges Orogeny
(c.580–530 Ma) to south-west of the Amadeus Basin
(Fig. 1b) was either synchronous with (Lindsay and
Korsch, 1989, 1991) or slightly earlier than (Oaks et al.,
1991; Shaw, 1991) the Neoproterozoic–Cambrian tran-
sition. By the Silurian, however, marine sedimentation
was limited to the periphery of equatorial Australia while
the centre of the craton experienced non-marine syn-
tectonic ‘molasse’ deposition through to the Devonian.
The basin was terminally disrupted by the Alice Springs
Orogeny (Devonian to early Carboniferous) when thrust-
ing and folding caused 50–100 km of basin shorten-
ing (Lindsay and Korsch, 1991; Lindsay, 1993), during
which the current basin outline formed, including the
high escarpments of the Macdonnell Ranges east and
west of Alice Springs. By the Carboniferous, the Aus-
tralian continent was an established subaerial landmass
as part of the Gondwanan portion of Pangea. No sig-
nificant sedimentation or tectonism has occurred since
that time, so most of central Australia, including the
Amadeus Basin, was a land area since as far back as the
Silurian.

2.2. Arumbera Sandstone stratigraphy and

sedimentation

The Arumbera Sandstone straddles the Neoprotero-
zoic–Cambrian transition and was deposited as two
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Fig. 1. Location maps. (a) The Amadeus Basin is an intracratonic basin initiated about 900 Ma; (b) and (c) Arumbera Sandstone outcrop (black
ornament) and the sub-basins in the north-eastern Amadeus Basin; the Petermann Ranges were the Neoproterozoic–Cambrian provenance; sample
locations indicated by black squares in (c); float sample of Rangia frond located near Deep Well and figured by Glaessner (1969, Fig. 9) indicated

from L
as asterisk. (a) Derived from Lindsay et al. (1987, Fig. 1); (b) derived
and Lindsay (1993, Plate 13).

major shallow marine and deltaic sequences (Fig. 2)
in the Ooraminna and Carmichael Sub-basins and
in part over the Missionary Plain Trough (Lindsay,
1987; Lindsay and Korsch, 1989, 1991). Sediment
provenance was the Petermann Ranges to the south-
west (Fig. 1b) with sediment transported in heavily
laden braided streams. Coarse arkosic conglomerate
at Uluru (Ayers Rock) is the proximal equivalent of
the distal Arumbera Sandstone (Lindsay and Korsch,
1991).

The Arumbera Sandstone comprises four lithological
sub-divisions numbered from the base upward (Wells
et al., 1967). These four units and the overlying Todd
River Dolomite together make up two mappable seismic
sequences. Each sequence has a lower fine-grained reces-
sive portion (Members I and III) overlain by massive
resistant sandstone (Members II and IV). We maintain

the informal member notation (McIlroy et al., 1997).
Sequence-1 represents a large-scale coarsening-upward
cycle, with deposition as small-scale deltas prograding
across the underlying carbonate platform. Sequence-2
indsay (1987, Fig. 1); (c) derived from McIlroy et al. (1997, Fig. 1)

is also a coarsening-upward cycle, but was deposited
in major deltaic complexes prograding at the sub-basin
scale. Seismic data demonstrate prograding clinoforms
(Lindsay and Korsch, 1991; Lindsay, 1993). The reces-
sive Members I and III consist of pro-delta silty shale
overlain by thinly interbedded repetitions of shale, silt-
stone and fine-grained arkosic sandstone. The sand-
stones become coarser-grained, increase in number and
thickness up-section, and were deposited in a mid-
upper delta-front environment and reflect storm-flood
events. Members II and IV are massive cliff forming
fine-coarse grained arkosic sandstone that formed on a
delta-coastal plain and delta-top with laterally restricted
distributary channels. The Todd River Dolomite is
an interbedded carbonate and siliciclastic tidal flat
deposit (Lindsay, 1987), overlain by archaeocyathan bio-
herms and stratiform stromatolites (Lindsay and Gorter,

1992).

Traditionally, the Neoproterozoic–Cambrian bound-
ary is positioned between the top of the massive Member
II sandstone and the base of the recessive Member III
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Fig. 2. Arumbera Sandstone lithostratigraphy in the Ooraminna Sub-
basin, illustrates the two depositional sequences, four informal litho-
logical members, depositional environments, and location of discoid
fossils and Kullingia scratch circles. Section compiled from: Members
I & II after Mapstone (unpublished MRes thesis, University of Lon-
don, 2004); Members III and lowermost IV after McIlroy et al. (1997,
Fig. 10); remainder and general style after Lindsay (1987, Fig. 4) and
Lindsay and Gorter (1992, Fig. 3.9); the widespread hiatus H after
McIlroy et al. (1997, Fig. 2).
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(Lindsay, 1987, 1993; Lindsay and Gorter, 1992). This
traditional view is questioned by McIlroy et al. (1997)
and, from inspection of numerous outcrops in the north-
east of the basin, instead position the boundary at an
erosional hiatus 12–25 m above the base of recessive
Member III (Fig. 2, marked H). Consequently, our main
fossiliferous horizon 7 m above the base of Member III
at Wyeecha Spring is either earliest Cambrian (the tradi-
tional view) or very latest Neoproterozoic (the McIlroy
et al., 1997 view).

2.3. Arumbera Sandstone palaeontology

The first reference to discoid fossils in central Aus-
tralia is Wade (1969) who describes scyphozoan-grade
medusoids Hallidaya and Skinnera some 170 km NNE
of Alice Springs, effectively the south-western margin of
the adjacent Georgina Basin. Hallidaya was also found
within the Amadeus Basin, 23 km WSW of Alice Springs
(Wade, 1969); this occurrence is interpreted as part of
Arumbera Sandstone Member II by Shergold (1991),
and inferred as latest Neoproterozoic by McIlroy et al.
(1997) in their Valley Dam description.

An incomplete frond of Rangea cf. longa is recorded
from talus ‘near the base’ of the Arumbera Sandstone
80 km SSE of Alice Springs adjacent to the Deep Well
location (Glaessner, 1969; Wade, 1970; Fig. 1c). This
specimen was referred to Rangea arborea in Wells et al.
(1970), and later to Charniodiscus (Waggoner’s, 2003
database).

Ediacaran fossils assign a probable Neoproterozoic
age to Members I and II, trace fossils indicate an early
Cambrian age for Member III, whilst the Todd River
Dolomite archaeocyathan faunas are late Atdabanian to
early Botomian in age.

The pseudofossil Kullingia is recorded from several
locations within the Arumbera Sandstone (McIlroy et al.,
1997). The former discoid fossil described as Kullingia
concentrica Glaessner by Føyn and Glaessner (1979) is
re-interpreted, based on material from northern Sweden,
as a wave induced scratch circle formed by the sweeping
motion of the frond or stalk of an anchored pennatulid
or tubular organism (Jensen et al., 2002) or perhaps a
macrophytic alga. Occurrences of Kullingia scratch cir-
cles from northern Sweden, including those originally
assigned a Neoproterozoic age by Føyn and Glaessner
(1979), as well as specimens from above the Ediacara

Member in South Australia (Jensen et al., 1998), are
regarded as early Cambrian in age. Kullingia specimens
previously noted by McIlroy et al. (1997) and figured
here (Fig. 4k and l) are consistent with an early Cam-
brian age.
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3. Materials and methods

Samples collected by NBM are registered with
the Australian Museum in Sydney as AMF125436–
AMF125484. Specimens collected by DM are registered
at Macquarie University, NSW as MU56152–MU56336.
Seven additional samples from fragmental material are
labelled A–F.

Wyeecha Spring was the main site for Ediacaran dis-
coid fossil samples from uppermost Member II and low-
ermost Member III; the location was previously reported
by McIlroy et al. (1997). Samples for petrography and
sedimentary structures were also collected from Jinker
Creek and Ellery Creek.

Thin sections cut the hyporelief surface containing
discoid fossils and, wherever possible traversed the cen-
tral boss of the discoid to investigate internal texture,
sedimentary structure, and the presence or absence of a
pyrite sole-veneer. Three thin sections were specifically
cut as serial sections through a single high relief discoid
fossil. In addition, thin section petrography examined
host sediment texture, fabric and, most particularly, dia-
genetic history. Carbon coated rock chips were examined
under a Jeol-733 SEM-microprobe for both fabric and
mineralogy. Three samples were analysed on a Philips-
EW1710 X-ray diffractometer to confirm grain and clay
mineralogy.

4. Discoid morphology and sedimentation

4.1. The death-mask preservational model

Discoid fossils preserved in the Flinders-style
(Narbonne, 2005) occur as moulds and casts on upper
bedding surfaces or on lower bed soles (negative and pos-
itive epirelief or hyporelief, respectively) deposited as
‘event beds’ in siliciclastic sediments in shallow marine
and deltaic environments. Surfaces bearing Ediacaran
fossils commonly display irregular warty pustulose tex-
tures that Gehling (1987) compared with modern micro-
bial mats, which was later invoked in the preservation of
the fossils themselves (Narbonne, 1998; Gehling, 1999;
Seilacher, 1999). Microbial mats represent communities
of interwoven mucilaginous cyanobacteria and filamen-
tous algae bound together as felted mats that make the
substrate resistant to erosion in all but the strongest
storms. Ediacaran fossils preserved in the Flinders-style
are almost never found in beds lacking signs of microbial

mats. A recognised suite of sedimentary structures pro-
vide evidence of former microbial mats (Hagadorn and
Bottjer, 1997, 1999; Schieber, 1998, 1999), with wrin-
kle structure the principal identifier. Underlying wrin-
n Research 149 (2006) 126–148

kle structures there are few grain-to-grain contacts, and
sand-silt grains ‘float’ in dark clay-rich laminae (Noffke
et al., 2002).

The taphonomic model proposed by Gehling (1999)
to explain preservation of a soft-bodied biota in the
Flinders-style preservation (Narbonne, 2005) implicates
microbial mats as the critical binding and sealing mech-
anism during a late Neoproterozoic taphonomic window
before the sea-bed was subjected to metazoan bioturba-
tion and cropping during the Cambrian. Such mats are a
necessary precondition for preserving moulds and casts
of soft bodied organisms in sandstone. The hypothesis
sees both mats and benthos smothered by sand during
storms. Positive hyporelief casts were filled by sand from
above after decay and collapse (cf. Charniodiscus in
Gehling (1999, Fig. 11)). Conversely, negative hypore-
lief moulds were filled and cast from below by sediment
from the substrate, and did not simply collapse, which
necessitates the presence of a sole-veneer at the base of
the storm-sand that was rigid enough to provide support
before the organism entirely decayed (cf. Dickinsonia
in Gehling (1999, Fig. 11)). Microbial re-colonization
of the new sea-bed is inferred to seal the sediment-water
interface, providing an anoxic micro-environment within
the thin storm-sand. Hydrogen sulphide from bacterial
decay (of the organism and microbial mat) and reduc-
tion of sea water sulphate is inferred to react with the
abundant iron oxides present in the sediment to precip-
itate iron sulphide at the base of the sand immediately
overlying the collapsed or resistant organisms, thereby
forming an early diagenetic pyrite sole-veneer that acted
as a ‘death mask’.

4.2. Microbial mats

Wrinkle structure is common throughout the Arum-
bera Sandstone. For example, Type 1 wrinkle structure
(Fig. 3a) is recorded in hyporelief in the uppermost Mem-
ber II massive sandstone at Wyeecha Spring (wrinkle
structure types from Bouougri and Porada, 2002). Type 2
wrinkle structure occurs in hyporelief on some cemented
siltstone beds (Fig. 3b) in an otherwise hemipelagic-type
mudstone section near the base of Member I about 1.8 km
west of Ellery Creek. Microbial mats were thus ubiqui-
tous on the Neoproterozoic seafloor within the Amadeus
Basin.

4.3. Storm event beds
The cm- and dm-scale repetition of shale and silt-
stone in the lowermost Arumbera Sandstone Member
I west of Ellery Creek attest to the periodic distal
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Fig. 3. Arumbera Sandstone sedimentary structures. (a) Type-1 wrinkle structure in hyporelief (AMF125439); (b) type-2 wrinkle structure in
hyporelief (AMF125483); (c) mud-chip storm bed (AMF125484); (d) fine-grained sandstone–ironstone with angular mud chips (AMF125477);
(e) pseudofossil Arumberia formed by storm currents acting on microbially bound surfaces with flute marks (AMF125443); (f) large pseudofossil
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rumberia current structure; (g) groove marks in positive hyporelie
yeecha Spring, Member II; (b) and (c) 1.7 km west of Ellery Creek, M

I. Scale bars: all 2 cm, except (e) 5 cm and (f) 10 cm.

urbidite/tempestite depositional setting (Kennard et
l., 1986). Less frequent yet stronger turbidity currents
ransported very-fine-grained sand that now form
ccasional hard bands. At this low level in Member
at Jinker Creek and at the equivalent lower levels

n Member III at Wyeecha Spring (the fossiliferous
orizon) similar periodic storm event flow applied.

Extreme storm bed deposits are inferred by the
–4 cm thick mud-chip beds in Member I at both Ellery
reek west (Fig. 3c) and Jinker Creek (Fig. 3d). Angular

hin chips up to 1 cm across testify to high-energy storm

urrents cascading down-slope, possibly sourced locally
rom rapid syn-depositional erosion.

Other structures indicative of high current flow
nclude examples of pseudofossil Arumberia (Fig. 3e and
m high storm-event current velocity (AMF125446). (a), (e) and (g)
I; (d) Jinker Creek, Member I; (f) 10 km east of Ellery Creek, Member

f) and groove marks in positive hyporelief (Fig. 3g). The
radially grooved Arumberia structure (the former cup-
shaped fossil Arumberia banksii Glaessner and Walter,
1975) is common throughout the Arumbera Sandstone,
and is re-described as a current generated flute-like
structure on microbially bound sediment surfaces or
matgrounds (McIlroy and Walter, 1997; McIlroy et al.,
2005).

4.4. Discoid fossils
On the slope of a hillock 1.2 km NW of Wyeecha
Spring [MP547516], 7 m above the Member II–III
boundary, a fossiliferous horizon of abundant, but
low diversity, discoidal fossils was discovered. The
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succession is a series of cyclic inter-bedded dark-red
shale, siltstone and very-fine to fine-grained sandstone.
The sandstone beds (25–30 mm thick) display current
ripples on upper bedding surfaces, internal ripple
and fine parallel lamination, and an irregular base
(the hyporelief fossiliferous surface). The uppermost
very-fine-grained sandstone bed grades up into the
overlying siltstone-shale. Patches of bedding-parallel
trace fossils occur, but no vertical trace fossils were
observed. The location is that reported by McIlroy et al.
(1997 Fig. 10, midway between their Levels A and B).

The discoid fossils recorded from lowermost Member
III at Wyeecha Spring (Fig. 4) are all preserved in positive
hyporelief; the cast of their ventral surface. They range
from 30 mm diameter low relief discoids (Fig. 4a) with
marked peripheral rim and large central boss to small
clustered <5 mm diameter flattened discoids (Fig. 4f).
Others show relief up to 7 mm (Fig. 4b, c and h), some
with fine concentric ornament. Discoids are either cir-
cular or slightly ovoid, others are significantly distorted
(Fig. 4i and j) indicating structural deformation. What-
ever their shape or size, all discoids have a characteristic
central boss consisting of outer rim and central peak
either protruding or recessed. Hand specimens exhibit
a thin (<1 mm) dark-red clay-like coating on the hypore-
lief surface.

Approximately, 400 m NW of Wyeecha Spring a dry
waterfall [MP552511] is formed by uppermost Member
II massive and flaggy sandstone with granule trains. One
fine-grained sandstone float sample yielded poorly pre-
served 8 mm diameter positive hyporelief discoid fossils
with vague concentric structure (Fig. 4g).

Specimens of pseudofossil Kullingia previously
recorded by McIlroy et al. (1997) from Arumbera Sand-
stone Member III at Wyeecha Spring and Valley Dam
are figured here in Fig. 4k and l.

4.5. Discoid fossil affinity

Well preserved examples of the Ediacaran discoid
fossil Aspidella from southeastern Newfoundland, orig-
inally described by Billings (1872), are shown to be
highly variable in morphology (Gehling et al., 2000). The
eventual shape and ornament of the fossilised holdfast
bulb is dependent upon the thickness and order of sand
and clay lamination involved during burial. They con-
clude that these discoid fossils are holdfasts of frond-like
organisms and define an intergrading plexus of morphs

with three end-member ‘form-genera’ that represent dif-
ferent preservation states of the same fossil. Their inter-
pretation of Aspidella implies that all its morphs are a
single taxon, and many Ediacaran discoid taxa described
n Research 149 (2006) 126–148

over the last 50 years are junior synonyms of Aspidella,
including the common species Ediacaria, Cyclomedusa,
and Spriggia.

Most of the Arumbera Sandstone discoid fossils pre-
sented in Fig. 4 are simple morphological forms that
are assigned to the Aspidella plexus. Discoids shown
in Fig. 4b and c and h are probably representatives of
the convex Ediacaria form-genus, with Fig. 4f as small
examples and those in Fig. 4i and j distorted exam-
ples. Discoids in Fig. 4a and d from the same horizon
show affinities closer to the flat Spriggia form-genus.
In contrast, the small globular discoids from upper-
most Member II (Fig. 4g) show greater affinity to the
genus Beltanelliformis (see review in McIlroy et al.,
2005).

4.6. Thin sections through discoids

Thin sections through fossils reveal fine internal lami-
nation and sedimentary structures (Fig. 5). The first strik-
ing feature is the wide-V form of the discoid’s hyporelief
surface. Also noted is the red-brown coating retained
intermittently along both the hyporelief and epirelief sur-
faces (solid black ornament on sketches), and well seen
in Fig. 5a and e. It occurs intermittently as an even thinner
coating on other hyporelief surfaces (dotted ornament)
with a thickness little more than sand grain size. This
red-brown coating is that previously noted from hand
specimens. Photomicrographs (Fig. 6a–d) illustrate at
higher magnification a matted texture of clay, haematite
and some fine silt, that is present as a superficial coat-
ing to the fossil surface (Fig. 6a and b) or interbedded
within the fine laminations (Fig. 6c and d). The upper
and lower margins of the veneer are compressed against
surface irregularities, and do not penetrate deep into sand
interstices. It is interpreted as a diagenetic artefact of the
original microbial mat.

Fine internal lamination is well developed and
preserved at two scales. Firstly, sub-horizontal,
bedding-parallel, pale sandstone laminae alternate
with red-brown clay-haematite rich laminae. These
laminations are continuous across the section and are
represented on the sketches by solid lines (Fig. 5).
Secondly, ripple cross-laminae are emphasised in all
three serial sections (Fig. 5a–c), with acute rather than
asymptotic basal contact. The cross-laminae are illus-
trated by broken lines in the sketches. Bedding-parallel
laminations represent individual sediment flows within

a storm event, which were overgrown by an epirelief
microbial mat when conditions calmed after the storm.
The cross-laminae are current ripple foresets formed
above the hyporelief microbial mat.
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Fig. 4. Arumbera Sandstone discoid fossils (a–j) and pseudofossils (k–l). (a) Low relief discoid with pronounced peripheral rim and central boss
(MU56325); (b) and (c) high relief discoid, as shown by side view of (b) in (c), with protruding central boss and distinct fine concentric ornament
(sample F); (d) flat discoids lacking raised peripheral rim (MU56306); (e) slightly distorted discoids with protruding central boss (AMF125469);
(f) clustered small discoids with prominent central boss; larger discoid below (MU56296); (g) high relief discoids with vague concentric ornament
(AMF125440); (h) high relief discoid with smaller discoids below (sample E); (i) deformed discoids with recessed central boss (AMF125462); (j)
deformed discoids with protruding central boss and hint of concentric ornament (AMF125465); (k) Kullingia wave-induced scratch circle—from
just below Level C in McIlroy et al. (1997, Fig. 10) (MU56262); (l) two superimposed Kullingia scratch circles, the smaller formed on adjacent
bedding lamination <1 mm thick—from just below Level D in McIlroy et al. (1997, Fig. 8) (MU56336). All Wyeecha Spring except (l) Valley Dam.
All Member III except (g) Member II. Scale bars: all 1 cm. No retro-deformation performed.
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Fig. 5. Thin sections through discoid fossils with sketches. (a)–(c) Serial thin-sections through high relief discoid; inset shows hyporelief view with
location of thin sections (a–c) (sample F; see right side of Fig. 4b); (d) flattened discoid with well developed basal cross-laminae; insert shows
hyporelief view with location of thin section (d) (AMF125465; see right side of Fig. 4j); (e) two closely spaced slices through high relief discoid;
insert shows hyporelief view with cut surface for thin section (e) (sample E; discoid located 7 cm from Fig. 4h). Note hyporelief (hy) and epirelief (ep)

otted w
re lami
clay/haematite coating (solid black ornament where well developed, d
cross-laminae (broken line), and sub-vertical zone of disturbance whe
III. Bar scales: 20 mm.

In several thin sections (Fig. 5a, b and e) a sub-vertical
zone of disturbed laminae extends, without change in

width, from the area of the discoid’s central boss (the
lowest point of the V-form) upward to the epirelief clay-
haematite veneer. Fine internal laminae arc downwards
within this disturbed zone (Figs.5a and e and 6e).
here thin), bedding-parallel lamination (solid line) and current-ripple
nae arc downwards in (a), (b) and (e). All Wyeecha Spring, Member

4.7. Sequence of burial events
A sequence of sedimentary events during holdfast
burial is evident from the studied sections and presented
step-by-step in Fig. 7. A mucilaginous microbial mat
formed on the Neoproterozoic sea-bed during a quies-
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Fig. 6. Photomicrographs of clay/haematite coating on hyporelief surface of discoids shown in Fig. 5; displays mixture of clay and haematite with
some fine silt. (a) Lower right of Fig. 5b; (b) lower right of Fig. 5a; (c) lower right of Fig. 5e with interlaminated pinched out clay/haematite
coating; (d) lower left of Fig. 5b with double clay/haematite layer; (e) bedding-parallel lamination arcs downwards in the sub-vertical zone of
d ed edge
A ) sampl
4

c
o
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o
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e
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isturbed lamination shown in Fig. 5e; (f) SEM of siltstone with mark
ll Wyeecha Spring, Member III. (a), (b) and (d) sample F; (c) and (e
mm; (f) 500 �m.

ent period and the holdfast-bulb of a frondose-stalked
rganism attached itself to the microbial mat (Fig. 7a);
robably at least partially embedded within, rather than
tuck onto, the microbial mat. It is likely the frondose
rganism filter fed through its frond during current
ovement. Modest current flow induced the formation

f small current ripples that lapped over and around

he holdfast-bulb and stalk, but the organism continued
o feed (Fig. 7b). A major storm event, or several
vents, engulfed the stalk and bulb, the force of which
napped off the frond and the organism, being unable to
-effect along hyporelief surface; no pyrite or clay/haematite detected.
e E; (f) AMF125469. Bar scales: (a), (c) and (d) 2 mm; (b) 1 mm; (e)

regenerate, died. The holdfast-bulb decomposed quickly
(before the more rigid tough flexible stalk) or simply
collapsed so microbial mat, ripple foresets and remain-
ing stalk sank into the vacant bulb cavity (Fig. 7c). Quiet
conditions returned after the storm, the stalk eventually
decomposed and internal ripple and bedding lamination
arced downwards into the stalk cavity (Fig. 6e). A new

microbial mat developed over the seabed during this later
quiescent period (Fig. 7d), and restricted the free flow of
oxygenated waters through the storm sand so anaerobic
conditions formed as a micro-environment between the
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Fig. 7. Burial sequence for organism composed of frond, stem and holdfast-bulb. (a) Mucilagenous microbial mat formed on the sea bed during
quiescent period and holdfast-bulb stuck to or embedded in microbial mat; frond filter fed from current; (b) current flow formed small current-ripples
that lapped over holdfast-bulb, but the organism continued to filter feed; (c) major storm event, or several events, engulfed stem and bulb; frond
broke away so organism died; bulb decomposed and collapsed before stem, microbial mat and ripple sank into vacant bulb cavity with reduced

, stem
e-venee
foreset angle, but increased basal contact angle; (d) storm long ceased
cavity; new microbial mat formed; early diagenetic pyrite formed a sol
(e) re-newed current ripples. Not to scale.

two mats. Early eodiagenetic (syn-depositional) pyrite
developed as a sole-veneer at the contact of sediment
with the lower microbial mat (perhaps even replacing
filaments of the microbial mat) and thus provided the
vital rigidity for fossil preservation. New current ripples

would have eventually formed above the new microbial
mat (Fig. 7e). The sub-vertical zone cross-cutting bed-
ding laminations and ripple cross laminae is interpreted
as the former position of the frondose organism’s stalk,
decomposed and storm bed laminations locally sank into vacant stem
r in an anaerobic micro-environment between the two microbial mats;

an interpretation not previously proffered. Fine bedding
and ripple laminae arc downwards into this disturbed
zone to fill the space vacated by the decayed stalk.

4.8. Pyrite sole-veneer
A thorough SEM search for framboidal pyrite (or iron
oxide pseudomorphs) along the fossiliferous hyporelief
surfaces in the present Arumbera Sandstone samples,
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rovides no direct evidence for a pyrite sole-veneer.
imilarly, Gehling (1999) acknowledges there is no
irect evidence of a pyrite sole-veneer at the South Aus-
ralian localities. The <1 mm clay-haematite coating on
yporelief surfaces in hand specimen and thin section
Fig. 5a–d) is here interpreted as clay and fine silt ‘rain-
ng’ out of suspension onto the sticky microbial mat
uring prolonged fair weather periods between storms.
his provided considerable mechanical resistance in its
wn right, probably sufficient to retain embedded hold-
asts while their exposed fronds were swept away by
and-laden storm currents.

The sole-veneer initially precipitated as an iron mono-
ulphide precursor FeS at the contact of the sand imme-
iately overlying the collapsed (positive hyporelief) or
esistant (negative hyporelief) decaying organisms and
he mat surface. However, the monosulphide precursor
s metastable and transforms to pyrite FeS2 (see eodiage-
etic summary below). Pyrite is stable under anoxic low
emperature sulphidic conditions (Berner, 1981) with
H range neutral to alkaline and low carbonate activ-
ty (see Eh-pH stability diagram for the Fe–O–H–S
ystem in Ottonello (1997, Fig. 8.22C)). It has been
hown experimentally that pyrite formation is confined
o a zone directly adjacent to the organic matter (Allen,
002).

Many examples of soft bodied animal and plant fos-
ilisation via replacement framboidal pyrite are known
rom Phanerozoic mudstone lagerstätten (Devonian
unsrück Slate, Briggs et al., 1996; Eocene London
lay, Grimes et al., 2002). Moreover, direct evidence for
Neoproterozoic pyrite sole-veneer is recorded from the
hite Sea, where a thin (<1 mm) hyporelief impregna-

ion of framboidal pyrite within the basal sand grains in
he vicinity of fossils is retained through to the present
Dzik, 2003). Freshly quarried samples are covered in
yrite, which readily oxidises upon exposure. No pyrite
s recorded from within the mat itself, only clay min-
rals. The elusive sole-veneer, therefore, formed above
he microbial mat within the lowermost few sand grains
f the event sand. The unidentifiable rind-like effect
isible along the hyporelief surface in one present sam-
le under SEM (Fig. 6f) is clearly indicative of some
orm of interstitial cementation within a <1 mm surface
one.

At this stage in the death mask model, however,
ehling simply states that ‘later. . .. . .pore-water flush-

ng’ (1999 p. 53) eventually oxidised the pyrite sole-

eneer to haematite. The remainder of the present paper
races the diagenetic trail from the inferred pyrite sole-
eneer to the thin haematite coating seen today in the
rumbera Sandstone of the Ooraminna Sub-basin.
n Research 149 (2006) 126–148 137

5. Diagenetic history

5.1. Petrography

The Arumbera Sandstone is mainly a subarkose
with some arkose and sublith-arenite (granule) hori-
zons. Quartz accounts for 75–84% of detrital grains
in sandstone (48–63% monocrystalline, 17–27% poly-
crystalline), feldspar 8–14% (5–10% orthoclase, 1–6%
microcline, 1–3% plagioclase), and lithic rock frag-
ments 7–16% (mainly microcrystalline chert). Siltstone
greywacke (>15% matrix) shows greater variability
with 72–92% quartz, 6–23% feldspar and 2–5% lithic
rock fragments. Authigenic quartz overgrowths gener-
ally account for 7–11% of the rock volume, whilst authi-
genic feldspar is present in minor amounts. Porosity
varies from 0 to 9%. Carbonate accounts for 1–3% of
sandstone, but 32% in some siltstone.

5.2. Sandstone texture and fabric

Member I siltstone to fine-grained subarkosic sand-
stone is poor to moderately sorted with sub-angular to
sub-rounded detrital grains (Fig. 8a–d). Member II is
mainly immature, very-fine to medium-grained, poorly
to well sorted, sub-angular to sub-rounded subarkosic
sandstone (Fig. 8e–h). Very-coarse-grained sublith-
arenite beds contain either granule trains or basal granule
beds. Member III siltstone and sandstone (Fig. 8i and j)
is texturally similar to Member I.

Detrital grains exhibit iron-oxide stained clay rims,
except at grain-to-grain contacts where only a thin ‘dust-
line’ marks the detrital grain margin (Fig. 8c and d).
Clay rims are ubiquitous and clearly authigenic. Authi-
genic quartz overgrowths vary from anhedral pore fill
with irregular sutures to subhedral crystal faces in open
pores. Authigenic quartz clearly post-dates the authi-
genic clay rims. Where authigenic quartz and feldspar
overgrowths occur together, the feldspar often exhibits
its subhedral tooth-like growth form while the quartz
overgrowth fills in the remaining vacant pore space
(Fig. 8g and h); authigenic feldspar preceded authigenic
quartz. Glauconite peloids occur in Member III (Fig. 8i
and j).

Member III siltstone and sandstone contains consid-
erable dolomite, as patchy irregular semi-poikilotopic
pore fill (Fig. 8i and j). The aggressive dolomite
replacement ‘front’ partially or totally replaces detri-

tal grains, leaving a ‘ghost’ clay rim outline of the
former detrital grain. Staining with Alizarin Red S fol-
lowed by potassium ferricyanide confirms non-ferroan
dolomite.
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Fig. 8. Arumbera Sandstone photomicrographs. (a) PPL; marked authigenic clay rims, except at grain-to-grain contacts where only thin dust-line;
authigenic quartz overgrowths (AMF125454); (b) XPL; high feldspar content; detrital grain of former silicified ooid (centre left) (AMF125454); (c)
PPL; elongate perthitic feldspar with subhedral tooth-like authigenic overgrowth that post-dates the authigenic clay rims but pre-dates the authigenic
quartz pore filling (AMF125450); (d) XPL; granules of microcrystalline chert (lower left) and silicified stromatolite (centre) (AMF125476); (e) and
(f) PPL and XPL; glauconite grains (lower centre and lower right); irregular patches of poikilotopic pore filling dolomite corrodes, replaces and

e right);
; (c) an
engulfs adjacent detrital quartz grains leaving clay rim ‘ghosts’ (centr
Jinker Creek; (c), (e) and (f) Wyeecha Spring; (a) and (b) Member I
0.1 mm; (b), (e) and (f) 0.05 mm.

5.3. SEM/microprobe analyses

Authigenic quartz (Fig. 9a centre right) partially
surrounds its well-rounded detrital parent (upper cen-
tre), but its complete envelopment of the detrital grain

is inhibited by earlier authigenic K-feldspar (left with
blocky cleavage) abutting the detrital quartz grain. In
addition, rare albite grains indicate some measure of
albitization of plagioclase feldspar.
dolomite post-dates authigenic quartz (AMF125467). (a), (b) and (d)
d (d) Member II; (e) and (f) Member III. Scale bars: (a), (c) and (d)

Both detrital and authigenic illite are represented,
the latter with characteristic flaky and filamentous
habit (Fig. 9d), where ribbon-like filaments bridge pore
throats. No kaolinite was seen in SEM despite an exten-
sive search. Thin subhedral pseudohexagonal platelets of

chlorite replace occasional detrital grains (Fig. 9g). The
third clay mineral is smectite, which is well developed
in its classic crenulated webby pore-lining habit (Fig. 9e
and h). No smectite occurs across the scars marking for-
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Fig. 9. SEM micrographs-microprobe spectra. (a) Well-rounded quartz grain with enveloping authigenic quartz overgrowth (right centre) and
authigenic K-feldspar (left); authigenic K-feldspar pre-dates authigenic quartz; (b) discus-shaped platelets of authigenic haematite (centre) set
centrally within clay matrix; (c) thin blocky platelets of authigenic haematite (centre) as pore-filling that post-dates webby smectite rim on detrital
grain (left); (d) flaky authigenic pore-filling illite (left) and filamentous pore-bridging illite (centre); (e) crenulate webby texture of rim forming
smectite; grain contact scars confirm smectite as authigenic; (f) fractured glauconite peloid (centre) shows internal flaky microtexture; (g) grain
replacing platelets of authigenic chlorite; spectrum shows typical chlorite elements Si, Al, Mg, Fe and Ca; (h) thin webby crust of authigenic smectite
c , Al, Ca
s ll Wyee
a 69; (c)

m
s
f

d
i
p
w

oating detrital grains; spectrum shows typical elements of smectite Si
hows typical elements of glauconite Si, Al, Mg, K, Ca, Fe and Ti. A
nd (i) Member III; (a), (f) and (g) AMF125473; (b) and (i) AMF1254

er grain-to-grain contacts (Fig. 9e centre right). The
mectite is thus authigenic, and the first pore-lining clay
ormed immediately upon the dust-line.

Haematite occurs as thin, very small (5 �m diameter)

iscus-shaped crystals (Fig. 9b and c). The haematite
s pore-filling and occupies a central, therefore late,
osition within pores, and clearly post-dates the
ebby smectite pore-lining (Fig. 9c left). Flattened
, Mg, Fe and K. (i) rounded and flattened glauconite peloids; spectrum
cha Spring except (d) and (e) Jinker Creek. All Member II except (b)
and (h) AMF125450; (d) and (e) AMF125453. Scale bars in �m.

well-rounded peloids of glauconite occur (Fig. 9i centre
right) composed of irregular glauconite platelets (Fig. 9f
centre right).
5.4. X-ray diffraction analyses

XRD analyses confirm the main detrital grains and
dolomite cement (Fig. 10). Air dried (including glycol)
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Fig. 10. XRD summary spectra. (a) Whole rock; (b) air dried <2 �m
fraction with glycol. Wyeecha Spring, Member III, AMF125471.

analyses demonstrate chlorite peaks, particularly that at
2θ = 12.3◦. The strong peak at 2θ = c.8.8◦ (Fig. 10b) con-
firms the 10 Å basal spacing of illite, while a broad peak
at 2θ = c.6◦ identifies a smectite–chlorite mixed-layered
clay. The presence of the iron-oxide haematite is con-
firmed (Fig. 10b), with a trace of goethite in the whole
rock analysis (Fig. 10a).

5.5. Basin subsidence history

Published tectonic-subsidence curves (Lindsay et al.,
1987; Lindsay and Korsch, 1991), taken together with
overall basin structure and stratigraphy (Walter and
Veevers, 2000; Veevers, 2000), particularly through the
Palaeozoic, provide a snapshot view of basin subsi-
dence which in turn puts a broad relative time frame
to diagenetic events. The Arumbera Sandstone experi-

enced continuous basin subsidence and burial through
the Cambro-Ordovician to its deepest burial during the
late Ordovician (3–4 km). In the north-eastern Amadeus
Basin, Rodingan regional uplift and tilting resulted in
n Research 149 (2006) 126–148

Silurian erosion of up to 3000 m of section (Wells et al.,
1970; Lindsay and Korsch, 1991) with ‘molasse’ sed-
imentation through to the Devonian. Central Australia
experienced a long 300 Ma period of subaerial teloge-
nesis as the Arumbera Sandstone followed an extended
climb back to the present weathering surface, a feature
relevant to Ediacaran fossil preservation.

5.6. Eodiagenesis and formation of the pyrite
sole-veneer

Petrographic analyses provide evidence to generate
a sequence of diagenetic events (Fig. 11). Arumbera
Sandstone diagenetic history commenced with the (syn-
depositional) formation of a pyrite sole-veneer and a
subsequent trail of anoxic and later oxic events leading
to the haematite seen today.

Much research into early diagenetic pyrite forma-
tion is available in the specialised geochemical literature
(Canfield and Raiswell, 1991; Schoonen and Barnes,
1991; Berner, 1994; Wilkin and Barnes, 1997; Canfield
et al., 1998; Butler and Rickard, 2000; Grimes et al.,
2001; Schoonen, 2004), though the actual mechanism
of iron disulphide growth under sedimentary condi-
tions is still elusive, and reaction rates in field studies
are slower than in laboratory experiments (Schoonen,
2004). Under anoxic conditions, hydrogen sulphide is
produced via the biologically mediated sulphate reduc-
tion of organic compounds in the presence of dissolved
pore-water sulphate (Fig. 11, Eq. (1)). Hydrogen sul-
phide then reacts with iron minerals in the sediment to
produce an iron monosulphide precursor (either amor-
phous FeS or poorly crystalline mackinawite FeS) and
elemental sulphur (Fig. 11, Eq. (2)). Rickard (1995) and
Herbert et al. (1998) report that experimentally an ini-
tial amorphous mackinawite precipitates after two days
at 25 ◦C, whilst mackinawite crystallisation may take
tens to hundreds of days to develop, and complete well-
crystallised mackinawite requires up to two years at
25 ◦C. Some researchers argue that elemental sulphur
then oxidises mackinawite to a second precursor greig-
ite, and eventually to pyrite (Sweeney and Kaplin, 1973;
Wilkin and Barnes, 1997) (Fig. 11, Eq. (3)), whereas
Butler and Rickard (2000) dispute the necessity for
greigite as a prerequisite for framboidal pyrite formation,
and demonstrate experimentally that only the monosul-
phide mackinawite acts as a precursor.

In experimental work with pure and field-sample bac-

teria cultures Canfield et al. (1998) forward two alterna-
tive competing pathways for the conversion of FeS to
pyrite. Either elemental sulphur oxidises FeS directly to
pyrite (Fig. 11, Eq. (4)), or the abundant bacterially gen-
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Fig. 11. Sequence of diagenetic events for the Arumbera Sandstone, illustrating the standard sub-division into eodiagenesis (early - light grey), mesodiagenesis (burial - medium grey) and
telodiagenesis (uplift - darkest grey), a schematic burial curve, and main pore-water reactions. After deposition, pore-waters remained anoxic and neutral-mildly alkaline through eo- and
mesodiagenesis and deepest burial, changing to oxic-mildly acid due to meteoritic water flushing through the deep regolith during telodiagenesis. Asterisk indicates near syn-depositional event.
All time implications are relative. Eqs. (1)–(3) derived from Canfield and Raiswell (1991), (4) and (5) after Schoonen (2004), (6)–(8) after Worden and Morad (2000), (9) and (10) after Pettijohn
et al. (1987), (11) after Morad et al. (2000), (12) and (13) after Loope and Watkins (1989) and Rimstidt and Vaughan (2003), (14) and (15) after Loope and Watkins (1989) and Cornell and
Schwertmann (1996), and (16)–(18) after Cornell and Schwertmann (1996).
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erated hydrogen sulphide present in anoxic sediments
oxidises the sulphur in FeS to yield pyrite with hydrogen
as the reduced product (Fig. 11, Eq. (5)). They conclude
that these reactions operate either separately or simulta-
neously, with measured reaction rates equally fast and
considerably faster than expected from inorganic reac-
tions, so bacteria may enhance rates of pyrite formation
in natural systems. However, the high conversion rate
proposed by Canfield et al. (1998) is considered incon-
sistent with field observations by Schoonen (2004) who
interprets the H2S conversion rate to be slow in the
order of decades to centuries. Furthermore, Canfield and
Raiswell (1991) observe that as pyrite framboids can be
produced synthetically through inorganic reactions, the
critical biogenic role is in producing the hydrogen sul-
phide. It is also argued that biogenic cell walls also help
promote the nucleation of initial pyrite, after which the
rate of pyrite formation was enhanced (Schoonen, 2004).

Glauconite (Figs.8e and f, and 9f and i) forms through
recrystallization of smectite during eodiagenesis in shal-
low marine environments with low sedimentation rates,
and associated organic matter creating local reducing
conditions (Tucker, 2001), often associated with early
pyrite. The presence of glauconite in the Arumbera Sand-
stone fossiliferous horizons confirms that pore-waters
remained reducing and neutral-alkaline during burial, so
the pyrite sole-veneer remained intact through eodiage-
nesis.

Substantial webby smectite clay rims surround most
detrital grains, except at grain-to-grain contacts (Fig. 9e),
demonstrating that the rim smectite is authigenic and
eogenetic. The source of authigenic grain rimming smec-
tite is uncertain, and could be biogenic (Needham et
al., 2005). The early transformation of original detrital
smectite to authigenic rim smectite is a likely possibil-
ity. Alternatively, smectite could be transformed from the
devitrification of volcanic glass (Pettijohn et al., 1987)
whereupon Na+, Ca2+ and some K+ are released into the
pore-water. Mafic lavas and dolerite dykes of the Peter-
mann Ranges are a potential source of such material.

5.7. Mesodiagenesis

Temperature, pore-water composition and residence
time are the main controls on mesodiagenesis. Two dia-
genetic sub-divisions are in common usage (Morad et
al., 2000); shallow mesogenesis (depths 2–3 km, temper-
ature 70–100 ◦C) and deep mesogenesis (depths >3 km,

temperature >100 ◦C). Arumbera Sandstone diagenesis
shows evidence for most aspects of the former, but lim-
ited aspects of the latter. Maximum burial depth based
on diagenesis was, therefore, in the order of 3–4 km.
n Research 149 (2006) 126–148

Throughout burial, pore-water remained reducing and
neutral-mildly alkaline, so the pyrite sole-veneer would
have been retained through deep burial.

Authigenic kaolinite and illite commonly replace K-
feldspar (Fig. 11, Eqs. (6) and (7)), during which both
K+ (and some Na+ and Ca2+) and SiO2 are released into
formation water, the former a source for illite formation,
the latter for later quartz cementation. The dissolution
of K-feldspar was the first mesodiagenetic event in the
Arumbera Sandstone. If locally saturated with respect to
K+ then authigenic K-feldspar is an early re-precipitate
in open pores (e.g., ‘tooth-like’ overgrowths Fig. 8c). The
K-feldspar to illite reaction (Eq. (7)) occurs at the lower
end of the temperature requirements for quartz cemen-
tation (70–80 ◦C). At higher temperatures (c.125 ◦C)
K-feldspar often reacts with any available authigenic
kaolinite to form illite and releases further SiO2 for
later quartz cementation (Eq. (8)). Kaolinite formation
requires acidic pore-water and low K+ activity, whereas
illite formation needs neutral-mildly alkaline conditions
and high K+. The presence of illite and absence of
kaolinite from the Arumbera Sandstone confirm pH was
neutral-mildly alkaline.

The next major mesodiagenetic event for the Arum-
bera Sandstone was the transformation of both original
detrital smectite and/or subsequent authigenic smectite
into authigenic illite (Fig. 9d) and probably smectite-
illite mixed layered clay; evidence is only observed for
the former. These alterations proceed via dissolution-
precipitation reactions, rather than by solid-state (Rask
et al., 1997), and consume available K+ from earlier
K-feldspar dissolution, but release considerable cations
Na+, Ca2+, Fe2+ and Mg2+ for subsequent mesodiage-
netic changes (e.g., albitization, dolomite and chlorite)
as well as SiO2 for later quartz overgrowths. The reaction
smectite to illite (Fig. 11, Eq. (9)) confirms that condi-
tions remained neutral-mildly alkaline.

At slightly higher temperature and depth, smec-
tite transforms to smectite-chlorite mixed layered clay
(Fig. 11, Eq. (10)). Mg2+-smectite is prone to chloritiza-
tion and reflects a volcanic source (Chang et al., 1986).
Again this is a dissolution–precipitation reaction. For the
Arumbera Sandstone the occurrence of smectite–chlorite
mixed-layer is confirmed by XRD analyses (Fig. 10).
Mg2+ and Fe2+ from the earlier smectite to illite trans-
formation is used in forming chlorite, K+ utilisation is
exhausted, whilst further Ca2+, Na+, SiO2 and H2O are
released into the pore-water. Chlorite formation thus

confirms pore-water pH remained neutral-mildly alka-
line.

Albitization of plagioclase feldspar favours neutral
pH, Na+ > Ca2+, uses previously released Na+, can gen-
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rate kaolinite, and releases excess Ca2+ as a by-product
Fig. 11, Eq. (11)). Any kaolinite generated transforms
o illite at these deeper burial depths (Eq. (8)).

Authigenic overgrowth of quartz provided the main
ithification event affecting the Arumbera Sandstone,
eveloped either as euhedral overgrowths into open pores
r more generally as anhedral overgrowths filling the
emaining pore space after authigenic feldspar and clay
ransformations (Fig. 8c). It is relatively late in the meso-
iagenetic sequence. Quartz can be precipitated over a
ide range of temperatures (75–150 ◦C, Primmer et al.,
997), but generally indicates burial to at least 3 km and
100 ◦C. Silica is transferred by diffusion between sites
f silica dissolution and precipitation at an interstitial
cale. Intergranular pressure dissolution, or even sty-
olitization, is not extensive in the Arumbera Sandstone
s a source for silica. The main silica sources are the
eries of preceding mesodiagenetic reactions (Fig. 11,
qs. (6)–(10)), though an external source from adjacent
udrocks is also possible (cf. Gluyas et al., 2000).
Blocky, semi-poikilotopic, late dolomite cement

ccurs in Member III samples corroding detrital grains
nd earlier authigenic quartz overgrowths (Fig. 8e and f).
esogenetic precipitation of carbonate cement in sand-

tone that post-dates quartz overgrowth relates to the dif-
erent temperature-related solubility of the two minerals
Morad et al., 2000) and increased alkalinity yields car-
onate cementation. With increase in temperature quartz
hows progressive solubility, whereas carbonate min-
rals have a retrogressive solubility. Therefore, during
rogressive Arumbera Sandstone burial quartz becomes
ore soluble whereas carbonates tend to precipitate.
Other Australian examples exist of late mesogenetic

arbonate cement (Schulz-Rojahn, 1993), where a cross-
ormational carbonate source is inferred. There is no
hortage of local cross-formational dolomite sources for
he Arumbera Sandstone; it is underlain and overlain by
he Julie Formation dolomite and Todd River Dolomite,
espectively. Moreover, the earlier mineral transforma-
ions (Fig. 11, Eqs. (9)–(11)) release Ca2+ and Mg2+

ations into the pore-water system which could all be
aken up during mesogenetic dolomite formation.

Minor occurrences of chlorite platelets replacing
etrital grains (Fig. 9g) indicate deepest burial of the
rumbera Sandstone. Furthermore, an increase in Mg2+

ontent in biotite at this ‘chlorite’ burial limit may be
ndicated by the green tinge of phlogopite.

The basic petrography presented here concurs with

he regional reservoir findings of Lindsay and Gorter
1992), except they record 10% anhydrite in their sam-
les. However, they quote earlier (1980) unpublished
etrographic work by an oil company consultant, whose
n Research 149 (2006) 126–148 143

early diagenetic quartz overgrowths, early poikilotopic
dolomite, late feldspar overgrowths and late authigenic
clays cannot be reconciled with the sequential diagenetic
history reported here.

5.8. Telodiagenesis

The Australian continent experienced subaerial
weathering for hundreds of millions of years and can
rightly claim to be the ‘old continent’ (Twidale, 2000,
p. 537). The only significant break in its subaerial his-
tory was a short-lived Aptian marine transgression across
45% of the continent (Twidale, 1994), which preserved
in unconformity extensive tracts of the pre-existing
Gondwana landscape (Twidale, 2000). Exhumed palaeo-
landscapes are recognised in the Cretaceous, Jurassic
and Triassic; an earlier Carboniferous landscape is tenta-
tively recognised (Bird and Chivas, 1993; Twidale, 1994,
2000; Tonui and De Caritat, 2003). By the late Jurassic,
for example, much of the Australian part of Gondwana
was reduced to an inselberg landscape (Twidale, 1994).
Through these periods thick regolith developed that was
subsequently lost through erosion.

The present Australian landscape is also of consider-
able antiquity, with thick regolith cover from prolonged
and intense weathering (Taylor and Shirtliff, 2003), that
extends for tens (perhaps hundreds) of meters below the
surface, especially in porous rocks which stand in high
relief. Whether or not the Arumbera Sandstone experi-
enced the influence of near surface meteoric pore-water
flushing during any particular palaeo-landscape devel-
opment is not known, though higher ridges of the Mac-
donnell Ranges were exposed in Cretaceous landscapes
(Twidale, 2000). For this discussion it is presumed the
present day deep regolith is the main influence on Arum-
bera Sandstone telodiagenesis.

The transformation of the pyrite sole-veneer into the
iron oxide-hydroxide seen at the present surface indi-
cates a marked change in pore-water chemistry through
meteoric pore-water flushing within the deep regolith.
The anoxic and neutral-mildly alkaline pore-water car-
ried through mesodiagenesis is gradually overtaken by
an advancing front of oxic mildly acidic pore-water.
Weathering intensity is greatest at the surface where
weathering is oldest and most advanced, becoming less
so with depth to the younger newly weathered zones.

Iron oxide transformations are complex with mul-
tifarious outcomes depending mainly on pH, Eh and

temperature. Haematite is the ultimate end product. The
reactions are two-fold, initial oxidation of pyrite fol-
lowed by hydrolysis. The initial oxidation is well doc-
umented (Fig. 11, Eqs. (12) and (13)) where oxidation
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reactions start and finish with ferrous-Fe2+. According
to Rimstidt and Vaughan (2003) the reaction does not
oxidise iron, but rather it oxidises sulphur, where Fe2+

in solid-phase pyrite transforms to Fe2+ in solution, and
sulphate SO4

2− is the oxidation product. Hydrolysis then
converts the ferrous-Fe2+ to ferric-Fe3+ in an aqueous
ferrous-Fe2+ system (Eqs. (14) and (15)). These reac-
tions are not as straightforward as it first appears, as the
ferric-Fe3+ mineral formation is via a ferrihydrite precur-
sor (referred to as amorphous hydrous ferric oxide) that
is not yet fully understood, has a range of compositions
in a ferrihydrite series, and is metastable so transforms
spontaneously to haematite and goethite (Schwertmann
et al., 1999). Hydrolysis continues once the ferric-Fe3+

system is established (Eqs. (16) and (17)), whereupon
goethite dehydrates readily to haematite (Eq. (18)).

6. Discussion

6.1. Organic or pseudofossil origin

A non-biological pseudofossil sedimentary origin is
assigned to some Neoproterozoic discoid features (Sun,
1986; Farmer et al., 1992). However, Gehling et al.
(2000) repeatedly address the arguments for a pseudofos-
sil interpretation in their detailed analysis of the discoid
fossil Aspidella from southeastern Newfoundland. They
weigh the evidence for inorganic against organic origin
from a study of thousands of individual discoids to deter-
mine size and bedding surface distribution, variation in
discoid shape and cross-section, and co-occurrence with
recognised Ediacaran body fossils. They conclude that
Aspidella and the array of synonymous forms within
their Aspidella-plexus are body fossils where variation
is due to body size and sedimentary condition.

The low diversity discoid specimens discovered
and examined here from the Arumbera Sandstone
display many of the characteristics that indicate an
organic origin by Gehling et al. (2000). Conversely,
it is tempting to dismiss them as gas-fluid escape
sedimentary structures based simply on the occurrence
of an internal sub-vertical disturbed zone with simi-
larities to those displayed by Sun (1986) and Farmer
et al. (1992). Arumbera Sandstone examples display
collapsed internal ripple lamination with accompanying
migration of the originally asymptotic basal contact to
an acute angle contact. The collapse was clearly a single

event (rather than chaotic collapse) with the ripple
structure filling the vacancy left by the decayed holdfast
bulb, which must have been filled during life with a
low resistant fluid, perhaps just water. It also suggests
n Research 149 (2006) 126–148

the holdfast bulb was essentially the same scale as an
individual ripple structure.

The most convincing argument against an inorganic
gas-fluid escape origin for Arumbera Sandstone speci-
mens is that it is extremely unlikely that a gas-fluid would
build up and escape from the central (lowest) part of
the discoid’s V-shaped section. As with all sedimentary
rocks pore fluid first migrates up-dip, in this case laterally
up the V-shaped impermeable microbial lower surface, to
escape from a ‘higher’ location, especially in a laminated
microbial mat-rich sedimentary fabric where horizon-
tal permeability greatly exceeds vertical permeability
(Kh > Kv). Gas-fluid escape is also unlikely to maintain a
parallel sided column (cf. Farmer et al., 1992), but would
expand upwards in a bubble-like form (cf. Sun, 1986)
where internal lamination heaves upward (cf. Farmer et
al., 1992) rather than downward collapse (Fig. 6e). We
also note that upward deflection of sedimentary lami-
nae is common in escape burrows, in upward burrowing
when forming a U-tube, and as an artefact during dif-
ferential compaction of a sand-filled tube in a mud-rich
medium.

The present authors firmly support a holdfast-bulb
origin for Arumbera Sandstone discoids, wherein the
sub-vertical disturbed zone represents the lower part of a
decayed stalk following collapse of a decayed fluid filled
bulb. Pseudofossil Kullingia scratch circles (Fig. 4j and
k) indirectly attest the presence of frondose-like organ-
isms or possibly seaweed swirling back and forth in tidal
and wave currents on a firmground surface.

6.2. Aspidella plexus

The small type-Aspidella form (located at the apex of
the Aspidella plexus) is not so far recognised in the rel-
atively coarse-grained Arumbera Sandstone at Wyeecha
Spring. The biomass analysis of Aspidella from New-
foundland by Gehling et al. (2000) indicates that the biota
there is dominated by these small type-Aspidella morphs.
It seems entirely possible that the Aspidella plexus is
not in fact a simple equal tripartite grouping, but rather
the type-Aspidella apex represents small juvenile forms
growing on the sea-bed in a numerical majority that were
regularly swept away by storm currents and hence not
fossilised. Only a minority remained intact attached to
the sticky microbial mat to grow to adulthood as the
Ediacaria or Spriggia form-genera. It is also possible
the proposed Aspidella plexus may hide a significant

amount of true diversity given the morphological sim-
plicity of early discoid forms (McIlroy et al., 2005), or
there could be a true difference in taxonomic makeup of
the Amadeus Basin material.
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.3. Palaeoenvironment and lithofacies associations

The lithology of the fossiliferous Member III of
he Arumbera Sandstone, though not currently formally
escribed in terms of lithofacies associations, is similar
o Gehling’s (2000) ‘Facies Association F: interbed-
ed siltstone and fossil bearing sandstone’ described
rom the high diversity Ediacara Member in neigh-
ouring South Australia, as well as to Grazhdankin’s
2004) ‘interstratified sandstone and shale’ from the
endian Group in the White Sea. Moreover, the simi-

arities between the broad depositional setting of fossil
earing strata in the White Sea (Grazhdankin, 2004),
he Flinders Ranges (Gehling, 2000) and the Arumbera
andstone in the Amadeus Basin are striking.

Both the Gehling (2000) and Grazhdankin (2004)
acies associations interpret deposition in a prodelta set-
ing between storm and fair weather wave-base. Long
eriods of fair weather allowed colonization of the
eabed by a benthic epifauna held in place by a mucilage-
ous microbial mat. Periodic storm surge sands inun-
ated the benthic community, smothering and preserving
hole colonies. Discoid holdfasts were not uprooted
y these storm events, and remained attached to their
iofilm. The same prodelta interpretation is proferred for
he lowermost Member III of the Arumbera Sandstone
Fig. 2), in preference to the previous basinal designation
Lindsay, 1987; Lindsay and Gorter, 1992).

.4. Diagenetic implications for palaeobiology

The diagenetic history of the Arumbera Sandstone
ndicates that haematite, and by analogy goethite, are
ate diagenetic developments. The case is argued that
he original pyrite sole-veneer remained as pyrite for
undreds of millions of years through eo- and mesodia-
enesis. Through deepest burial and gradual climb back
owards the surface, pore-waters within the Arumbera
andstone remained anoxic and neutral-mildly alkaline.
eteoric pore-water flushing within the deep regolith

uring late telodiagenesis (or perhaps also during peri-
ds of palaeo-landscape formation) introduced oxic and
lightly acidic pore-water whereupon the pyrite sole-
eneer was oxidised and hydrolysed to the haematite
oating seen today in hand specimen and thin section.

The diagenetic history presented herein applies
pecifically to the Arumbera Sandstone deposited in the
ontinually subsiding Ooraminna Sub-basin. Oxic con-

itions did not reach deposits subsiding in the sub-basin.
ven sea-bed sediments a few cm deep (normally oxic)
ere anoxic due to the sealing effect of the surface
icrobial mat. Elsewhere within the Amadeus Basin, for
n Research 149 (2006) 126–148 145

example on the shallower and at times exposed Mission-
ary Plain Trough, oxygenated seawater probably pen-
etrated the Arumbera Sandstone during eodiagenesis,
thus destroying any pyrite sole-veneer developed and its
potential for fossilisation; a different diagenetic history
applies. The absence of Members III and IV over the Mis-
sionary Plain Trough is testimony to sub-aerial exposure.
Consequently, the applicability of the Gehling (1999)
preservation model is higher in areas where subsidence
after anoxic deposition was continuous and relatively
rapid.

7. Conclusion

An Ediacaran discoid fauna is reported from the
Neoproterozoic–Cambrian Arumbera Sandstone (Mem-
bers II and III) in the Amadeus Basin. The biota is
associated with periodic storm-event beds, and the pres-
ence of wrinkle structures from a range of localities
and facies attest to the former presence of microbial
mats.

Thin sections through discoids reveal both sub-
parallel bedding laminae and ripple foresets within the
fossil body. A thin (<1 mm) hyporelief coating of clay,
haematite and fine silt appears superficial to the fine-
grained sand body fill, and probably represents the
remains of the microbial mat. Furthermore, a sub-vertical
disturbed zone through the discoid fossil body is inter-
preted as the location of the lower part of a decayed stalk
following collapse of a decayed holdfast-bulb. A step-by-
step sequence of sedimentation events concurs with, and
advances, a slightly modified Gehling (1999) model. No
direct evidence of a pyrite sole-veneer is observed for
the Arumbera Sandstone.

Detailed petrography unravels a diagenetic history
that demonstrates the importance of a pyrite sole-veneer
by tracing its passage through a sequence of diagenetic
events to the haematite coating seen today. Anoxic and
alkaline conditions continued during subsidence after
syn-depositional formation of the pyrite sole-veneer;
thus its retention through eodiagenesis. Mesodiagenetic
events, particularly clay mineral transformations,
confirm pore-water remained anoxic and neutral-mildly
alkaline, so the pyrite sole-veneer remained intact
through deepest burial. The advance of meteoric water
through the present deep regolith marks a late telodi-
agenetic change to oxic and mildly acidic pore-water.
The pyrite sole-veneer was firstly oxidised and then

hydrolysed to haematite. A diagenetic linkage between
the present haematite coating and a syn-depositional
pyrite sole-veneer is established, and thus the Gehling
(1999) preservation model is feasible and likely during a
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Neoproterozoic taphonomic window prior to metazoan
bioturbation and cropping in the Cambrian.

The interpreted diagenetic history is specific to the
distal marine shelf sediments of the Arumbera Sandstone
in the Ooraminna Sub-basin (and by analogy to other
subsiding basins in the Neoproterozoic). The applicabil-
ity of Gehling’s (1999) model and Narbonne’s (2005)
Flinders-style preservation are higher where subsidence
was continuous and relatively rapid. In shallower or
eroded parts of the Amadeus Basin (e.g., Missionary
Plain Trough) that may have experienced intermittent
or patchy infiltration by eogenetic oxic water, diagenetic
history was different and Ediacaran fossils less likely
preserved. Ediacaran preservation, therefore, is as much
a function of diagenetic history as it is of depositional
environment.
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