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Absfract

Carbon, oxygen and strontium isotope stratigraphy has increased
the resolution of Proterozoic stratigraphic correlation. Isotopic analysis was
performed on the late Proterozoic Wonoka Formation canyon and carbonate
platform sequences .Highly depleted and homogenised carbon and oxygen
isotopes characterise the canyon fill (3 13C = -8 to -7%. 6 180 =- 17 t0 -15%.
PDB ) whilst a major positive excursion was observed in the Wonoka
Formation carbonate platform sequence (8 13C= -8 to -0.5%., 6 180 =-15.0
to -7.0%. PDB). These values correlate closely with other established
isotopic trends throughout the Adelaide Geosyncline. However similar aged
late Vendian strata throughout the world show low positive values.

Strontium isotopic analysis revealed relatively 87Sr enrichment in
the carbonate platform deposits compared to the canyon sequence .This
was attributed to the input of 87Sr enriched terrestrially derived strontium.
The 87Sr /863r ratio of the Wonoka Formation correlates closely with
established late Proterozoic seawater trends. Therefore a primary strontium
isotopic composition is implied for the Wonoka Formation

Major and trace element geochemical analysis (Ca, Mg, Sr, Fe,
Mn, and Rb) was performed to assess the diagenetic aiteration of the late
Proterozoic strata. Samples with low Mn/Sr,high Ca/Sr, high strontium, and
low rubidium have the highest probability of preserving a primary
geochemical signal. Most samples from the Pichi Richi region analysed
plotted under the altered Mn/Sr (<2) and Ca/Sr (<2000) values.

The high remnant strontium concentrations of the Wonoka
Formation suggest neomorphism from an aragonitic precursor. Micritic
carbonate of the:-Wonoka Formation was probably a primary marine
precipitate of aragonite derived from late Proterozoic supersaturated seas.
Therefore the majority of sediment diagenesis probably occurred in the
marine phreatic zone, resulting in the observed primary isotopic
composition. '
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Chapter 1 Introduction

Until recently recognition of equivalent late Proterozoic
sedimentary sequences was based on broad scale lithostratigraphic
correlations. Our poor understanding of Proterozoic stratigraphy is primarily
due to the paucity of biostratigraphic control before the Cambrian.
Proterozoic stratigraphy has therefore traditionally relied upon
lithostratigraphy, sequence stratigraphy, geochronological dating of igneous
rock and tuff layers and a limited biostratigraphy of stromatolites, acritarch
microfossils and the soft-bodied Ediacaran fauna (Knoil and Walter, 1992).

Recently, however, secular variation of geochemical signals
encoded in carbonates, particularly their stable carbon and oxygen isotope
ratios, have been used in the correlation of Proterozoic sediments. The
isotopic composition of unaltered marine carbonates reflects the isotopic
composition of the seawater from which they precipitated. Therefore the
variation in the primary carbon and oxygen isotope signatures of such
carbonates through the geological record enables both intra and inter-
basinal correlation.

Carbon and oxygen isotope stratigraphies of many of the major
geological boundaries of the Phanerozoic have been published, notably the
Cretaceous / Tertiary, Permian/Triassic and Ordovician/Devonian transitions
(Magaritz, 1989, 1990) Magaritz et al. (1992). The Precambrian / Cambrian
boundary, on the other hand, had-been relatively neglected due to the
likelihood of diagenetic overprinting. Numerous isotope stratigraphies of this
transition have now been documented by Aharon et al. (1986), Lambert et
al. (1987), Magaritz et al. (1986,1988), Knoll et al. (1986), Brasier et al.
(1990, 1992), Fairchiid et al. (1990), Knoll (1991) Kaufman et al. (1992) and
Brasier (1992) enabling high resolution stratigraphic correlation of this most
important period in earth history.

Another useful geochemical tool in stratigraphic correlation is the
87Sr / 86Gr ratio. Knoli (1991), Derry et al. (1989), Derry et al. (1992),
Kaufman et al. (1992) and Asmerom et al. (1991), have all used the secular
variation in strontium isotopes in Proterozoic strata to correlate sequences
from widespread localities. Variation in strontium in the Phanerozoic has
been quite conservative compared to that of the Proterozoic.



Depositional environment and post-depositional 'diagenesis méy greatly
effect the isotopic composition of carbonates. Several phases of
cementation in different diagenetic environments may give rise to a
completely different isotopic signal. Late-stage burial and metamorphism at
elevated temperatures may also drastically aiter the original isotopic
composition. Therefore, in any reputable geochemical study, the effect of
post-depositional cementation and other diagenetic processes on the
primary geochemical signal must be established.

This study concentrates on the late Proterozoic Wonoka
Formation of the Adelaide Geosyncline, Wilpena Group. The main study
area is in the Saltia, Pichi Richi Pass and Richman Vaiiey areas of the
Southern Flinders Ranges, South Australia (Fig. 1). Several geological
sections were measured and a geoiogical map of the Proterozoic Wonoka
Formation canyon and carbonate ramp sequences was prepared. Sampling
along sections of relatively homogeneous limestone was carried out for
geochemical and isotopic analysis.

This study encompassed several geochemical techniques
including stable carbon, oxygen and strontium isotopic analyses.
Stratigraphic profiles of the oxygen and carbon isotopic ratios were
constructed to enable chemostratigraphic correlation of the late Proterozoic
Wonoka Formation. Carbonate mineralogy was determined using X-ray
diffraction and percentage carbonate by loss on ignition. The effect of
diagenesis on the primary isotopic signals was established by using major
and trace element analyses. Petrographic and cathodoluminescence
techniques were also used to assess the preservation of samples selected
for the above analyses.
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Chapter 2: Geological Setting and Previous Investigations

The late Proterozoic / Cambrian transition is a time of immense
global geologic, atmospheric, and biological change. The upper Proterozoic
is globally characterised by low-latitude supercontinents, widespread
glaciation , and associated low stands of sealevel (Brasier, 1992). Gradual
warming of the atmosphere and the first appearance of abundant fossils
including the soft bodied Ediacaran Fauna, occurred in the latest
Precambrian (Tucker, 1992). In contrast, the Cambrian is characterised by
the first appearance of skeletal fossils, abundant trace fossils, a high stand of
sea level, a global greenhouse climate, the break up of supercontinents and
the opening of oceans (Brasier, 1992).

The Adelaide Geosyncline is of late Proterozoic to Middle
Cambrian age. The sediments of the Adelaide Geosyncline have been
interpreted by various authors as being deposited in a rift or failed rift
tectonic setting (von der Borch et al., 1982; Preiss 1987, and von der Borch
et al. 1988). One mechanism for the formation of the Adelaide Geosyncline
recently proposed by Jenkins (1990) involved periods of lithostatic extension
and thermal subsidence. These Proterozoic and Cambrian sediments were
subsequently folded and deformed during the Cambro-Ordovician
Delamerian Orogeny approximately 515-490 Ma ago (Preiss, 1987; Jenkins,
1990). Renewed uplift during late Cenozoic time formed the north / south
trending belt of thick late Proterozoic to Cambrian sediments now exposed
in the Flinders Ranges and Adelaide-Hiils. -

The Umberatana and Wilpena Groups as defined by Dalgarno
and Johnson {in Thompson, 1964) form the uppermost Proterozoic
sequences of the Adelaide Geosyncline, the Heysen Supergroup of Preiss.
The upper Umberatana Group contains the Marinoan glacials of the Elatina
Formation. These glacial sediments may be correlated with other glacial
strata of world wide extent, collectively known as the Varangian. The
Umberatana Group is conformably overlain by the latest Proterozoic
Wilpena Group which forms the Ediacarian of Cloud and Glaessner (1982).



The Wilpena Group comptises sediment deposited during two
major transgressive and regressive cycles. The lower cycle comprises the
Nuccaleena Formation, Brachina Formation, and ABC Range Quanizite
together which form the Brachina Subgroup (Plummer, 1978). The upper
transgressive / regressive cycle comprises the Bunyeroo Formation,
Wonoka Formation and the Pound Subgroup of Jenkins and Gostin (1983).
Jenkins (1981) erected the Ediacaran Period which corresponds to the
Wonoka Formation and Pound Subgroup units, the Bonney Sandstone and
Rawnsely Quartzite. The Pound Subgroup is the youngest Precambrian
sequehce of the Adelaide Geosyncline.

This study concentrates on the second regressive sequence of the
Wilpena Group, the Wonoka Formation. This is a mixed carbonate -
silicictastic sequence which in the central and southern Flinders Ranges
was deposited on a carbonate shelf or platform (Preiss, 1987). Haines
(1986, 1987, 1988) interpreted the Wonoka Formation as being deposited
on a storm-dominated shelf showing cycles of storm and event bed
deposition. In the present study, eleven mappable lithostratigraphic units
recognised by Haines (1986, 1987) have been adopted to describe the shelf
sequence.

Coats ( cited in Thompson, 1964) first described a large-scale
slump structure in the Wonoka Formation from the Patsy Springs region east
of Copley, which he later recognised as a submarine canyon Coats (1973).
Numerous canyons have subsequently been identified and mapped
throughout much of the Flinders Ranges and the adjacent Officer Basin by
various workers including von der-Borch-et-al: (1982}, -Gostin and Jenkins
(1983), von der Borch and Grady (1984), von der Borch et al. (1985, 1989),
Haines (1986, 1987, 1990), Eickoff et al. (1988), DiBona {1990) Christie-
Blick et al. (1990) and Sukanta et al. (1991).

Several canyon incision models have been proposed by Coats
(1973), von der Borch and Grady (1984), von der Borch et al. (1982, 1985,
1989), Gostin and Jenkins (1983), Eickoff et al. (1988), Christie-Blick et al.
(1990), and Di Bona (1890). There are two major schools of thought on the
origin of the canyon structures; submarine and subaerial. Schematic
representations of the two different modes of canyon formation are shown in
Figure 2 (after von der Borch et al., 1982, and Christie-Blick et al., 1990) and
discussed below.



Figure 2: Proposed models for the formation of late Proterozoic Wonoka
formation canyons

1) Submarine incision after von der Borch et al. (1982)

A) Progradation of Brachina Formation.

B) Fall in sea level in early Wonoka time and intial canyon incision
by proximal turbidites.

. C) Sea level rise progradation of siope and increased canyon

erosion. '

D) Coastal onlap and backfilling of canyons by submarine fan
sequences.

2) Subaeriai canyon incision model after Christie-Blick et al. (1990).

A) Deep basin and ramp of early Wonoka time immediately before
canyon incision.

B) A large fall in sea level due to evaporitic drawdown exposes the
early Wonoka Formation and underiying strata to erosion and
canyon incision.
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Coats (1973), von der Borch et al. (1982), Preiss {(1987) and
Haines (1987} all attributed the canyon formation to submarine processes.
This model was based upon apparent similarities between the Wonoka
Canyons and modern analogues observed in the Bahamas and Indonesia.
The presence of thick bedded sandstones, interpreted as deep water
turbidites, in the canyon-fill sediments also support this model. Eickoff et al
(1988) and von der Borch et al (1985, 1989), however, questioned this
submarine model and instead proposed a model for canyon formation
involving subaerial incision.

A submarine model of canyon formation was elaborated by von
der Borch et al. (1982). In this model, a significant drop in sea level during
early Wonoka time caused sediment load to be deposited straight onto the
ramp slope. Submarine turbidity currents caused down cutting and lateral
erosion of the underlying strata and hence canyon formation. Classic
Bouma sequences and the association of sandstones and shale in the basal
canyon fill were cited as evidence for a submarine origin of the Wonoka
canyons.

The presence of meandering channels, axial conglomerates of
possible fluviatile origin (von der Borch, 1985}, alternation of flute cast and
palaeocurrent directions by approximately 180°, oscillation ripples and
hummocky cross stratification in the basal canyon fill, casts doubt on the
submarine origin of these canyons. Eickoff et al. (1988) noted a carbonate
wallplaster or layer coating the canyon wall which had extremely negative
carbon and oxygen isotopes values (813C = -8.86%., 8180 = -15.43%.) which
could not be of marine origin. DiBona {(1990) observed the Burr Well
member and reported tepee structures and stromatolites of supposedly
peritidal origin. Eickoff et al. (1988) and DiBona (1980) cited the above
discrepancies, especially the alternating flute cast directions and
meandering nature, as evidence supporting a subaetial incision for the
Wonoka canyons.

According to Eickoff et al. (1988) a fall in sea level of
approximately 1 kilometre during early to middie Wonoka time is required
for subaerial erosion. During this low stand in sea level, river channels
meandered across the newly exposed platfarm and cut through the
underlying strata. Subaerial exposure of the canyon walls allowed
precipitation of a calcrete layer {the wallplaster) which now coats the canyon
walls. Deposition by mass flow and fluvial processes would account for the
observed structures and meandering nature of many of the unique structures



mentioned above. Subsequent sea level rise during middle Wonoka time
then filled the canyons by coastal onlap.

A major problem with the hypothesis of subaerial canyon
formation is that global eustacy cannot explain fluctuations in sea level of the
required magnitude. Another problem with subaerial incision is that there is
no evidence for such large scale fluctuations in sea level during early
Wonoka time. Von der Borch et al. (1989) and Christie Blick et al. (1990)
suggested that the large fall in sea level could be explained by an evaporitic
draw down similar to that of the Messinian event which drained the
Mediterranean. Christie Blick {1990) and von der Borch {pers. comm.) have
proposed numerous lower order sequence boundaries through the Wonoka
canyon fill associated with fluviatile sandstone lenses in the Patsy Spring
canyon.

Haines (1987) is one of the most recent authors to explain the
Wonoka canyons in terms of a submarine origin. Sedimentary textures used
to support a subaerial origin, in particular alternating current directions and
meandering channels, have been observed in the modern marine
~ environment . The lack of karst topography in the supposedly subaerially
exposed lower Wonoka is another factor which casts doubt upon the
subaerial model of canyon formation (R.J.F. Jenkins pers. comm.). Jansyn
(1990) mapped thickness variations in the Wilpena Trough in the central
Flinders Ranges and suggested that canyon formation may be fault related.



Chapter 3: Stratigraphy of the Wilpena Group

The Pichi Richi Pass study area is composed of late Proterozoic
sediments belonging to the Umberatana and Wilpena Groups. The
stratigraphy of the Wilpena Group near Pichi Richi Pass and Bunyeroo
Gorgelis shown in Figure 3 and briefly described below.

3.1 Nuccaleena Formation

The Nuccaleena Formation is the basal unit of the Wilpena Group.
It conformably overlies the Marinoan glacial diamictite and tillites of the
Elatina Formation and indicates a warming of the latest Proterozoic climate
(Preiss, 1987). This thin (10 cm - 10 m) but persistent dolostone represents
several depositional environments ranging from supratidal to subtidal.
3.2 Brachina Formation

The Brachina Formation is a finely laminated, red or green shale
with minor calcareous intervals which crop out in the centre of a large
anticline in Pichi Richi Pass (see map). It has a pencil-like appearance due
to the intersection of bedding and cleavage which formed during the
Delamerian Orogeny . It is interpreted as a basinal deposit of a
transgresssive systems tract (Preiss, 1987). In the northern Flinders Ranges,
the Brachina Formation and the immediately overlying units have been
significantly eroded and incised by the so-called Wonoka canyons (von der
Borch et al., 1982).
3.3 ABC Range Quartzite

in the Pichi Richi Pass area, the-ABC Quartzite is a white to pale
orange feldspathic quartzite with heavy mineral banding and micaceous
lamination . Numerous sedimentary structures including planar, trough, and
herring bone cross bedding, mud cracks and truncated lensoidal sandstone
beds suggest a shallow tidal flat to fluviatile environment. Intensely
brecciated and altered along fault zones with slickenslides, vein growth
fibres perpendicular to principal compressive stress direction and specular
haematite veins, the ABC Quarzite has been strongly deformed and uplifted
and now forms many of the high ridges in the Flinders Ranges. in the study
area, the ABC Range Quantzite is commonly unconformably overlain by
Wonoka Formation due to erosion associated with canyon incision (Plate
2.6).
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3.4 Bunyeroo Formation

The finely laminated silis of the Bunyeroo Formation are rarely
exposed in the Pichi Richi area due to canyon cutting and local faulting.
Waukarie Creek is the only locality in the field area where the Bunyeroo
Formation was observed. At Waukarie Creek, the Bunyeroo Formation
conformably overlies the ABC Range Quartzite and is itself overlain by
Wonoka Formation. The stratigraphy is not complete as canyon cutting has
deeply eroded and incised the early Wonoka Formation, the Bunyeroo
Formation and the underlying ABC Range Quartzite.

At Waukarie Creek the Bunyeroo Formation also contains a thin
‘tuffaceous’ layer approximately 80 m from its base. This layer contains
abundant clasts of Gawler Range Volcanics and shocked quartz and has
been interpreted as the ejecta from the Lake Acraman impact (Gostin et al.,
1986 ; Williams, 1986). The Acraman ejecta layer has been detected in core
from the Officer Basin and provides a unique stratigraphic marker for
cotrelation with the Adelaide Geosyncline (Wallace et al., 1989 ).

3.5 Wonoka Formation

The Wonoka Formation platform sequence in the southern
Flinders Ranges includes Haines’ units 1-8. The upper parts of the
formation (units 9-11) are found only in the Bunyeroo Gorge type section
and at localities further to the north (Haines, 1986). Locally the Lower
Wonoka, (units 1 to lower unit 3) has been removed by canyon erosion. In
the Pichi Richi field area, the Wonoka Formation comprises two main
sequences: the canyon facies and carbonate ramp facies.

3.5.1 Canyon Sequence - ———-— """

The canyon facies seem to be unique with no real
cotrespondence to Haines (1987) carbonate shelf units, although he noted a
resemblance between mineralogy of the lower canyon sequence and Unit
2. Numerous units have been described in the Wonoka Formation canyons
by previous authors, including von der Borch et al. (1982) , von der Borch et
al, (1985, 1989), Eickoff et al. (1988), Haines (1986, 1987) and DiBona
(1990). In the present study area, many of the canyon sequences are poorly
exposed or only the lower portion remains due to faulting and erosion. As a
result, canyon units distinctive to this area have been erected but close
similarities to those of von der Borch et al. (1982), Haines (1987) and Eickoff
et al. (1988) are noted .



12

Unit A Wallplaster

The wallplaster is restricted to a small outcrop at Waukarie Creek
overlying the Bunyeroo / Wonoka Formation canyon cut unconformity. The
wallplaster is a massive, white, very fine grained, calcareous layer coating
the canyon wall. It contains very little clastic material and has a very high
carbonate content of approximately 80%. Eickoff et al. {1988) believe the
wallplaster is remnant calcrete which adhered to the canyon wall during
subaerial exposure.

Unit B Olistostroime

The olistostrome unit consists of thick, massively bedded,
lenticular boulder conglomerates of mixed provenance. Clasts up to 3
metres in size of presumed early Wonoka Formation, Bunyeroo, and ABC
Range Quartzite were derived by the erosion of the underlying strata during
canyon incision (Plate1.1-1.2). As reported by von der Borch et al. (1982)
this unit makes up the basal and canyon wall fill. Unit B was best observed
at the base and along many of the walls of canyon incisions, in particular just
north of the Pichi Richi South canyon section (see map) and in the
Waukarie Creek section. Most of the olistostrome units were interbedded
with fine, medium or coarse sandstone of the overlying Unit C.

Unit C - Basal Sands

Overlying many of the canyon cut unconformities are thickly
bedded, medium to fine grained calcareous sandstones (Plate 1.3-1.4).
Many of the sandstone beds have sharp bases in contact with thin shale
units which may be eroded or have water escape structures. Sedimentary
structures including paraliel and cross faminations,-asymmetric climbing
tipples (Plate1.4), flute casts (Plate 2.1) and unusual reverse flute casts on
bedding sutface,or setulfs (Friedman and Sanders 1974) (Plate 2.2) indicate
current directions in the canyon fill (plate 2.7-2.8). Ball and pillow structures
and slump structures were also observed in outcrop near the Pichi Richi
South section (Plate 1.3). These massively bedded sands have been
interpreted as possible turbidites (Plate 1.6).

Interbedded with the basal sands and many of the overlying units
are grey / green micritic, lenticular, clast-supported intraformational
conglomerates with a minor micritic carbonate matrix (Plate 1.5). The
intraformational conglomerates did not have any have any distinctive
preferred clast orientation other than a compaction fabric. The
conglomerates are interpreted as slump or debris flows derived up slope
from the carbonate ramp. The tabular nature and rather square ends of the



clasts suggest that they have not been significantly reworked by waves
unlike the upper ramp conglomerates.
Unit D - Green silts, fine sands and limestones

The middle of the Pichi Richi South section is characterised by
greenish fine silts, sands and limestones (Plate 2.4). Interbedded with the
fine sands and limestones are chlorite and muscovite-rich, shale layers,
laminated on the centimetre to millimeter scale. A distinctive rhythmical
nature was noted for this unit. The fine silts and sands were found to be
more calcareous than the finer grained, more micaceous shale layers.
Carbonate is dominantly micrite, with equant ferroan calcite cement which
has been recrystallized into microspar and sparty calcite. Tabular and
lenticular intraformational conglomerates (possibly originally matrix-
supported but now dominantly clast-supported), with associated medium
sands, were also observed in this unit.

Unit E - Multicoloured Fine Sands Silts and Limestones

A multicoloured grey, green, pink and minor brown unit is the
highest canyon fill unit observed in the field area (Plate 2.3). The mainly thin
bedded limestones and fine grained sandstones have a reasonably high |
carbonate content (approximately 40-65 %). This unit crops out mainly in the
Saitia Syncline and south of Waukarie Creek immediately west of the
Babies Bottom Fault. This poorly exposed unit occurs at the top of the Pichi
Richi South and (probably) the Richman Valley sections.

3.5.2 Carbonate Platform Sequence

The carbonate platform sequence in the Pichi Richi field area
outcrops to the south and east of Devils Peak (Plate 2.5). This sequence
corresponds to units 5-8 of Haines (1987) lithostratigraphic subdivision of
the Wonoka Formation and where possible will be referred to in this context.
Unit Transitional

To the south and southeast of Devils Peak is a structurally
complex zone of poorly exposed, light coloured Wonoka Formation (Plate
2.5). It is highly cleaved and folded and abundant calcite veins characterise
much of the outcrop in this area. Correlation with surrounding areas is
difficult. Very limited outcrop is composed of multicoloured, fine grained and
thinly bedded calcareous sandstones and limestones.
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Unit Transitional cont.

This unit is tentatively interpreted as a transitional unit between
canyon fill and the platform sequence. Haines (1987) described a somewhat
similar unit from other canyons in the southern Fiinders Ranges. Similarities
in colour, the nature of the outcrop and sedimentary structures suggests a
possible correlation with the multicoloured unit described from the canyons
sequence further to the south near Waukarie Creek and in the Saitia
syncline (Plate 2.5).

Unit 5 equivalent

This is the lowest recognisable unit of the carbonate platform exposed in the
Pichi Richi area, due to faulting in the east and very poor outcrop to the
south of Devils Peak. This unit typically consists of fine to medium grained
sandstones and limestones with very little interbedded shale. The distinctive
reddish coloured sandstones and limestone at the base of the Devils Peak
sequence are typical of Haines (1988) unit 5 from other regions in the
central and southern Flinders Ranges. Haines (1987) described this unit as
displaying cycles of event bed deposition and, in particular, hummocky cross
stratification (Plate 2.7-2.8). Minor intraformational conglomerates and
stylonodular bedding were aiso observed.

Unit 6 equivalent

This unit comprises interbedded sandstone and shale that
weather brown in outcrop and are usually covered with orange or green
lichen indicative of their increased quariz content. On fresh surfaces of the
calcite-cemented sandstones fine quartz grains and black flecks (probably
mica) are visible. This unit is characterised by a high proportion of shales in
the Devils Peak section, enabling it to be distinguished easily from the
surrounding units. Sedimentary structures are sparse but event beds stand
out prominently over the interbedded shale. Hummocky cross stratification
is less common than in the overlying and underlying units.

Unit 7 equivalent

A sequence of mainly grey / green limestones with slightly
coarser red limestones is equivalent to Haines (1987) unit 7. Numerous
sedimentary structures, including extremely abundant intraformational
conglomerates, stylonodular bedding and slump structures which increase
up section, characterise this unit and make it one of the most distinctive in
the Wonoka Formation. Haines (1988) reported that up to 80% of these
limestones are effected by stylonodular bedding.



Intraformational conglomerates and stylonodular bedding are
probably the result of wave reworking of semi-lithified to lithified
hardgrounds (Tucker and Wright, 1890; Tucker 1992). Haines (1988)
attributed the formation of stylonodular bedding in unit 7 to this cause. The
lenticular micritic carbonate clasts differ from the clasts of the canyon
sequence in that they are usually more rounded in shape. This also implies
that the limestones of unit 7 show a rapid shallowing, from the deeper water,
event bed deposition to shallower water facies where wave reworking
occurred.

Unit 8 equivalent

A higher carbonate content and a corresponding decrease in
siliciclastic material characterise this unit, probably as a resuit of
progradation of the shallow water carbonate factory. The presence of
cryptalgal laminites, ooids and algal mud flakes towards the top of the unit
(N.M.Lemon, pers. comm.) also supports this hypothesis. This unit is capped
by khaki / yellow shales and a yellowish/ brown weathering dolomite which
are interpreted as being deposited in a fresh-seawater mixing zone or
supratidal environment. Rounded intraformational conglomerate was
observed near the top of the unit is possibly the resuit of a wave reworkng of
tidal mud flat.

3.6 Bonney Sandstone

Abruptly overlying the calcareous Wonoka Formation is the red
terrigenous Bonney Sandstone. This, and the overlying Rawnsley
Quartzite, are prograding shoreline sediments deposited during the latest
Proterozoic marine regression. The shaley basal sediments of the Bonney
Sandstone probably represent a shallow mudflat environment (Haines
1987).

3.7 Rawnsely Quartzite

The Rawnsely Quartzite is a clean, white mature quartzite. It
represents a marginal marine to terrestrial facies showing silt and mud
layers and thicker more quartz-rich beds. Large-scaie cross beds
characterise the quartz-rich beds. The Rawnsely Quartzite is one of the most
important late Proterozoic sediments as it contains fossils of the soft-bodied
Ediacara fauna.

15



Plate 1.
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Canyon Units form Pichi Richi field area.

Plate 1.1:

Plate 1.2

Plate 1.3

Plate 1.4

Plate 1.5

Plate 1.6

Large Bunyeroo clast (approxmately 3 metres across) from the
Waukarie Creek Canyon Olistostrome Unit (hat approximately
50 cm). :

Tabular micritic intraformational conglomerate clasts from
Waukarie Creek Canyon (pen approximately 14 cm).

Ball and pillow from Basal Sand Unit of the Wonoka Formation
canyon sequence from Pichi Richi South (lens cap 7 cm).

Turbidite beds from the Pichi Richi South lower canyon sequence.
Note the planar high flow regime (B) overlain by cross bedded
and ripple marks of Bouma ¢ beds which are in turn overlain by
massively bedded unit A sandstone (hammer 40 cm).

Intraformational conglomerate overlain by massively bedded fine
grained calcareous sandstone of the Pichi Richi South Canyon
sequence (hammer 40cm).

ABC turbidites of the lower canyon sequence Richmond Valley
Canyon (lens cap 7 cm).
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Plate 2

Plate 2.1:
Flute marks on the base of a calcareous sandstone turbidite bed.
Note parallel laminations pass up into ripple cross laminated and
parallel sands. Current direction out of page to the top right
(hammer 40 cm).

Plate2.2:
Current aligned reverse flute marks or setulfs on the bedding
surface of the basal sandstone unit Pichi Richi South canyon.
Current direction down page (lens cap 7 cm).

Plate 2.3:
Thinly bedded and finely laminated of fine silt and sandstone unit
of the canyon fill (Pichi Richi South Canyon). Note cleavage dips
more steeply than bedding (lens cap 7 cm)

Plate 2.4:
Poorly outcropping fine silts and sands of the multicoloured unit
upper Wonoka Formation canyon fill, Aulbury Station Saltia
Syncline (approximate field of view 1m).

Plate 2.5:
View south over Waukarie Creek and Mt Brown from Devils Peak
area. Foreground the cyclic lower carbonate platform, centre the
poorly out cropping transitional unit, and background the light
hills of the multicoloured upper canyon fill (approximately 6km to
Mt Brown). e e e

Plate 2.6:
Light coloured ABC Range Quartzite (bottom of picture)
unconformably overlain by the dark Wonoka Formation canyon fill.
Canyon cut unconformity is approximately at level of the hammer
(hammer 40 cm).

Plate 2.7:
Hummocky cross stratification of lower carbonate platform unit 5.
Note the abundance of green lichen indicating the relatively high
quartz content (lens cap 7cm).

Plate 2.8:
Hummocky cross stratification of the carbonate platform. Note the
low angel truncations (lens cap 7cm).
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Chapter 4: Geochemical Analysis

4.1 Introduction

Three sections were measured through the Pichi Richi South,
Richman Valley canyon and Devils Peak platform sequences. Spot
sampling using aerial photographs of the Waukarie Creek canyon complex
was also performed. Sampling along sections was fairly intense at
approximately one sample per 10 metres. Samples selected for analysis
were the most carbonate rich, homogeneous and least weathered and
altered (i.e. away from calcite veins). The results of samples selected for
carbon and oxygen isotopic analysis are shown in Appendix 2 .

4.2 Carbonate Carbon and Total Organic Carbon Analysis

Carbonate isotopic analyses were performed on samples which
contained greater than 10% carbonate carbon. An estimation of the
percentage total organic carbon (% TOC) and percentage carbonate carbon
(% CC) was obtained by loss on ignition at 500 °C and 1000 °C respectively
(see Appendix 1). Weight loss on ignition at 1000 °C was observed to have
a positive correlation with carbonate yield from isotopic analysis and
therefore suffices as a reasonably good estimate of percentage carbonate.
Determination of total organic content by loss on ignition may provide a
reliable estimate in recent sediments. However, it is an inaccurate measure
in their lithified counterparts, particularly those with relatively low organic
carbon contents.

The primary isotopic composition of organic carbon usually
displays the same trends as the ptimary carbonate signal. Therefore organic
carbon analysis should be performed in any isotopic study {Knoll et al.,
1986). Pell (1989) and Jansyn (1990) showed that the organic carbon
content of the Wonoka Formation in the Flinders Ranges was extremely low
(< 0.22 %TOC). Pell (1983} performed six isotopic analyses on the
Wonoka and Billy Springs Formation from the northern Flinders Ranges and
found that & 13Cqg ranged between -18.94 and -29.19%.. Both Pell (1989)
and Jansyn (1990) concluded that the Wonoka Formation samples probably
showed thermally altered organic carbon values. Therefore due to the low
organic content (sample: 086 TOC = 0.006%) and the probability of
metamorphic effects, carbon isotopic analysis of the kerogen fraction was
not attempted in this study.



Mineralogy of samples was determined by x-ray diffraction
spectrometry as in Appendix 1. Percent mineralogical constituents was
estimated from principal x-ray diffraction peaks (Royse et al., 1871 and
Brasier et al., 1990) and the resuits presented in Appendix 2. The accuracy
of method is questioned as petrographic estimates by Haines {1987) yielded
much higher feldspar values. The samples were allotted to groups according
to their carbonate mineralogy as follows:

< 10% dolomite = calcite

>10% dolomite = mixed calcite/dolomite

> 85% dolomite = dolomite.

All samples from the Pichi Richi field area had either mixed dolomite / calcite
or ‘pure’ calcite mineralogy. |
4.3 Stable Carbon and Oxygen Isotope Analysis

Carbon and oxygen have two stable isotopes: 12C, 13C and 160,
180 respectively. These isotopes may reside in one of several different
reservoirs of the earths hydrological and biclogical systems. Fractionation
between the two isotopes of each element occurs due to slight differences in
reactivity (Anderson and Arthur, 1983). Physicochemical and biochemical
fractionation of the isotopes usually occurs during transier between the
oxidised (bicarbonate) and reduced (organic)carbon reservoirs and the
atmospheric and oceanic oxygen reservoirs. Changes in the isotopic
composition of the reservoirs occurs when a significant amount of one
isotope is locked up in one particular reservoir. Therefore the isotopic
composition of any one reservoir is the resuit of the balance between itself
and other sinks. e

. The isotopic fractionation of carbon is not temperature dependent
(Anderson and Arthur, 1983). Rather the major cause of carbon isotopic
fractionation is photosynthesis which results in the preferential uptake of 12C
into organic matter. Hence, the carbon isotopic composition of seawater is
controlled by the mass balance between the reduced (organic) carbon and
the oxidised (bicarbonate) carbon. Relative changes in the preservation of
organic carbon or recycling of biogenic carbon dioxide causes excursions in
the carbon isotope signatures of both reservoirs. Secular variation in these
carbon isotope signals has been attributed to various local and global
phenomena, including basin restriction (Knoli et al., 1886), organic burial
(Schidlowski, 1988), productivity (Magaritz, 1980), and biomass change
and mass extinctions (Magaritz, 1989)
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The isotopié composftion of oxygen on the other hand is highly
temperature dependent. Therefore physical processes such as evaporation
piay an important role in determining the isotopic composition of the oxygen

-reservoirs. Vapours of oxygen are usually enriched in the light oxygen
isotope. As a result, meteoric water is highly negative with respect to the
major reservoir, seawater. During glacial periods, preferential uptake and
storage of the light isotope in glacial ice causes a reciprocal positive isotopic
excursion in the oxygen isotope signal of marine carbonates. Oxygen
isotopes therefore have been used extensively in palaeoclimatic studies.

The isotopic composition of carbonate reflects the fluid from which
it is precipitated. Therefore the primary isotopic composition of marine
carbonate rocks documents the secular variation in the isotopic composition
of seawater throughout the geological record. The isotopic composition of
carbonate is reported in 813C or 6180 notation according to the equations:

3 13C =13C/12C sample - 13C / 12C standard x 1000
13C /12C standard
8 180 = 180/ 160 sample - 180 / 160 standard x 1000
18Q / 160 standard
The results are usually reported in parts per thousand (%.) relative
to the Pee Dee Belemnite (PDB) standard.

Carbon and oxygen isotopic analyses were performed on whole-
rock samples of the Wonoka Formation canyon and carbonate platform
sequences. Drilled aliquots of sample were reacted according to the
carbonate mineralogy as determined-by XRD - (Appendix 1). Calcite samples
(< 10 % dolomite) were reacted at 25 °C overnight. Mixed calcite-dolomite
samples (10 - 85 % dolomite) were reacted at 25 °C for half an hour and at
50 °C overnight to release the carbon dioxide from calcite and dolomite,
respectively.The results of all isotopic analyses are shown in Appendix 2.
4.3.1Canyon Data

The Pichi Richi South, Richman Valley and Waukarie Creek
sections all represent lower canyon fill. With the exception of the wallplaster
the isotopic data of the canyon fill is very homogeneous: §13C = -8.5 to -7.0
and 8180 = -17.2to -13.0 %. PDB (Fig. 4). The homogeneity of the isotopic
signal is highlighted in the plot of isotopic composition versus stratigraphic
height (Figure 4).
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At Waukarie Creek the lowest canyon unit sampled , the wallplaster, (975-
322) has isotope values of §13C = -8.90 and 8180 = -17.14%. PDB

respectively. These isotope values correspond closely to those values
obtained by Eickoff et al (1988) which were §13C = -8.9 and 8180 = -15.4%..
A cross plot of 813C and 8180 data from the Wonoka Formation is presented
in Figure 5. It is observed from this that there is a strong covariation between
carbon and oxygen from the Wonoka Formation. A calcite vein from the
Pichi Richi South canyon was analysed and found to be isotopically similar
to the host rock (8 13C = -7.3 and 8 180 = -13.9%.).
4.3.3 Carbonate Platform Data

The Devils Peak section represents the carbonate platform
sequence of the Wonoka Formation in the Pichi Richi study area. As seen in
Figure 4 the 8 13C values from the platform sequence delineate a major
positive excursion from -7.5 to -0.5%.. Although not as distinct as the carbon
trend, oxygen isotopes show a similar increase in isotopic values up section
(Figure 4) . In the lower part of the platform sequence isotopic values are
similar to those of the canyon sequence {5 13C =-7.0 to-8.0 and 8 180 =-
13.0 to -14.0%.). Up sequence the isotopic ratios increase to a maximum
value of § 13C = -0.5 and § 180 = -7.5%.. A calcite vein from the lower
platform sequence isotopic value was 8 13C =-7.68 and 3 180 = -13.52 %.
respectively, which is similar to the surrounding rocks and the veins in the
Pichi Richi South canyon sequence.

The isotopic value for the mixed calcite / dolomite samples at
the top of the Devils Peak section showed no significant difference in carbon
isotopic composition. However, a-considerable differnces of 3%. was
observed in their oxygen isotopic composition (dolomite 8180 = -7.0 and
calcite 8180 = -10.4). Therefore oxygen isotopic composition varies

according to carbonate mineralogy.
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4.3.3 Interpretation of the Carbon and Oxygen Isotope Record

The use of carbon and oxygen isotopes in both intra- and inter-
basinal correlation requires comparison with other established and
published data from almost identical strata of the same age:-As previously
noted Eickoff et al (1988) found carbon and oxygen isotope values for the
wallplaster and clasts from the Wonoka Formation canyon sequence that are
very similar to those obtained in the present study. Jansyn (1990) and Urlwin
(1992) also recently reported similar isotopic profiles from the Wonoka
Formation at the Bunyeroo Gorge type section and the Warraweena area
which is (Copley 1:250 000 Sheet) approximately 80 km to the north of
Bunyeroo Gorge.

The correlation between the carbon isotopic data from other
investigations and a composite carbon isotope curve, compiled using the
canyon and platform data is shown in Figure 6. The same positive
excursions observed in the Pichi Richi region correlates across the basin .
The trend from highly negative values in units 3-6 (813C = -8 t0 -7%.) is
followed by a pronounced positive swing (§13C =-6 to -0.5%) in units7 and
8. The upper units of the Wonoka Formation continue this positive
excursion to high positive values §13C values in the range +4 t0+6%.
(Urlwin, 1992), |

~ Numerous authors have proposed that canyon incision occurred
sometime during deposition of unit 3 (von der Borch et al., 1982,1985,1989;
Haines,1987; Eickoff et al., 1988; Christie Blick et al., 1990). Isotopic
similarities between the canyon fill of this study, and units 3 - 5 of the
carbonate platform (Jansyn 1990, Uriwin 1992) also suggest that incision of
the Wonoka canyons was coeval with deposition of unit 3. The isotopic
signal of the middie Wonoka Formation does not seem to be affected by
facies change because, both the canyons and the carbonate platform
sequences have similar isotope profiles.

The Wonoka Formation carbonates are highly depleted in both
180 and 13C. The carbon isotopic composition of Proterozoic and
Phanerozoic marine carbonates are relatively conservative, varying
between plus and minus three (Degens, 1971). A trend towards more
negative isotopic values with increasing age has been observed throughout
the geologic record (Hudson, 1975, 1977). This trend has been attributed to
diagenetic or metamorphic alteration, or a difference in the chemistry of
Proterozoic seawater.



FIGURE 6: INTRA-BASINAL STRATIGRAPHIC AND ISOTOPIC CORRELATION
OF THE LATE PROTEROZOIC WONOKA FORMATION
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A review of the literature for rocks of late Vendian age with similar
isotopic values to the Wonoka Formation does not support a primary isotopic
signal. Typical strata of late Proterozoic (Vendian) age fall within the range
§13C = 16 %. with most having normal marine values 813C = +3%. (Brasier et
al.,1990, Kaufman et al., 1921, Knoll,1991, Lambert and Donnelly, 1991,
Brasier, 1992, Brasier et al., 1992). Possible reasons for the discrepancy
between the highly negative values obtained for the Wonoka Formation in
this study and other late Proterozoic strata are bacterial oxidation of organic
matter, and / or incipient metamorphism of kerogen.

Irwin and Curtis (1977) atiributed highly negative carbon isotopic
values to bacterial degradation of organic matter. The reworking of organic
matter by sulphate reducing bacteria during early diagenesis returns 12C
back into the water column which in restricted basin environments may lead
to highly negative carbonate §13C values (Knoll et al.,19886). Kerogens
isolated from late Proterozoic sediments in the Pichi Richi region have
maturation levels typical of the zone of metagenesis (atomic H/C ratios ~ 0.3;
equivalent vitrinite reflectance ~ 2.5%: D. M. McKirdy, pers. comm.)
Therefore any organic matter in the Wonoka Formation probably has
undergone thermally induced decarboxylation which could produce
carbonate cements with highly negative carbon isotopes. However, these
processes are unlikely to have affected the Wonoka Formation greatly due to
its low organic carbon content (Pell, 1989; Jansyn, 1990)

Brasier et al (1992) attributed carbon and oxygen isotope values
such as those recorded in the Wonoka Formation (§13C = -7 to -8%. and
3180 = -15 to -17.4%.) 1o metamorphism and granitic intrusion. Carbon
dioxide distillation- during medium to high grade metamorphism depletes
carbonates in 13C and 180 to produce highly negative carbon and oxygen
isotopes values (McNaughton and Withnall, 1985}). The similarity between
the isotopic values of the calcite veins which are Delamerian in age and the
host is possible evidence for some resetting of the oxygen isotope signal
but the effect of the orogeny on the carbon isotope signal remains uncertain.

Oxygen isotopes change in response to metamophism due to
their temperature dependence and therefore are useful indicators of the
maximum temperature to which sediments have been exposed. The highly
negative oxygen isotopes values of the Wonoka Formation (8180 = -17.0 to
-10.0%.) reflect burial temperatures rather than the primary isotopic
composition of seawater.



Thus, assuming a isotopic composition for late Proterozoic seawater equal
to present day (5 18 O = -0.5%. +3.0 SMOW), and using equation 1, (from
Arthur-and Anderson 1983), burial temperatures for the Wonoka Formation
can be calculated.

t(°C) =16.9-4.2(8¢c-8w)+0.13(6c-dw)? (Equation 1)

Where the oxygen isotopic composition of carbonate 8 ¢ = PDB and
seawater d w = SMOW {(Anderson and Arthur 1983).

The calculated burial temperatures for the Wonoka Formation
range between 100 and 125 °C depending upon the assumed primary
isotopic composition of seawater and the & 180 value used for the Wonoka
Formation. These temperatures are equivalent to approximately Skm of
burial with an assumed geothermal gradient of 2-3 °C per 100m and
correspond well with the approximate thickness of the overlying latest
Precambrian and Cambrian sediments of the Adelaide Geosyncline (5km).

The predicted burial temperatures for Wonoka Formation are
suppofted reasonably by the estimated vitrinite reflectance of approximately
2.5 for the Wonoka Formation at Depot Creek. Assuming an effective heating
time of 80 million years (age of the Wonoka Formation, 580 million years
minus age of the Delamerian Orogeny, 500 million years) this corresponds
to a maximum burial temperature between approximately 165 to 180 °C.

The moderately high burial temperature and estimated vitrinite
reflectance of the Wonoka Formation probabily reflects the effects of deep
burial and metamorphism during the Delamerian Orogeny. The isotope
values of calcite veins which formed during the orogeny is evidence that
the oxygen isotopes have been reset subsequent to deposition. Alteration of
the carbon isotopic signal is dependent upon the water rock ratio and
preservation potential of the strata (Marshall,1990). Therefore pure micritic
carbonates which have undergone diagenesis with a low water / rock ratio
will most likely retain the primary signal.

The highly consistent carbon isotopic trends of the Wonoka
Formation throughout the Adelaide Geosyncline suggests that the carbon
isotope signal is primary. Recent work in central Australia and North America
reveals similar §13C values (-7 to -11%.) in certain other late Proterozoic
carbonates also suggests that values of the Wonoka Formation are is
primary (R.J.F. Jenkins pers. comm.} If these carbon isctope values are
indeed primary, they reflect a considerable diiference in the isotopic
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composition of seawater during deposition of the Wonocka Formation, and /
or a possibly unique geological setting for the Wonoka Formation.

One possible scenario for a geological setting capable of
“producing such a primary carbon isotopic signal for the Wonoka Formation
has been proposed by R.J.F. Jenkins (pers comm.) In this model, gradual
warming of the ocean surface water and sinking of cold dense glacial melt-
water causes the ocean to become stratified (Figure 7 Postglacial). In the
surface layers high productivity due to nutrient input preferentially withdraws
12C from the water column whiist enriching the surface waters in the heavy
isotope (13C). A high flux of organic matter to the deep ocean is oxidised
aerobic bacteria. The oxidation of organic matter causes the deep of the
stratified ocean to become extremely enriched in dissolved 13C; depleted
biogenic carbon dioxide (CO2 is 60 times more soluble in the cold deep
water compared to surface water).

Therefore, during the deposition of unit 2 to lower unit 7 {basin and
canyon fill sequences), the carbonate shows the 12C-enriched deep bottom
water carbon isotope signal. As the Wonoka Basin shallows there is a
progressive increase in 13C content of the carbonates deposited in the
photic zone on the carbonate platform. The absence of organic-rich strata
within the Wonoka Formation is strong evidence that the Wonoka Formation
was deposited in oxidising conditions.
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4.4 "Strontium Isotope Geochemistry

4.4.1 Introduction

Strontium has four isotopes 848r, 865y, 873r and 88Sr. This, and
the fact that strontium is incorporated into the carbonate crystal lattice,
makes it a useful tool in isotope stratigraphy. However only 87Sr and 865y
are used in strontium isotope stratigraphy. Strontium 87 is derived from the
radioactive decay of 87Rb. As a result there is a steady increase in the 87Sr /
863r ratio in rocks containing 87Rb.

The strontium isotopic composition of carbonates directly reflects
the solution from which they were precipitated without fractionation. The
isotopic composition of strontium in seawater will therefore be recorded in
the isotopic signature of ancient carbonate rocks. The composition of
seawater is the result of inputs of strontium from several sources. Low 87Sr/
863r values are derived from the input of hydrothermal and volcanic
sources. On the other hand, high 87Sr / 885y ratios reflect the weathering of
old cratonic rocks where rubidium has had time to decay. Ancient marine
carbonates usually have an intermediate strontium isotopic composition
compared to these two end members.

The strontium isotopic compaosition of Proterozoic carbonates {and
therefore seawater) shows a significant increase in 87Sr / 86Sr through time.
This increase in the isotopic composition is due to intense tectonic activity,
the steady decay of rubidium, and the absence of the buifering effect of
carbonates (Faure 19886, Veizer 1983). In contrast the strontium isctopic
composition of carbonates from the Phanerozoic rock record is conservative,
fluctuating between a low of 0.7068 and a high of 0.7091. This is due 1o the
buffering influence of previously deposited carbonates and a decrease in
tectonic activity. The isotopic composition of seawater for the late Proterozoic
is shown in Figure 8

4.4.2 Strontium Isotope Analysis

Strontium isotopic analysis was performed on the carbonate
portion of six samples of the Wonoka Formation three from the Pichi Richi
South canyon and three from the Devils Peak platform sequences. Analyses
were performed according to the methods as outlined in Appendix 1. The
resulting data are presented in Appendix 1 and summarized below in Table
1.
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Figure 8: Late Proterozoic seawater 87Sr /86Sr isotopic composition adapted
from Asmerom et al., (1991). Filled symbols from Asmeron et al.,
(1991), open squares Trezona Formation, open triangles
Wilkawillina Limestone from Singh (1986) and open circles Wonoka
Formation {carbonate platform -P, canyon-C).

w

Canyon 87gr / 865y Platform 87gr /865y
975-010 - 0.708555 975-086C 0.708672
975-038 0.708669 975-098 0.710130
975-062 0.709114 975-115 0.709308

Table 1: Strontium isotopic compositiopn of the late Proterozoic Wonoka
Formation canyon and carbonate platform sequences Pichi Richi
Pass, Southern Flinders Ranges.
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4.4.3 Strontium Isotopic Data

With the exception of sample 975-086¢ the canyon section has
much lower strontium isotope values than does the Devils Peak section.
This is possibly due to the input of heavy, terrestrially derived strontium
during meteotic diagenesis of the carbonate platform. Derry et al (1989)
state that the lowest strontium isotope value of marine carbonates best
reflect the primary isotopic composition of the ancient seawater from which
they were deposited. Therefore using this reasoning the best estimate of the
strontium isotopic composition for seawater during Wonoka Formation
deposition is approximately 0.708555 to 0.70870.

These values cotrespond and plot within the range of those
obtained from the Trezona Formation (0.7071and 0.7085) and Wilkawillina
Limestone {0.7095) by Singh (1986). Urlwin (pers comm) has reported
0.70936 and 0.70968 for the upper Wonoka Formation which are slightly
greater than those values obtained from the Devils Peak carbonate platform
section. A composite strontium isotope curve which shows isotopic variation
with stratigraphic height is shown in Figure 9: The strontium isotopic
composition of the Wonoka Formation corresponds well with published late
Proterozoic seawater curves (Fig. 8 after Asmerom et al., 1991).

Like other isotope and geochemical data the primary isctopic
composition of strontium is prone to alteration and therefore is a good
indicator of diagenesis. Plots of strontium isotopic composition and various
diagenetic tracers highlight the differences between the canybn and
carbonate platform carbonates (Figures 10-13). Diagenetic alteration
(particularly meteoric) usually results in an increase in the 87Sr / 868 ratio
(Derty et al., 1992).Hence the least altered carbonates are those of the
~ Wonoka canyon fill sequence.

Derry et al. (1989, 1992), Veizer {1983) and Brand and Veizer
(1980, 1981) have designed geochemical methods to determine the
magnitude of alteration. In this study, the least altered samples were taken 1o
be thase with no rubidium, a high strontium concentration, low Mn / Sr ratio
(< 1-2) and a high Ca /Sr ratio (Figs. 10-13) (see Chapter 5). Although the
relatively 87Sr enriched carbonate of the platform sequence is probably
altered it 87Sr /86Sr values still correspond well with the published strontium
isotope curve. This evidence suggests that the Wonoka Formation strontium
isotopes reflect a primary seawater composition.
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Figure 10: 878r/B6Sr ratio versus Mn/Sr for the Wonoka Formation canyon and

carbonate platform. The distinctive grouping of the two Wonoka
Formation facies is probably due to differences in diagenetic history
alnd€or the input of terrestrially derived strontium for the carbonate
platform.
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Figure 11: Strontium isotopic composition versus Ca/gr diagenetic ratio. The

relatively heavy carbonate platform 8/8r / 86Sr is possible due to the
imput of terrestrially derived strontium.
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Figure 12: Carbonate platform and canyon samples 87Sr / 86Sr ratio versus
strontium concentration. The canyans are characterised by high
strontium content and low 87Sr / 86Sr which reflects its diagenetic
history and depositional environment.
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Figure 13: Inverse relationship between strontium content and Mn/Sr ratio with
increasing diagenesis. Canyon samples which have relative high
strontium concentration and low Mn/Sr are probably least altered
compared to the carbonate platform.
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4.5 Major and Trace Element Geochemical Analysis

4.5.1 Introduction

Like many other minerals, carbonates incorporate numerous
cations and trace elements into their crystal structure. Whilst calcium and
magnesium are the most abundant, cations like iron (Fe), sodium (Na),
manganese (Mn), and strontium (Sr) may also be included in the calcite
lattice.. Incorporation of these trace element cations into the carbonate lattice
is dependent upon the distribution coefficient of the particular element and
the size and crystal structure of the carbonate phase. Consequentaily
cations larger the calcium (Sr, Na, Ba, and U) and are incorporated into
orthorhombic aragonite and cations smaller than calcium (Mg, Fe, Mn, Zn,
and Cu) into rhombohedral calcite.

Diagenesis of limestones is usually accompanied by a change in
geochemistry. Derry et al. (1992) state that alteration of limestone sufficiently
to affect carbon isotopic composition should be identifiable from trace
element and strontium isotopic ratios. Therefore selected major and trace
elemant concentrations were measured by atomic absorption to assess the
preservation and diagenetic overprint of the selected Wonoka Formation
samples. The major and trace elements of calcium, magnesium, iron,
manganese, strontium and rubidum have been found to be sensitive
indicators of alteration and therefore were used in this study.

4.5.2 . Major and Trace Element Analysis

The carbonate portion of the sample was selectively dissolved
according to the methods in Appendix 1. The samples were analysed using
spectrometer and found to correlate well with major and trace element
abundances obtained from iron microprobe analysis. The results of
elemental abundances are presented in Appendix 2 . Selected major and
trace element (atomic absorption) data for the Pichi Richi South canyon and
Devils Peak carbonate platform sequences are shown in Table 2.



CANYON DATA CARBONATE PLATFORM DATA
Element | Range | Average | Element Range Average

Ca 45.7-52.3 - Ca 43.3-52.2 -
Mg | 4200- 9400] 6182 Mg 6000-20000] 10711
Fe 2500-6400 | 43350 Fe 3800-7507 5207
Mn 384-691 656 Mn 990-2192 1396
Sr 980-3546 | 2028 Sr 326-957 738
Mn/Sr - <1.3 Mn/ Sr - >1.3
Ca/Sr . <550 | ca/sr - > 550

Table 2: Selected major and trace element data from atomic absorption analysis|
Note all data in parts per million {(ppm)except Ca which is in Wi%.

4.5.3 Discussion of Major and Trace Element Geochemical Data

Several major differences in geochemistry characterize the
Wonoka Formation canyon and platform sequences (Table 2). Canyon fili
has high strontium (> 1000 ppm), low manganese(<700 ppm), and low
magnesium {Ave. 6200 ppm) concentration. The platform sequence on the
other hand has low strontium (< 1000 ppm), high manganese (> 1000 ppm)
and high magnesium (Ave 10700 ppm) concentrations. These differences in
trace element composition between the canyons and carbonate platform are
highlighted in Figures 14-21.

The high strontium concentrations of the Wonoka Formation are
indicative of neomorphism from an aragonitic precursor to low magnesium
calcite (Fairchild and Spiro, 1987, Tucker, 1992, Tucker and Wright ,1990,
Scoffin, 1987). Tucker (1992) has suggested that the physical and chemical
conditions in the late Proterozoic ocean favoured the precipitation of
aragonite. Several authors including Haines (1987), Singh (1986), Tucker
(1992) and Urlwin (1992) have reported high strontium concentration from
the Wonoka Formation and suggested a possible aragonitic precursor.

The higher concentration of strontium in the canyons (>1000 ppm)
. compared to that of the carbonate platform sequence (<1000} can be
explained by differences in their depositional environment and diagenetic
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history. The shallowing upward carbonate platforms sequences probably
has been exposed to marine, meteoric phreatic, and vadose waters and
finally burial diagenesis. The canyons on the other hand, if deposited in the
deep marine environment have probably only undergone marine and burial
diagenesis. Scoffin (1987) states that where aragonitic mud has undergone
neomorphism in the meteoric zone strontium values may fail to
approximately 200 ppm, where as in a deep marine environment aragonitic
muds strontium concentration may stay as high as 1800 ppm.

Meteoric water is depleted in strontium and magnesium and
entiched in manganese. Therefore during meteoric diagenesis we shouid
observe a similar change in geochemistry. In the platform carbonates there is
a decrease in strontium concentration but an increase in the magnesium
composition up sequence. The increase in magnesium up sequence can be
explained by penecontemperanous increase in dolomitization up sequence.
Dolomite is a magnesium and manganese-rich carbonate which
preferentially excludes strontium.

Other general diagenetic trends include decreasing strontium,
magnesium, & 180 and & 13C, and increasing iron, manganese and 87Sr /
86Sr, with increasing diagenesis have been proposed by various authors
including Marshall (1992), Fairchild et al., (1990) and Veizer (1983).
Covaiant trends between the various diagenetic indicators can be used to
show the least altered samples(Figures 14-21).

The covariant increase in manganese and iron in the calcite
lattice is due to their incorporation during recrystallization at depth in a
reducing environment, probably in the burial zone. The presence of iron in
the calcite lattice is supported by purple/mauve staining with potassium
ferricyanide and alizarin red solution (see Chapter 5). Increasing
manganese at the expense of strontium has been shown to be one of the
most useful diagenetic indicators (Asmerom et al., 1991, Derry et al., 1992).
This conclusion is supported independently by the the increase in 878r/
865y ratio with decreasing strontium concentration
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Figure 14: Trace element plot of manganese versus iron content (ppm} for the
Pichi Richl South canyon sequence. Most altered sample are
characterised by high manganese and iron concentrations due to
their incorporation in the calcite lattice during burial zone
recrystallization.
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Figure 15: Diagenstic tracer strontium versus manganese for the Pichi Richi
South canyon. Least altered samples have relatively high strontium
and low manganese
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Figure 16: Devils Peak carbonate platform strontium versus manganese trace
elment cross plot. Increasing diagenesis to the bottom left. Note low
strontium content of the carbonate platform comparad to the canyon
sequence (Figures 14 & 18)
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Figure 17: Covarent increase in manganese versus iron content of the Devils

Peak carbonate platform samples. Sample 071 mixed dolomite
calcite from the top of the Devils Peak Sequence.
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Figure 18: Inverse relationship between strontium and manganese contentof
Waukarie Creek and Richman Valley canyon samples with increasing
diagenesis. Sample 322 wallplaster from Waukarie Creek.
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Figure 19: Waukarie Creek and Richman Valley manganese versus iron trace
element plot. Canyon samples increase iron and manganese centent
with increasing diagenesis and alteration.
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Figure 21: § 180 versus Mn/Sr ratio of the Wonoka Formation carbonate
platform. Altered samples were found to have a significant dolomite

component.
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Chapter 5: Petrography, Diagenesis and Metamorphism

Samples from the canyon sequence are medium to fine grained
sandstones and limestones (Plate 3). The detrital siliciclastics of the canyons
are predominantly quartz and albite. Minor quartz overgrowths and
authigenic albite are observed in thin section. The angular nature of these
grains indicates possible alkaline attack by dissolved carbonate during
deposition or subsequent cementation (N. Lemon, pers. comm.) The low
grade metamorphism of the region has caused chiorite to replace muscovite,
in shale layers of the sequence.

Clasts from the olistostrome and intraformational conglomerates
were the only macroscopic allochemical detrital grains in the canyon
sequence. The carbonate of the canyon sequence is therefore mostly very
fine grained micrite, and carbonate cement of the medium to fine grained
sandstones and limestones. The carbonate content of the canyons is
determined by the proportion of siliciclastics in the rock, with carbonate-rich
and carbonate-poor bands observed in hand sample and thin section.
Stained thin sections and acetate peels of these carbonates show evidence
of recrystallization to equant ferroan microspar (10 - 50 um).

The carbonate of the platform sequence like that of the canyon
facies is mainly carbonate cements and micrite. No allochemical
components were observed except for the micritic clasts of intraformational
conglomerate, although some ooids and stromatolites have been reported
from the region (N.M. Lemon, pers. comm.). The carbonate platform has a
significantly greater carbonate content -{approximately 60-80%) probably
due to a decreased quartz content compared to the canyon fill. The
carbonate again shows evidence of recrystallization to microsparite (10 - 50
um) and sparry caicite (> 50 um); the latter is quite abundant up section
(Plate 4). The abundant microsparite and sparry calcite stains mauve in
alizarin red and potassium ferricynide, and therefore is ferroan.

"~ There is an increase in dolomite content up sequence culminating
at the top of the platform with a dolomitized layer just beneath the Bonney
Sandstone. The increasing dolomite content is probably due to an increase
in shallow water diagenesis. The dolomite of the carbonate platform was
possibly formed by early dolomitization of a limestone precursor in a fresh
water mixing or supratidal diagenetic zone.
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The carbonate of much of the Wonoka Formation canyon and and
carbonate platform probably represents a primary marine precipitate. This
primary precipitate was probably aragonite a fact suggested by the remnant
high strontium concentrations. The aragonite of much of the Wonoka
Formation was probably a inorganic precipitate derived from the continental
shelf as whitings which were deposited on the shelf and swept down the
canyons by turbidity currents and mass flow mechanisms (Figure 22).

Diagenesis of carbonate rocks is anything that occurs from the
time of deposition to the onset of metamorphism. Several generations of
cementation and compaction of the sediment due to weight of the overlying
strata are two of the most prominent of diagenetic change. Diagenesis may
include neomorphic change from unstable to stable mineralogy (eg
aragonite to low Mg-calcite) and a change in geochemistry. Therefore as
sediments are buried and exposed to various different diagenetic
environment they come to equilibrium with that environment.

The Wonoka Formation is a shallowing upward sequence and
therefore a typical shaliowing upward diagenetic sequence should be
observed. However, early seafloor cements such as fibrous acicular
aragonite coating detrital grains, and later forming void filling mosaic equant
spar, was not observed. Instead equant mosaic burial spar forms most of the
Wonoka Formation carbonate. This is due to the subsequent burial and
recrystallization of the carbonate into ferroan burial spar. Therefore,
although these early phases were typically aragonite and high Mg calcite in
the late Proterozoic (Tucker 1892), butial diagenesis has transformed it into
ferroan calcite. e e



Plate 3

Plate 3.1:

Plate 3.2:

Plate 3.3:

Plate 3.4:

Canyon Samples Petrography

White light photomicrograph of fine grain micritic and late burial
stage ferroan carbonate cement of a silty limestone from Pichi
Richi South canyon. Note the late stage cross cutting vein and
styolite. (Sample No.: 975-054, Magnification x 10, White light,
Exposure=3/100 sec)

Cathodoluminescence photomicrograph of the above sample
(Plate 5.1). Note low fuminescence of mictitic carbonate
surrounded and interspersed with high luminescent late stage
burial microspar and spar of the cross cutting vein. Dark band to
bottom of the photo pressure dissolution stylolite.(Sample 975-
054, Magnification x 10, Cathodoluminescence, KV= 19.8
uA=204, Exposure= 3.75 s.)

White light photomicrograph of upper canyon sequence. Dirty very
fine grain micrite interspersed with light coloured equant burial
microspar. Burial cement has high percentage triple point
boundary contacts. (Sample No.: 975-062, Magnification x 20,
White fight, Exposure= 37 sec)

Photomicrograph of above sample. Note low luminescent micritic
carbonate surrounded by high luminescent microspar.Some
minor zoning in the later burial spar. Fine grain siliciclastics show
bright green and blue luminescence. (Sample 975-062,
Magnification x 20, Cathodoluminescence, KV= 19.8, uA=203,
Exposure= 3.62 s.)
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Chaptern 6: Depositional Model and Discussion of the Wonoka
Formation

The nature and origin of the Wonoka Formation canyons is a
controversial issue. In this study, however, a submarine model for canyon
formation is supported. The finely laminated fine grained sandstones and
limestones with interbedded shale which characterises the bulk of the
canyon fill represent periods of hemipelagic deposition truncated by
turbidites. This sedimentological association, and the classic Bouma
sequence observed in the lower canyon fill are cited as compelling evidence
for a deep water origin for the Wonoka Formation canyons (Plate 1.6).

The massively bedded sandstones in the basal canyon fill are the
highest energy units of the canyon sequence and imply the existence of high
velocity proximal turbidity currents. The intraformational conglomerates and
the olistostrome units of the canyons were probably derived from mass flow
and slumping of the canyon walls during canyon incision and/or canyon
filing. Unusual bedding relationships between the main canyon fill and
biocks of conglomerate on the sides of many canyons probably can be
attributed to these processes.

As suggested by previous authors (Haines, 1987, von der Borch
et al., 1982) the incision of the canyons probably occurred sometime during
deposition of unit 3. This accords with the absence of the lower units in the
field area. A deep marine origin for the canyon unconformity is supported by
the fact that the overlying and underlying unlts of both the platform sequence
and the canyons are believed to be of deep water facies. Canyon incision
probably occurred during a low stand in sealevel when a majority of the
sediment load was directly deposited on the shelf slope and proximal
turbidity currents eroded the underiying strata.

The canyons were filled by coastal onlap and therefore the
sediment fill grades vertically upward into finer grained more shale rich
lithologies. The stratigraphic progression from the green silts and sands to
the multicoloured fine limestones and siltstones is evidence for this. infilling
was rapid and was probably largely completed by early unit 5. This is
supported by the presence of unit 5 in the basal platform sequence and
similarities between the basal platform sequence {transitional unit) and the
multicoloured canyon fill unit.
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Aspects of the geochemistry of the Wonoka Formation canyon fill
supports a deep marine origin. The high remnant strontium content of the
canyon fill is indicative of an aragonitic mud precursor which has only
undergone deep marine diagenesis. Any meteoric influence, which would
be pronounced in the event of subaerial exposure would not preserve such
high sirontium concentrations and values around 200 ppm would be more
likely (Scoffin 1887).

Eickoff et al. (1988) suggested that the primary isotopic
composition of the Wonoka Formation wallplaster represented the influence
of meteoric waters and therefore was strong evidence for subaerial canyon
incision. However, the consistency of the isotopic composition for both
carbon and oxygen from all the canyon elements (waliplaster, calcareous
sandstones, fine grained limestones and intraformational conglomerate clast
and matrix) renders this explanation unlikely.

As suggested by Haines (1987), units 5 to 7 represent deposition
of a storm dominated, shallowing upward, platform sequence. This
interpretation is supported by the present study, and a shoaling upward
carbonate platform is suggested for the Devils Peak sequence (Figure 22).
The lower carbonate platform sequence of Devils Peak is dominated by
sandy event beds cyclically interbedded with_ shale. Limestone is more
abundant in the upper part of the sequence culminating in the supratidal
dolomite at the top (Figure 22).

The abundant intraformational conglomerates throughout the
sequence are the result of early seafloor cementation and hardgrounds
formation. This early seafloor diagenesis or cementation whilst still in the
marine phreatic zone is probably due to supersaturation of carbonate in the
Proterozoic seas. This suggests that most of the diagenesis of the Wonoka
Formation sediments may have largely been complete before any significant
burial occured. Therefore the isotopic composition of the Wonoka Formation
carbonate platform sequence would have a high probability of retaining a
primary isotopic trend.
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Chapter 7: Conclusion

A detailed geochemical stable isotopic and sedimentological
study of the late Proterozoic Wonoka Formation has led to the following
conclusions:

1)} A submarine mechanism is proposed as the preferred model for canyon
incision. This is based on the recognition of the Wonoka Formation
canyon fill as a deep water sedimentary sequence. Geochemical data
from the Wonoka Formation canyons corresponds with the proposed
model for the isotopic signal.

2) Strontium isotopic compaosition for the Wonoka Formation corresponds
closely to other established and published isotopic data for the late
Proterozoic and therefore a primary strontium isotopic composition is
implied.

3) Carbon isotopic composition of the Wonoka Formation remains
problematic. Highly consistent isotopic trends across the basin support a
primary origin for the carbon isotope values. However, until recently there
has been an absence of similar published isotopic trends for late
Proterozoic strata and only with further work will the validity of the model
for such highly negative carbon isotope data be established.

4) An aragonitic precursor for the primary marine carbonate precipitate in
the late Proterozoic is supported by the remnant high strontium
concenirations of the Wonoka Formation.

5) Geochemical evidence suggests that the Wonoka Formation canyon
sequence was exposed to only submarine and late stage burial
diagenesis to ferroan microsparite and sparry calcite.

8) Geochemical petrographic and sedimentological evidence supports a
shallowing upward succession for the Wonoka Formation formation
carbonate platform sequence culminating in superatidal or mixing zone
dolomitizatiion of the uppermost Wonoka Formation of the southern
Flinders Ranges.
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Appendix 1 Analytical Methods



Analytical procedures and techniques used were:

1) Rock Surface Staining and Etching
2) Acetate Peels
3) Thin Secton Petrography including:
. Optical & Cathodoluminescence microscopy.
4) Organic and Inorganic Carbon Estimation by Loss on
Ignition
5) X-Ray Diffraction
6) Stable Carbon and Oxygen Isotope Analysis
7) Atomic Absorption Spectrometry
8) Strontium Isotope Analysis

in ini
Samples etched and stained:
Rock samples that were slabed and polished for peei application.

Half thin sections for optical microscopy.

Samples were etched and stained using a procedure and solutions adapted
from Dickson (1965).

Solutions:
Alizarin Red Solution Potassium Ferricyanide Solution
-0.2gAlizarin Red S~ 7 - 2.0 Potassiun Ferricyanide
-100 mis 1.5M HCL - 100 mis 1.5M HCL

I

1. Etch for 15 seconds in 1.5M HCL.

. Wash quickly with distilled water.

. Stain for 45 seconds in 3:2 ratio of alizarin red and potassium
ferricyanide solution.

. Wash quickly with distilled water.

. Stained for 15 sconds in Alizarin Red Solution.

. Wash quickly with distilled water.

. Allow sample to dry.

W N
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Stained Acetate Peels
Acetate peels were made using a proceedure adapted from Tucker
{1988)and solutions as above from Dickson (1965),

Procedure

1) Selected samples were slabed and polished to remove any saw cuts

on the surface.

2) Samples were stained using the above ‘Sample etching and

staining procedure’.

3) Dried stained slabs and acetate were refrigerated.

4) Sample was leveled in a covered sand tray.

5) A small pool of acetate was flooded onto one end of the stained rock
- surface.

6) Acetate film was applied by rolling across rock surface to squeeze

out any excess acetate.

7) Dry Acetate Peel removed and examined

Thin Secton Petrography

Qptical Microscopy
1) Thin sections made by departmental lapidary were analysed under
. normal and polarised light for minerolqgical and petrographic
composition T ’ ’

Cathodolumi Mi
1) Thin sections were analysed under cathodoiluminescence to
determine phases of carbonate precipitation (ie. primary or
secondary carbonate).
Cathodoluminescence Conditions
Approxmately 20 kV and 200 mA.
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Procedure

1) Three to four grams of powdered sample was placed in a oven at
110 °C overnight to remove any surface moisture.

2) Powdered sample was removed from oven and placed in a desicator
to cool to room temperature.

3) Using Sartorious Electronic Balance and Sedloss Computer
Program each of the alumina crucibles were weighed and logged.

4) A cool dried powdered sample was added to each crucible and
Crucible+Sample weight logged.

5) The crucibles were then placed in a silica tray and ignited at 500°C
in the muffel furnace for one hour. ‘

6) After one hour the ignited samples were removed from the furnace
and cooled to room temperature in a desicator.

7) The crucible+sample was then weighed and logged and the
samples loss on ignition at 500°C or organic carbon estimate
calculated.

8) The samples were then returned to the muffe! furnace and ignited at
1000°C for one hour.

9) Cooled samples were weighed and the samples loss on ignition at
1000°C or carbonate carbon estimate calculated.

X-Ray Diffraction

X-Ray diffraction was performed on samples to find constituent mineral
phases particularly carbonate phase and calcite to dolomite contemt
Sample Preperation
1) Powdered rock sample was ground into an equidimensional grain
size using a pestel and motar.
2) To motar was added three to four drops of water and fine powder
mixed into a smooth paste.
3) The paste was then smeared evenly across a glass XRD slide with
identification number attached to one end. '
4) Slide was the allowed to dry for a couple of days or in an oven at
115°C.



X-Ray Diffracti :

5) The sample was then analysed using Siemens X-Ray Diffractometer
using a cobalt tube set at a scan speed of 1° per minute.

6) The samples resultant XRD diffractograms were analysed for
mineralogical composition using JCPDS computer file.

7) Percentage calcite and dolomite was calculated and, their purity and
cation composition calculated using computer programs and
correction curves. .. .

Stable Carbon and_Oxygen lsotope Analysis

Sample Preperation
1) Samples Selected for carbon and oxygen isotope analysis were drilled

with dentist drill carefully selecting areas unweathered or without calcite
veins.

2} Approxmately 15-25 mg of sample was weighed using Saugtorsis
Electronic Balance and placed in one arm of a reaction tube.

3) 4 mls of 100% H2PO3 (phosphoric acid) added to other arm of reaction
tube

4) Evacuate reaction tube using isotope line.

5) Sample equilibrated and reacted:

1. Carbonate reacted at 25 C for 10 - 16 hours.

2. Mixed Dolomite / Calcite samples
Calcite fraction reacted at 25 C for 30min.
Dolomite fraction reacted at 50 C for 10 -16 hours.
6) Samples collected after reaction time on isotope line.

Sample Analyses

7) Sarﬁples analysed for carbon and oxygen iosotopes on Isogas mass
spectrometer realitive to PDB standard.



Mai | T Metal Anal ia Atomic Al t
Sample dissolution
1) Teflon beakers were washed in 5 M Nitric Acid and rinced 3 times with

deionized water.

2) 1g of powdered rock sample was weighed into teflon beaker.

3) To each beaker a smail amount of deionized water and 20 mis of acetic
acid was added.

4) The teflon beakers were warmed gently to dissolve carbonate fraction
and evaporate the acetic acid.

5) Samples acetate crystals were redissolved in 10mls acetic acid and
filtered using 54 hardened filter paper into 100ml volumetric flask.

6) 10mis of potassium and lathaum solution (La/K) was added and
volumetric flask made. up to volume using deionized water.

7) 20 times dilution of - solutlon was made by adding:
5 mls of sample concentrate solution, 9.5 mls acetic acid, 9.5 mls La/K
solution to 100m| Volumetric Flask Make and making flask up to volume
with deionized water.

Sample Analyses

Samples were analysed using Vatian AA-S atomic absorbtion spectrometer

for seiected trace and major elememts Sr, Rb, Fe, Mg, Mn, and Ca in an air

acetelyene flame. Major and trace element concentraction were calculated

in parts per million as in Appendix 2

Strontium Isotopic Analysis

- Samples were selected for strontium isotope analysis on the foliowing

critera as outlined by Derry et al 1989, 1992 and Asmerom 1991: low Mn

/St, no rubidium, no dolomite (< 10%). Strontium isotope analysis was

performed as follows:

1) Approxmately 100 milligrams of drilled samples was reacted in a clean
teflon beaker with 8 mis of 1N HCL for 1 hour.

2) Dissolved sample was pipetted off carefully avoiding any non dissolved
solid residue.

3) Pipetted solution was placed in clean centrifuge tube and centrifuged for
10 minutes at 3000rpms.
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4) Clear solution was pipeted off avoiding solid residue and placed in
another clean 'centrifugé tube and centrifuged for 10 minutes at
3000rpms

5) Final solution was pipetted off and placed in a clean teflon beaker and
evaporated dry on a teflon coated hot plate at 200°C

6) Solid fraction was redissolved in 1.5 ml of 3N HCL and ran through two
stage cation exchange columbs where strontium collected for isotopic
composition analysis. _

7)The strontium solution was evaporated to dryness on hotplate.

Sample Analysis

8) The strontium solid fraction was redissolved in 1uL of H3PO4 and
mounted on single titanium filamaent and evapourated dry.

9) Samples were loaded on filimant magazine and run on Finnigan MAT261
mass spectrometer analysing strontium 87 / 86 ratio.



Appendix 2 Geochemical Data

Stable Carbon and Oxygen Isotope Data
L.oss on ignition

XRD Mineralogy

Major and Trace element Atomic Absorption
Trace Element Ratios

Strontium clsqtopic Data



TABLE YIELD +1SO

SAMPLE NO. METRES % YIELD d 13C d 180
975-001 0.0 30.50 -7.799 -14.126
8975-010 38.0 52.80 -8.020 -13.616

- 975-018 79.8 37.20 -7.923 -13.,952
975-026 123.4 47.59 -7.639 -13.999
975-033 147.9 32.30 -7.551 -13.746
975-038 185.5 60.80 -7.529 -13.010
975-046 215.5 36.80 -7.483 -13.254
975-054 221.5 63.20 -7.355 -13.060
975-062 276.8 63.40 -7.901 -13.243
975-067 350.7 41.59 -7.763 -13.506

I

975-070 DOL 368.0 23.77 -0.886 -10.835

975-070 CAL 368.0 31.48 -11817 -8.206

975-071 DOL 264.0 12.70 -1:371 -10.447

975-071 CAL 264.0 11.35 -0.810 -7.506
975-075 249.5 83.99 -1.1186 -12.5655
975-080 331.1 78.03 -1.173 -12.125
975-086M 306.0 56.75 -2.504 -11.393
975-086C 306.0 75.58 - -2.493 -11.556
975-087C 202.0 76.85 -3.907 -10.880
975-088 178.0 79.77 -3.872 -12.023
975-098 162.0 50.26 -4.187 -11.023
975-104 147.4 69.60 -5.803 -12.729
975-111 107.8 23.12 -7.448 -14.105
975-116 55.1 51.20 -7.345 -13.258
975-202 16.7 — 35,80 "y ' "-7.980 -14.238
975-209 134.5 38.44 -8.027 -13.825
975-221 246.8 60.32 -7.368 -13.501
9765-301 341.0 56.41 -7.446 -13.091
875-311 0.0 30.69 -8.414 -15.140
875-317 172.0 46.40 -7.769 -14.4356
975-322 258.1 73.40 -8.8956 -17.141
975-324 340.0 74.35 -7.887 -14.711
975-402 - 82.68 -8.570 -15.264
975-4086 - 1.70 -6.937 -12.590
975-407C 57.70 -8.894 -15.289
975-407M - 87.84 -8.330 -15.078
PRS CV - 99.00 -7.284 -13.888
DPS CV - 84.00 -7.684 -13.524
ANU-PRM2 80.00 0.745 ~17.289
ANU-PRM2 92.54 0.683 -17.633
ANU -P3 - 98.14 2.231 -0.573
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Loss on Ignition Table

Sample No. % Loss on Ignition% lLoss on Ignition Total % Loss on
@ 500 °C @ 1000 °C Ignition
975-001 0.848 15,393 16.241
975-010 0.971 25.309 26,280
975-019 1.059 17.929 18.988
975-026 0.887 21.926 22.813
975-033 0.774 30.773 31.547
975-038 1.012 29.977 . 30.989
975-046 0.495 19.937 20.432
975-054 0.614 29.639 30.253
975-062 0.771 23.548 24.319
975-067 0.699 20.608 21.307
975-070 0.712 29.751 . 30.463
975-071 0.725 13.688 14.413
975-075 0.438 37.772 | 38.210
975-080 0.424 24,949 | 25.373
975-086 0.303 35.711 . 36.014
975-089 0.361 35.569 35.930
975-098 0.546 39.151 39.697
975-104 0.577 33.894 34.471
975-111 0.886 13.755 14.641
975-115 0.680 25.898 26.578
975-202 0.572 19.121. 19.693
975-208 0.421 17.058 . 17.479 -
975-221 0.193 29.870 30.063
g75-301 0.324 28.965 29.289
975-311 0.265 15.525 15.790
975-317 0.211 25.520 25.731
875-322 0.384 35.409 35.793
975-324 0.603 33.753 34.356
975-366 0.242--—--| - 14,146" 14,388
875-402 0.341 36.198 36.198
975-406 0.443 3.981 4.424

/
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Element Ratios

Mg/Ca

Sample No Mn/Sr Ca/Sr

875-001 1.281 534.314 0.018
975-026 0.527 368.397 0.009
875-054 0.295 306.935 0.009
975-071 28.823 1427.742 0.327
975-086 1.547 569.031 0.012
975-104 1.423 749.814 0.012
975-221 0.312 310.239 0.011
975-301 0.631 530.280 0.007
975-311 23.160 1243.000 0.085
975-317 1.239 632.112 0.018
975-402 1.389 792.373 0.008
875-010 0.139 165.834 0.017
975-038 0.164 140.213 0.015
975-082 0.283 183.013 0.011
975-075 4.285 1346.934 0.024
975-098 2.291 469.730 0.046
975-115 1.235 614.369 0.020
975-322 B.096 1121.083 0.019
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Appendix 3 Petrographic Discriptions



Sample Number: 975-001 . - - -
Location: Pichi Richi South Canyon

Mineralogy:
Quartz 60%
Calcite 20%
Albite 5%
Muscovite 5%
Chilorite 7%
Other 3%

Description:Very fine grain (10 -50um) angular detrital quartz. Microsparitic
ferroan calcite cement. Interbedded quartz and calcite rich and
shale rich layers.

Classification: Calcite cemented sandstone
Sample Number: 975-010
Location: Pichi Richi South Canyon

Mineralogy:
Quanz 65%
Calcite 25%
Albite 5%
Muscovite 5%
Chlorite 8%
Other 2%

Description:Very fine grain (10 -50um) angular detrital quartz. Microsparitic
ferroan calcite cement. Interbedded quariz/calcite rich and shale
rich layers. Basal sand unit

dstone

Classification: Calcite cemented san



Sample Number: 975-019 o -
Location: Pichi Richi South Canyon

Mineralogy: 3
Quartz 65%
Calcite 25%
Albite 4%
Muscovite 8%
Chilorite 8%
Other

Description: Very fine grain (10 -50um) angular detrital quartz. Microsparitic
ferroan calcite cement. Interbedded quartz and calcite rich and
shale rich layerslaminated mica rich and quariz and calcite rich
layers Sedimentary structures crossbedding and graded
bedding. Heavey mineral laminations

blassification: Calcite cemented sandstone
Sample Number: 975-026
Location: Pichi Richi South Canyon

Mineralogy:
Quartz 40%
Calcite 40%
Albite 5%
Muscovite 5%
Chlorite 8-10%
Other 2%

Description:Laminated gquartz and calcite rich and mica rich layers aligned to
shistosity. Very fine grain.(10 -50um) angular detrital quartz
possibly due to alkaline attack. Equant ferroan calcite cement
recrystallized from micrite and microsparite cement.

Classification: Fine grain silty limestone (Calcisiltite)



Sample Number: 975-033
Location: Pichi Richi South Canyon

Mineralogy:
Quartz 20%
Calcite 60%
Albite 5%
Muscovite 5%
Chlorite 4%
Other 5% opaques

Description:Very fine grain quartz (10 50um) angular to sub rounded with
quartz overgrowths . Purple or mauve staining ferroan calcite
cement and micrite recrystallized microsparite. Calcite cement
equent with triple point boundaries. Minor secondary calcite filled
veins.

Classification: Fine grain silty limestone microsparite or calcisiltite
Sample Number: 975-038
Location: Pichi Richi South Canyon

Mineralogy:
Quartz 20%
Calcite 60%
Albite 5%
Muscovite 8%
Chilorite 5%
QOther 2%

Description: Very fine grain (10 <56um)-laminate limestone mixed micrite
matrix and microspar cement. Calcite has be recrystallized into
equant ferroan microsparite.

4

Classification: Fine grain silty limestone (microsparite or calcisiltite)

Sample Number: 975-046

Location: Pichi Richi South Canyon



Mineralogy:
Quartz 40%
Caicite 40%
Albite 5%
Muscovite 5%
Chlorite 8-10%
Other 2%

Description:Laminated quartz and calcite rich and mica rich layers. Chlorite
alteration of muscovite with some bedding plane orentation of
micas. Very fine grain (10 -50um) angular detrital quartz. Ferroan
calcite cement and micrite which has been recrystallized to
microsparite.

Classification: Fine sandy limestone or calcarous sandstone
(calcisiltite,microsparite)

Sample Number: 975-054
Location: Pichi Richi South Canyon

Mineraiogy:
Quartz 40%
Calcite 40%
Albite 5%
Muscovite 5%
Chlarite 8-10%
Qther 2%

Description: Laminated quartz and calcite rich and mica rich layers. Very fine
grain (10 -50um) angular detrital quartzwith overgrowths. Equant
ferroan calcite cement-recrystallized microspatrite.

Classification: Fine grain silty limestone (Calcisiltite or microsparite)
Sample Number: 975-062
Location: Pichi Richi South Canyon

Mineraiogy:
Quartz 40%
Calcite 40%
Albite 5%
Muscovite 5%
Chlorite 8-10%
Other 2%



Description: Laminated quartz and calcite rich and mica rich layers. Very'fin'e
grain (10 -50um) angular detrital quartzwith overgrowths. Equant
ferroan calcite cement recrystallized microsparite.

Classification: Fine grain silty limestone (Calcisiltite or microsparite)
Sample Number: 975-067
Location: Pichi Richi South Canyon

Mineralogy:
Quartz 40%
Calcite 40%
Albite 5%
Muscovite 5%
Chilorite 8-10%
Other 2%

Description: Laminated quartz and calcite rich and mica rich layers. Very fine
grain (10 -50um) angular detrital quartzwith overgrowths. Equant
ferroan calcite cement recrystallized microsparite.

Classification: Fine grain siity limestone (Calcisiltite or microsparite)

Sample Number: 975-515
Location: Devils Peak Carbonate Platform

Mineralogy:
Quartz 20%
Calcite 20%
Dolomite 40%
Albite 5% e et 1
Muscovite 5%
Chlorite 8-10%
Other 2%

Description: Fine grained mixed dolomite and calcite. Sawtoothed twinned
Albite and minor quartz. Highly recrystallized with prominant twinned dolomite.

Classification: Mixed dolomite -calcite
Sample Number: 975-075

Location: Devils Peak



Mineralogy:
Quartz 10%
Calcite 70%
Dolomite 5%
Albite 5%
Muscovite 3%
Chlorite 2%
Other opaques 2%

Description: Very fine grain (10 -50um) angular detrital quartz and minor
albite with overgrowths. Equant ferroan calcite cement
recrystallized to microspatite.

Classification: Fine grain silty limestone (Calcisiltite or microsparite)
Sample Number: 975-080
Location: Devils Peak Platform

Mineralogy:
Quanz 10%
Calcite 80%
Dolomite5%
Albite 5%
Muscovite 5%
Chlorite 3%
Other 10%

Description: Highly recrystallized limestone with very fine grain (10 -50um)
angular detrital quartz. Calcite recrystallized to equant ferroan
calcite burial cement and corse grained spar with abundant
twining.

Classification: Micrite recrystalized to microsparite (Calcisiltite or
microsparite)

Sample Number: 975-086
Location: Devils Peak Platform

Mineralogy:
Quartz 10%
Calcite 75%
Albite 2%
Muscovite3 %
Chlorite 3%
Other 7%



Description: Micritic intraformational conglomerate allochems with coarse
grain sparite cement and micritic matrix Abundant stylonodular
bedding and styolites. Late stage cross cutting secondary veins

Classification: Micritic intraformational conglomerate
Sample Number: 975-089
Location: Devils Peak Platform

Mineralogy:
Quartz 15%
Calcite 70%
Dolomite 5%
Albite 2%
Muscovite 3% .
Other Opaques 2% i
Description: Very fine grain (10 -30um) angular detrital quartz with
overgrowths. Micritic ferroan calcite recrys:tallized microsparite.

Classification: Recrystallized micritic limestone ( microsparite)
Sample Number: 975-098
Location: Devils Peak Platform

Mineralogy: :
Quartz 15%
Calcite 65%
Dolomite 8%
Albite 7%
Muscovite 4%
Chlorite 3% L e
Other 3%

Description: Micritic silty limestone with fine grain quartz and clay rich layer.
Quartz and albite angular with irregular shape. Calcite micritic and
recrystallization to microspatrite.

Classification: Microsparite

Sample Number: 975-104

Location: Devils Peak Platform



Mineralogy:
Quartz 25%
Calcite 60%
Albite 5%
Muscovite 5%
Chlorite 3%
Other 2%

Description: Fine grain quartz (20-40um) angular

Classification: Fine grain silty limestone (Calcisiltite Eor microsparite)
Sample Number: 975-111 |

Location: Daevils Peak Platform

Mineralogy: i
Quartz 45%
Calcite 40% ‘i
Albite 5% ;
Muscovite 3%
Chlorite 5%
Other 2%

" Description: Fine grain quartz sandstone with equant mosaic ferroan
microspar cement.

Classification: Fine grain Calcarous sandstone
Sample Number: 975-221
Location: Richman Valley Canyon

Mineralogy: ISP
Quartz 30%
Calcite 50%
Albite 5%
Muscovite 5%
Chlorite 5%
Other 5%

Description: Silty iimestone with aggergates of fine grained black opagues.
Ferroan calcite cement and micite.

Classification: Fine grain silty limestone {Calcisiltite or microsparite)
Sample Number: 975-301

Location: Richman Valley Canyon



Mineralogy:
Oual‘tz 35%
Calcite 45%
Albite 5%
Muscovite 5%
Chlorite 2%
Other 3%

Description: Laminated quartz and calcite, and mica rich layers. Very fine
grain (10 -50um) angular detrital guartz with overgrowths. Equant
ferroan calcite with minor non ferroan caicite cement.
Recrystallized to microsparite and sparry calcite.

Classification: Fine grain calcarous silty sandstone ’

Sample Number: 975-317

Location: Waukarie Creek Canyon

Mineralogy:
Quartz 20% »
Calcite 60%
Dolomite 5%
Albite 4%
Muscovite 5%
Chlorite 3%
Other 3%

Description: Very fine grain (10 -50um) angular detrital quartz with
- overgrowths. Equant ferroan calcite cement and micrite
Rectystallized microsparite.

Classification: Fine grain silty. limestone (Calcisiltite or microsparite)

Sample Number: 975-322 (Waliplaster)
l.ocation: Waukarie Creek Canyon

Mineralogy:
Quartz 10%
Calcite 75%
Dolomite 5%
Albite 5%
Muscovite 2%
Chlorite 1%
Other 2%



Description: Highly Calcareous, very fine grained ferroan micrite Manganese
dendrites and cross cutting sparry calcite veins. Euhedral albite
probably authogeneic and embayed alkaline attacked quariz.

Classification: Micritic limestone

Sample Number: 975-324
Location: Waukarie Creek Canyon .

Mineralogy:
Quartz 20%
Calcite 65%
Albite 6%
Muscovite 7%
Chlorite 2% i
Other 3% ;
Description: Very fine grain (10 -50um) angular detrital quartz with
overgrowths and embayments, Equant ferroan calcite cement and
micrite.

Classificatlon: Fine grain silty limestone (Calcisiltite or microspatite)
Sample Number: 975-404
Location: Richman Valley Canyon Cut.
Mineralogy:

Quartz 10%

Calcite 75%

Dc“om]te 5% JR VPR RSN

Muscovite 4%

Chlorite 3%

Other-3%
Description: Micritic clast supported intraformational conglomerate.
Classification: Micritic limestone -'(Ca!cisiitite or microspatrite)
Sample Number: 975-407B

Location: Richman Valley



Mineralogy:
Quanz 10%
Calcite 75%
Dolomite 5%
Muscovite 5%
Chlorite 3%
Other 2%

Description: Micritic intraformational conglomerate. Clast supported

Classification: Fine grain silty sandstone (Calcisiltite or microsparite)



Appendix 4 Sections

- .Plehi Richi Sauth Canyon
“Devils Peak Carbonate Piatform

Richmond Valley Canyon

Waukarie Creek Canyon
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GEOLOGY OF WONOKA FORMATION
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