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DEPARTMENT OF MINES AND ENERGY
GEOLOGICAL SURVEY

SOUTH AUSTRALIA

REPORT BOOK NO 91/102 DME 404/89

MISSISSIPPI VALLEY TYPE LEAD-ZINC MINERALISATION
NORTHERN FLINDERS RANGES, SOUTH AUSTRALIA

J L CURTIS, and
G W JENKINS

Recent advances in the understanding of the Cambrian stratigraphy and its paleogeographic
setting, in combination with a realistic mineralisation model, establishes that the southern Arrowie Basin platform
margin could be host to a MVT province of significance.

Detailed field studies of primary lead-zinc sulphide mineralisation, within Lower Cambrian
carbonates, confirm its MVT  classification and establish its relationship to later Delamerian willemite zinc deposits. 
New concepts concerning aspects of the transport and emplacement mechanisms of MVT mineralisation are
described.

An assessment of the impact of the Tertiary to Recent weathering history on MVT mineralisation in
the Northern Flinders Ranges offers new opportunities for discoveries in areas previously discarded by explorers who
were discouraged by dismal results from the testing of secondary dispersed geochemical signatures.

A comprehensive literature review of previous exploration was generated to identify possible
features worthy of field investigation and provide intending explorers with a springboard data package for
programme generation.

** The unit name, Parara Limestone (Tepper 1879), as used in this report will be renamed the Mernmerna
Formation (Dalgarno & Johnson 1962),  throughout the Arrowie Basin as a result of a current review of Cambrian
stratigraphy in South Australia (See Appendix 1.3).

INTRODUCTION

The Northern Flinders Ranges cover a region of about
15,000 Km2 that extends to the east and north from
the town of Port Augusta which is located at the head
of Spencer Gulf in south Australia.

Lead-zinc was actively sought and mined from this
region during the late 1880's by pioneer prospectors. 
In 1962 B.P. Thomson reported that a significant
proportion of lead-zinc mineralisation in the Northern
Flinders Ranges occurred within the Lower
Cambrian. (See Appendix 1.3 refs.)  Later the
mineralisation was described systematically by Johns
(1972), after a period of relatively intense exploration
by companies during the preceding decade: 1962-
1972.

Early exploration consisted of broad based
geochemical programmes with routine systematic
follow up.  Subsequent work has focused on the
testing of mineralisation concepts utilizing the  same
techniques.  To date only small sub-economic
deposits have been located and a new mineralisation
type recognised - willemite zinc deposits with one
such deposit being an intermittent producer.

In 1989 the synthesis of a paleoenvironmental model
of the Lower Cambrian by Gravestock was completed
(See Appendix 1.3) and Curtis (see Appendix 2-REV
3GPD & 37PF) recognised that the detection of
massive lead-zinc sulphide mineralisation might have
eluded previous explorers due to concealment by
Tertiary - Recent weathering geochemical processes.
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This knowledge, which indicated that there was the
potential for the emplacement of major MVT lead
zinc deposits during the Lower Cambrian and that
previous exploration field methodology may have
hitherto been inadequate, justified reassessment of the
region.

The early part of this report systematically examines
the likely processes in the development of a MVT
deposit, briefly describes the geological setting of the
Lower Cambrian stratigraphy of the region,
documents the geology & mineralisation of the Linda
Prospect, and assesses the impact of Tertiary-Recent
weathering.

The latter sections attempt to summarize the previous
work and identify field features, which may be
indicative of mineralisation, that warrant field
investigation.  Post 1972 open file exploration data
(SADME ENV.'s) in concert with other pertinent
published information were examined for this
purpose.

Exploration data has been condensed on to summary
sheets and compiled into a computer spreadsheet
summary listing for quick referencing. (See
Appendixes 2 & 3).  Comments offered in the
summary sheets are an amalgamation of those views
expressed by previous explorers and the reviewer. 
However, since field authentication was not an option
for the authors it is entirely the responsibility of
readers to independently validate for themselves the
information and ideas that are presented.

The style and layout adopted is designed to function
as a convenient research reference guide and field
handbook for exploration geologists working on the
region.

MVT MODEL

Geological research on MVT deposits has been
extensive since their recognition as a distinct class of
deposit, circa 1930.  However, despite major
advances in knowledge during the period 1965 - 1985
some aspects of their origin remain controversial.

The salient features and the current understanding of
these deposits are outlined briefly together with
mention of generic aspects that appear to be absent
from mainstream literature.

Characteristics of MVT Mineralisation

Research, by workers Beales & Jackson (1966), Beals
& Onasik (1970) and Anderson & Mac Queen (1982),
shows that whilst individual deposits may differ, there
are many aspects that clearly indicate a common
genetic origin :

• MVT mineralisation is ubiquitous in carbonate
sequences within most sedimentary basins of
Proterozoic to Cretaceous age, with
economically important deposits predominantly
in Cambro-Ordovician and Carboniferous units.

• Throughout any one basin with substantial and
widely distributed MVT mineralisation all
deposits are remarkably similar.

• MVT deposits are located on basin margins or
intrabasin domes/ridges where they formed at
less than 1 km below surface.

• The host lithofacies may be of either fore-reef,
back-reef or less commonly reefal bioherm
facies, typical of platform carbonate deposit
margins.

• Both primary and/or secondary structural/
hydrochemically induced porosity/permeability
can be demonstrated to predate mineral
deposition.  Dolomitisation of the primary
limestone is commonly associated.

• Mineralisation often postdates the filling of
many primary voids by marine cements and
clearly postdates the earliest stages of diagenesis.

• The deposits are invariably composed of galena
and/or sphalerite with accessory pyrite and/or
marcasite.  Galena has a typically low silver
content.  Minor chalcopyrite is sometimes
present.  A gangue of dolomite, with accessory
barite, fluorite, and quartz may be present.  Late
clay may be deposited in residual voids.

• Deposits were formed from hypersaline brines (4
X sea water) with an SG of about 1.1 at
temperatures of 80 to 200 °°C, commonly 100 to
150 °°C,  which are not attributable to a local
depth related thermal gradient.  Metals appear to
have been transported as chloride complexes.

• Thermal sources of igneous or metamorphic
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association appear to be absent.

• MVT deposits occur antipathetically with
respect to petroleum reservoirs, but traces of
hydrocarbons have been noted as immiscible
phases in fluid inclusions (kerogen) and residues
(bituminous) from many deposits.

• Isotopic data suggest that, whilst a primary
igneous or metamorphic source for Pb and S may
be the case, a strong sedimentary/biogenic
influence on the sulphur fractionation is
commonly evident.

• Primary shales which typically carry 20-200
ppm Pb & 50-300 ppm Zn are considered to be a
likely metal source, whereas primitive
limestones with lower metal levels of 4-11 ppm
Pb & 20-30 ppm Zn are a probable source of
hydrocarbons and sulphur.

Origin of MVT Metals

Researchers used the above observations to establish
that lead and zinc chloride complexes in hypersaline
brines at elevated temperatures migrate laterally to
basin margin leakage sites from dewatering shales in
the basin depocentres.

Pre-existing permeable foci around the basin margin
are a pre-requisite to the delivery of adequate metal
inventories to deposit sites where sufficient reactive
sulphur is available to cause reduction of the brine.

A strong biogenic influence observed in sulphur
isotopic data is interpreted to mean that it has also
been locally sourced from the sediments.  Since shales
contain abundant iron, any sulphur present is likely to
be bound to it and therefore effectively immobilized. 
Carbonate sediments are relatively low in iron
compared to their primary organic content (normally
lost) and are thus a more likely sulphur source.

The mechanism of the sulphur delivery remains
largely conjectural  since it is unlikely to have been
transported within the metal pregnant brine as
mutually unstable phases to the site of deposition.  A
two fluid mixing model of deposition has been
commonly proposed, but a universal and sustainable
mechanism has been elusive.  This one aspect has
never been fully resolved and is considered further.
Ore Fluid Geochemistry

The petroleum residues present in some MVT
deposits could be interpreted as the remnants of the
inactive phases of hydrocarbons involved in the metal
reduction.  The existence of petroleum accumulations
in some MVT provinces indicates that substantial
mobilisation of hydrocarbons into the basin plumbing
systems was probably common to all substantial
MVT provinces.

The MVT dewatering model clearly requires a
focussed but open discharge plumbing system that
would ensure full flushing of hydrocarbons from any
MVT deposit site, consistent with the antipathetic
occurrence of petroleum and MVT deposits in any
one basin.

Hydrocarbons

Primitive hydrocarbons would be expected to be
sourced predominantly (early diagenesis) from marine
deposits near the basin margin where marine life
flourished.  Elevated temperatures due to the efflux of
deeper basin brines could be expected to rapidly
advance the hydrocarbon maturity index beyond that
normally attributed to the depth of burial.

Generally, petroleum hydrocarbons are composition-
ally sulphur poor, but this does not preclude the
existence of relatively abundant sulphur as dissolved
H2S with migrating hydrocarbons.  The micro-
biological environment responsible for the primary
breakdown of the organic matter leading to the
generation of kerogens is quite clearly anoxic.  Should
a source of sulphate, such as evaporite beds be
available, anaerobic bacteria would be expected to
reduce the sulphur and co-generate H2S along with the
primary kerogens.

Petroleum residues, where the appropriate basin
stratigraphy is present, are therefore a `pathfinder'
indicating the possible past presence of H2S, the most
likely reductant for MVT deposit formation.

Mixing Model

A separate delivery/mixing type hypothesis fails
because it demands sustained coincident and
prolonged delivery of both components at a common
unique site in open hydrologic conditions for the
formation of a MVT deposit.  The improbabilities of
this concept, which requires relatively unique
conditions, are incompatible with the uniform
characteristics of the mineralisation and its widely
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distributed ubiquitous presence at many scales in
many similar sedimentary basins.  Common
hydrodynamic transport with a triggering mechanism
at the site of deposition is therefore the only viable
type of model.

Brine Composition

Sverjensky (1981,1984) demonstrated that the
evolution of model MVT type brines freshly
expressed from sediments would involve Ca2+ & K+

ion exchanges with minerals such as K-feldspar and
muscovite during their maturation enroute to
depositional sites.

Based on a typical present day oil field brine
composition with a TDS in the range of 100,000 to
250,000 ppm and in the order of 0.5 ppm H2S, and a
pH in the range 4 to 6, it was also demonstrated that
similar brines are capable of maintaining 1 or more
ppm of both Pb and Zn in solution at around 100°°C.

It was further demonstrated that such a brine would
first become supersaturated with respect to sphalerite
during maturation and later with respect to both
sphalerite and galena.  The relatively low potassium
content of high carbonate aquifers is much less likely
to result in sphalerite supersaturation than is the case
for siliceous arenite aquifers.

Since sphalerite supersaturation results in the
dispersed loss of zinc from the aquifer brine and
ultimately in galena rich mineralisation, association of
zinc rich deposits with carbonate aquifers and lead
rich deposits with siliceous arenite aquifers is
predicted.

Paragenetic sequences with early dominance of
sphalerite and later galena or galena deposition,
together with sedimentary associations of Pb/Zn
ratios, independently corroborate this geochemical
thesis.

Ore Deposition Mechanism

While Sverjensky's model explains the aquifer
transport geo-chemistry and paragenesis of deposits
quite adequately, the triggering device that results in
sustained deposition at ore sites is not identified.

Void space utilized by MVT mineralisation includes
sedimentary breccias, fault breccias, and palaeokarstic
apertures & breccias (which may have enhanced the
former types).  Given the shallow depths involved,
both faults and palaeokarst systems offer potential
unobstructed pathways for the discharge of aquifer
waters.

In an open hydraulic system such locations must be
low pressure `sinks' in the palaeoaquifer which
become foci toward which fluids migrate.  At such
sites where the permeability is dramatically increased,
the laminar flow regime is largely destroyed, and
homogenization of the previously stratified fluids is
inevitable. (See appendix 1)

Deep basin metal pregnant brines as envisaged carry
maximum totally dissolved solids and are therefore
relatively dense waters.  Less mature, more locally
derived, and less dense basin waters originating from
near basin margin sediments, possibly containing
primitive hydrocarbons and/or H2S, would also be
focussed to the same low pressure areas.  It seems
probable that, as the primitive hydrocarbon/H2S
content increases, the higher the partial pressure of
dissolved gas phases and the more the aquifer fluid
density would be reduced.

Providing migration by laminar flow is maintained in
the aquifer system, any `light' waters are likely to
remain separate (in the uppermost zones) from `heavy'
deep basin brines (in the lowermost zones) by virtue
of hydrodynamic density stratification (see Appendix
1) and thus geochemical destabilisation of dissolved
metals by hydrocarbon related phases or H2S is
minimised.

Among changes to aquifer fluid at the low pressure
focus, cooling due to hydrocarbon degassing and
homogenisation are likely to be most significant. 
Slight cooling, reduction in the Eh, or increase in the
pH, of a near saturated sphalerite/galena brine could
result in supersaturation and deposition of sulphide
coeval with active dissolution of the host carbonate.

While relatively cooled, the plume of upward
migrating and egressing fluids could potentially
operate as a weak convective pump and cause near
surface waters to infiltrate into the system causing
further hydrogeochemical changes.
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The above model identifies almost ideal
circumstances for sustained mineral deposition from a
once stable hydro-geochemical regime by locally
focussed changes in aquifer flow.

The model provides for the sustained coeval transport
of metals in a reduced environment, in the proximity
of excess reductant, over major distances and reflects
the maturation path of the fluid, while adequately
explaining the presence of hydrocarbon traces at ore
sites and the paragenetic features previously ascribed
to a mixing type origin.  It is also consistent with the
ubiquitous occurrence of trace MVT in sedimentary
systems and dispenses with the requirement to invoke
complex fluid delivery mechanisms.

Alteration

While dolomitisation is almost invariably associated
with MVT deposits it is not essential and may arise
from multiple independent causes.

Cyclic changes in sea level may result in the short
term exposure of the shallower parts of a carbonate
platform sequence.  Solution weathering commonly
results in karsting and the development of a thick
dolomitic alteration.  The less indurated the platform
at the time of exposure the more porous the limestone
and the more pervasive this dolomitisation is likely to
be.  It is in fact a deep weathering feature analogous
to a soil duricrust.  This `diagenetic' weathering
process is likely to proceed much more rapidly than
the normal diagenesis of similar lithologies below the
water table. (Sedimentary Facies p8)

Such events are self evidently likely to mobilise
elements as dissolved aqueous phases throughout the
sediments of the platform margin with relatively little
impact on deeper basin fluids.  The rate of sediment
diagenesis in the platform margin is therefore likely to
be substantially higher than in the deeper basin.

Large bodies of former limestones, largely altered to
dolomite, are commonplace in carbonate sequences. 
Alteration on this scale requires enmasse introduction
of magnesium, probably mobilised in basin brines
during diagenesis.  MVT deposits do not seem to be
associated with this type of widespread pervasive
alteration.

Dolomitisation, often present as an alteration halo to
MVT mineralisation within otherwise unaltered
limestone host rocks, may be largely a reflection of

the basin brine's passage through the MVT site and is
therefore not necessarily evidence of palaeokarsting.

Recognition of specific styles of dolomitisation and
their origin in limestones is therefore a potentially
important MVT exploration indicator tool.

CAMBRIAN GEOLOGY

Cambrian deposition was generally concordant with a
degree of disconformity upon Upper Proterozoic
deposits, but unconformable onlap on to older
basement units of cratonic terrains may have occurred
at basin extremities.

In the Northern Flinders Ranges and its surrounds, the
deposition of Cambrian sequences comprised the last
phases of multi-cyclic sedimentation before the onset
of the Delamerian Orogeny in South Australia (482-
500 Ma. B.P.).

Subsequent uplift and erosion (mainly of Tertiary
age) has resulted in the restriction of exposed
Cambrian successions to isolated synclinal cusps
whithin the Flinders Ranges.  Elsewhere the
Cambrian is mainly known from drill holes that
penetrate later cover sequences.

The recorded extent of the Cambrian in northeastern
South Australia is referred to as the Arrowie and
Warburton Basins.  However, the boundary of the
Arrowie Basin shown on Figure 1 is a relic of
tectonics and erosion with only indirect relevance to
sedimentology.

Geological Setting

The Upper Proterozoic and subsequent Cambrian
sequences were laid down in an elongate trough
structure that probably began as a continental suture
in an Archean basement block which separated into
the Gawler Craton (west), the Curnamona Nucleus
(east) and possibly a block (southeast) now fully
concealed beneath the Murray Basin.

The suture of possible Lower Proterozoic age
established a sustained rifting environment from
Middle Proterozoic time, throughout the Upper
Proterozoic, and into the Lower Cambrian.  Periodic
rejuvenation is reflected by the multi-cyclic
sedimentation pattern and the great thickness of
shallow marine sediments that accumulated.  This
tectonic setting has similarities with aucalogens
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elsewhere but has a distinctly different
sedimentology.

Sedimentation during the Upper Proterozoic was
predominantly of  arenites, shales and carbonate
facies with intercalated diamictites of glacigene
origin.   This thick accumulation was deposited in a
relatively shallow marine setting with multiple marine
transgressions and retractions that are
comprehensively described  in Preiss (1987).  Shelf
environments were present to the west and east of a
deeper approximately N-S meridional zone, a pattern
that was replicated during Cambrian time.

Detailed studies of the Cambrian stratigraphy have
culminated in the development of a regional
palaeofacies depositional model for South
Australia.(Jenkins & Gravestock 1988, Gravestock 
1989, 1991, & Appendix 1.3).

The main pertinent feature of the model is the inferred
existence of the deep water Warburton Gulf (a
protoform of the Cooper Basin) that extended north
from the Wirrealpa Hill Hinge (WHH) Line, situated
in the present position of the Northern Flinders
Ranges, and an extensive shallow Flinders Sea to the
south, during the Lower Cambrian.  (Figure 2,
(WHH=Platform Margin)

Stratigraphy

The Cambrian sequence is subdivided into the basal
Hawker Group, Billy Creek Formation, Wirrealpa
Limestone and Lake Frome Group. The
sedimentology of this sequence indicates progressive
long term regional shallowing with higher frequency
transgression/regression cycles.

The stratigraphy within the inferred Warburton Gulf
in the northern Arrowie Basin is thought to have been
predominantly benthonic shales with some Parara
Limestone carbonate facies in the trough/platform
transition. (See Figures 2 & 3) 

Taxonomic descriptions and palaoefacies
reconstructions are briefly described in the following
sections using diagrams from the published literature.
 A major excerpt from a new edition of "The Geology
of South Australia"(in prep.), reproduced without
diagrams as Appendix 1.3, is a comprehensive
analysis of these topics.

Accordingly, the following sections are focussed on

geological aspects pertinent to MVT mineralisation.

Sedimentary Sequence

Codes (C1.1/H etc.) in the following text relate to
facies relations described on page 8.

Hawker Group (C1)

The Hawker Group embraces two sedimentary facies,
a shallow marine basin edge platform environment
with abundant biogenic forms typified by reefal
deposits (Wilkawillina/Ajax Limestones) and a
deeper marine basinal environment with a significant
clastic component (Parara Limestone, Midwerta
Shale, Nepabunna Siltstone, Bunkers Sandstone,
Moorowie Formation, Oraparinna Shale and Narina
Greywacke.

Uratanna Formation (C1.1/L)

The Uratanna Formation is a siltstone/shale sequence
with minor limestone that includes distinct erosional
channel fills in some localities.  It is limited to the
northern margin of the WHH in the Northern Flinders
Ranges.

Parachilna Formation (C1.1/L)

The Parachilna Formation is widely distributed but is
often thinned or restricted to probable
palaeogeographic lows on the underlying basement. 
The unit is argillaceous sandstone with vertical worm
burrows containing intercalated lenses of oolite and
shale.  Basal conglomerates are locally present. It is
conformably overlain by the Wilkawillina Limestone.

Wilkawillina/Ajax Limestone (C1.1/T - C1.3/H)

The Wilkawillina/Ajax Limestone is of widespread
occurrence and is often found in direct
disconformable contact with the Upper Proterozoic
Pound Subgroup.  The northwestern extent of this unit
is mapped on the Copley Sheet as the Ajax
Limestone, elsewhere throughout its broad extent it is
known as the Wilkawillina Limestone.

The unit is predominantly light to dark grey, massive,
bedded biostromal/archaeocyathan limestones which
are often creamy brown where dolomitised.  Variants
are often sufficiently distinct that they have been
described as separate stratigraphic units.  Notable are
the Woodendinna Dolomite and Wirrapowie
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Limestone, the former being quite widely
recognisable whereas the latter is clearly a restricted
facies type.

Mottling due to abundant algal filaments,
nodular limestones and localised intraformational
breccias are known, but these features are frequently
of local extent, there being no known regional marker
beds.

The presence of phosphatic horizons has been
recorded from several localities.

Parara Limestone (Mernmerna Formation)
(C1.1/H - C1.3/T)

The unit is a dark grey flaggy and silty limestone with
interbedded shales. It is widely distributed.

In the field it is readily distinguished from the
underlying Wilkawillina Limestone by its thin bedded
pattern.  The contact between the two units is either
gradational over about 10 to 15 metres of section or
quite sharp at an erosional surface  where clastic
debris and/or the presence of finely laminated silty
deposits are likely to be observed.

The Midwerta Shale and Nepabunna Siltstone are
interbedded with the Parara Limestone, being two
prominent units recognised in the Arrowie Syncline. 
The former is typically grey green shale, sometimes
calcareous with minor nodular limestone, and the
latter is dark blue grey calcareous siltstone with minor
limestone.

Bendieuta Formation (C1.2/T-H)

This unit, a coarse grained sandstone with some
trough crossbeds and lesser limestone is restricted to
the Mt Chambers - Reaphook Hill region.

Bunkers Sandstone (C1.3/L)

This unit, a crossbedded sandstone with calcareous
interbeds, is restricted to the Donkey Bore and
western Balcoracana Synclines.

Oraparinna Shale (C1.3/T-H)

This unit, a green finely micaceous and carbonaceous
fossiliferous siltstone, is widespread in the study area.

Moorowie Formation (C1.3/T-H)

This unit, a sequence of sandy limestones, siltstones,
shales and massive flaggy limestones, with variable
colour: indicative of deposition at or near an oxidation
interface, is restricted to the northern portion of the
Mt. Frome Syncline.

Narina Greywacke (C1.3/H)

This unit, an interbedded sequence of grey green
interbedded calcareous siltstone and chloritic
sandstone with some interbeds of cream/purple flaggy
dolomite, is limited to the central north of the study
area.

Billy Creek Formation (C2.1)

The Billy Creek Formation comprises a sequence of
red brown micaceous sandstones and shales with
halite pseudomorphs.  Green/red shales and
limestones at the base of  the succession contain
intercalated tuffs.

Wirrealpa Limestone (C2.2)

The Wirrealpa Limestone is a grey, nodular and
shaley fossiliferous limestone.

Lake Frome Group (C3)

The Lake Frome Group is composed of four units. 
They are the Moodlatana Formation (sandstone),
Balcoracana Formation (siltstone), Pantapinna and
Grindstone Range Sandstones (sandstones).

These units are predominantly of red brown to pinkish
colour throughout, which coupled with the evidence
of halite, implies a semi-terrestrial environment of
deposition.  Trilobite traces and minor carbonates are
present at two levels, suggesting that possible marine
incursions of short duration occurred.

Depositional Environments

Aspects of stratigraphy affecting aquifer permeability
and potential MVT deposit sites are now considered.
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Overview

Following early cycle arenite/lutite deposition
(Uratanna & Parachilna  Formations) widespread
shallow marine carbonates were laid down (lower
Wilkawillina Limestone).

Sedimentation was briefly interrupted by
minor epeirogenic tectonic adjustments in the
basement and a continent wide fall in sea level, which
resulted in local emergence laterally to the east and
west accompanied by deepening in the central north.
(See Figures 4 & 5)

Coeval deposition of shallow shelf facies
(upper Wilkawillina Limestone) and basin facies
(Parara Limestone) carbonate units  followed. (Figure
3).  Initially deposits were conformable with the
previous units, but progressive staged marine
transgression reclaimed initially emergent areas,
resulting in deposition on the widely recognisable
Flinders Unconformity.

Additional disconformities and interdigitation
of sedimentary facies types are evidence that tectonic
adjustments continued to cause localised
regression/transgression cycles.

The accumulation of cyclic shale and
limestone sequences contributed to the progressive
shallowing of the Cambrian basin.  This finally
resulted in the deposition of red-bed sequences with
initial marine oxidizing conditions and later semi-
terrestrial deposits (Billy Creek Formation and Lake
Frome Group) with temporary facies controlled
oxidising or reducing conditions (Wirrealpa
Limestone).

Sedimentary Facies

The sedimentological facies history is
illustrated in figures 4 and 5.  Gravestock (in prep.)
and Clarke (1990) have used palaeontological
correlations to demonstrate that three very similar
sedimentation cycles occurred during Hawker Group
deposition (C1.1 ,C1.2, & C1.3).

At the beginning of the second C1.2 and third
C1.3 cycles substantial regression led to exposure and
erosion of parts of the sequence and the probable
emergence of an archipelago or temporary land-bridge
between the Arrowie and Stansbury Basins at the
southern end of the study area.

Exposures in this type of setting favoured
solution weathering and karstification of shelf
carbonates due to falling water tables and the influx
of meteoric water.  While the chemistry of meteoric
diagenesis, which resulted in widespread
dolomitisation of platform carbonate, is not well
understood, it is clear however, that diagenetic
processes in the adjacent basin sediments were much
slower.

During the following C1.2 transgression, as
water tables rose to the surface a weakly phosphatic
red algal coating developed on the  palaeosurface
(Flinders Unconformity) and many of the bedrock
fissures were slowly filled in with multilayered
carbonate cements.  (See Appendix 1.3)

Given the likely physiography of the
platform, large tracts of coast were probably covered
by this coating, at near sea level where a small
transgressive rise resulted in extensive drowning
(analogous to the physiology of a sabkha-like setting).
 This event has been recognised in Cambrian platform
successions of the Amadeus and Georgina Basins in
the Northern Territory as well as elsewhere in SA
within the Arrowie and Stansbury Basins.

Since the stratigraphy was flat lying
throughout, the palaeosurface was not finally covered
on the most elevated parts of the Central and Eastern
shelves, until Billy Creek Formation deposition.  The
palaeosurface is diachronous over cycles C1.2 & C1.3
and recognised in the literature as the Flinders
Unconformity although it is actually a disconformity.
(See Figure 5).

In the western part of the trough, a clean
C1.1/C1.2 break in sedimentation within the Ajax
Limestone is not physically evident, but given the
substantial evidence that a hiatus in deposition was
widespread and an appropriate faunal break, within a
uniform near shore shelly facies, has been recognised
at Mt. Scott Range, a paraconformity is inferred. (See
Gravestock, 1984, stratigraphic section N)

Parara Limestone

Where transgression was relatively rapid during cycle
C1.1 the development of massive biohermal deposits
was precluded and the muddy Parara Limestone
facies was deposited directly on to the Flinders
Unconformity over wide tracts of the platform.
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The C1.2 & C1.3 cycles are recognised
palaeontologically but have little or no lithological
expression within the Parara Limestone in more
basinal regions.

Wilkawillina Limestone

Less prominent disconformities recognised
by Clarke (1990c) in the upper Wilkawillina
Limestone in the Bunkers Graben are not so evident
elsewhere, but are represented at Old Wirrealpa Mine.
(See Figures 6 & 10a,b)

At the latter site, the C1.2/C1.3 boundary is
diffuse in the exposure, but the change is marked by a
pink oxidation zone and clear evidence of cavity
enlargement by solution in the substrate.  At the top of
C1.3, small channel deposits within limestone a few
metres below the contact with the Billy Creek
Formation, indicate a brief influx of terrigenous
material.

Dolomitisation and weak silicification at the
top of C1.3 just below the Billy Creek Formation is
considered to be diagenetic and unrelated to
palaeoweathering.

Tuffs in this position and larger channel
deposits are correlated with the `Kangarooian
Movement'.  Associated local regressions stimulated
erosion that exposed Adelaidean units and released
clastic detritus on to the platform.

Within the C1.3 cycle Clarke (1990c)
recognises a further disconformity (K3) in the
Bunkers Graben that is expressed as a sedimentary
break with minor reddening of the substrate at Old
Wirrealpa Mine.  This break is not readily recognised
beyond the limits of the Balcoracana, Narina and
Donkey Bore Synclines.

Elsewhere, the oxidation characteristics of
rocks mapped by Union Miniere at the Eric Prospect
at Mt. Chambers, and the stratigraphic relationships
mapped by BHP at Third Plain suggest that brief
localised breaks in sedimentation were probably
common on the shallower sections of the C1 platform.

In the Bunyeroo Syncline Morris (1986) also
recognised a possible early palaeokarstic break below
the Flinders Unconformity which he used to locally
subdivide the lower Wilkawillina Limestone.

Depending on local conditions, each of these
breaks had the potential to develop karst profiles. 
Gravestock (pers. comm.) suggests that such small
deposition/exposure cycles were probably of 3 or less
million years duration.  This implies that the C1
sequence may have been deposited over a period of
about 10 million years.

Phosphate Occurrences

It seems from the scant exploration data that
phosphate is only present in the Narina/Donkey Bore
region.  While the stratigraphic position has not been
field verified it seems that the distribution is generic
and related to a shelf-break re-entrant formed during
C1.2, extending back from the WHH into the present
day location of the Balcoracana Syncline.

Since apatite deposition results from excess Ca++ due
to depleted CO3

-- in restricted marine settings,
ground/meteoric water influx from the adjacent
terrain has a controlling influence.  Both coastal
drowning on transgression or desiccation during
regression could reduce CO3

-- availability.  In the
latter situation, marine aquifer invasion could result in
exchange of magnesium for calcium associated with
meteoric diagenetic dolomitisation and increase the
marine Ca++ concentration without appreciable
changes in the CO3

-- availability.

It is therefore inferred that phosphate was probably
deposited in C1.2 upper Wilkawillina Limestone at
restricted localities not far above the basal Flinders
Unconformity during the Lowstand Phase in a near
shore environment, and possibly although much less
likely, at the top of the Highstand Phase where the
restricted re-entrant environment persisted.

Minor phosphate in the Flinders Unconformity red
crust is consistent with Highstand Phase conditions.
(See Appendix 1.3).

Sedimentological Instability

Each time such a new lowstand occurred, biohermal
reefs of the previous highstand were vulnerable to
physical breakdown along the platform margin and
consequently shed materials by gravity creep, glide
and turbidity flows of restricted extent.

Differential syntaphral settling of the competent reef
limestone masses, built out over muds, which
probably resulted in fracturing and localised
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gravity/slump induced faulting within the reef body
also contributed to break-up.

James and Gravestock (1990) developed sedimentary
models that reflect such processes during the
development of the C1 sequence.  They show a
number of scenarios for the generation and
maintenance of permeable pathways that could have
been the focus for later basin dewatering fluids. (See
Figure 7.)

Structure

Fundamental Fabric

The Adelaide Geosyncline comprises a late
Precambrian/Cambrian multicyclic sequence that has
been regionally folded into a dome and basin
interference pattern.  At a number of locations large
bodies of complexly deformed rock disrupt the
layered sequences.  Such bodies have been ascribed to
a diapiric emplacement origin and commonly occur as
fold core plumes or linear fault related bodies.

In the Flinders Ranges three prominent structural
orientations can be recognised in this contorted maze.
 The primary structure is the north-south orientation
of the main depositional trough which has been
emphasised by Tertiary epeirogenic uplift expressed
by present day relief.  The other two prominent
structural trends are generally NW-SE and SW-NE 
conjugate directions which are expressed as either
faults or fold axes at different places along regional
strike.

These directions are a subset of a fundamental
fracture set that is commonly recognised to have
influenced the distribution and character of geological
units throughout the geological history of South
Australia.  Structures of this scale have the property
of imparting inheritance into cover sequences by
upward propagation during periods of regional stress.
It follows that structures of this type which exhibit
strong inheritance in the present post-folding regime
had profound influence during pre-folding times.

It is thus no surprise that the cusp of the Platform
Margin illustrated on Figures 2 & 14, (derived strictly
from taxonomic geology), is roughly coincident with
the intersection of the Norwest Fault (NW) and the
Paralana Fault System (NE).

Sympathetic, less prominent structures of similar

generalized orientation can be recognised crossing the
fold belt, often refracted through diapiric features.

Influence on Sedimentation

Two well studied sites provide clear evidence that the
platform sequences were affected by epeirogenesis  
along the main structural trends with coeval
mobilisation of basement diapirs.

Along the Donkey Bore Ridge (NW), observations
indicate that the lower Wilkawillina Limestone on-
lapped the Wirrealpa Diapir, initially with a basal
conglomeratic facies.   Subsequently, uplift occurred
with the result that large rafts and debris flows of
older material were dumped on and incorporated into
to later sediments.  At one location, massive blocks of
basal archaeocyathan limestone are perched like
glacial erratics on the Flinders Unconformity.

A study of the Bunkers Graben shows systematic
disharmonic fault displacements which are reflected
in the detailed facies distribution that implies
sustained subsidence.  The graben is oriented NE and
has its SW apex focussed toward the Oraparinna
Diapir (Note the map presentation is an oblique cross
sectional view).

This evidence suggests that, while sequence C1 was
being deposited, episodic to creeping adjustments on
basement structures occurred.  Such movements were
probably locally independent of the transgression/
regression cycles being more related to the general
long term settling of the "geosynclinal" trough and
isostatic adjustments to the changes of sea level and
accumulating sediments.

Additional evidence points to active elevation of the
Blinman-Oraparinna Dome during this period with
probable terrestrial exposure of Adelaidean sequences
during sequence C2 deposition.

The occurrence of mafic to intermediate pyroclastic
volcanism late in C1.3 & early C2.1 is probably
reflective of a tensional stress regime related to
epeirogenesis.

This key evidence means that major joints and faults
throughout the platform had little opportunity to
atrophy and become impermeable through deposition
of diagenetic minerals.  In addition these instabilities
would have favoured the disintegration of platform
bioherms, paricularly where they had built outward
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over unstable muddy deposits.

Dewatering

At the close of C1 deposition the following was
apparent:

• Either the Parara Limestone, or Oraparinna
Shale overlay the lower Wilkawillina Limestone
and were interdigitate with the Ajax/upper
Wilkawillina Limestone.

• Meteoric related diagenesis of the Wilkawillina
Limestone occurred far in advance of the
lateral/covering units such that some relict and
palaeokarstic secondary permeability was
retained.

• The lateral/covering units, being well laminated
silty carbonates with shaly interbeds, would have
had relatively high lateral to vertical
permeability ratios, resulting in their effectively
being aquitards to any underlying permeable
unit.

• Weak but sustained syntaphral and/or minor
tectonic adjustments would have maintained
fracture permeability within the Wilkawillina
Limestone.

• A regional set of basement faults was active
during C1 sequence deposition.

• All of the above features were present at the
close of cycle C1 deposition and collectively
would have directed waters egressing from the
"Warburton Gulf" into and through the platform
sequence. (See Figure 8).

The stratigraphic model developed by Gravestock is
clearly in accord with the main regional and localised
geological criteria identified by the MVT
mineralisation model described in section 2.

MVT MINERALISATION

Linda Prospect

Following the discovery and delineation of
weathering products of zinc and lead sulphides as
well as minor fresh galena on the surface at B.H.P.'s
Linda Prospect (Figure 9), a programme of percussion
and diamond drilling was undertaken on and about the
mineralisation.  Diamond drill holes DLP1 and DLP2
encountered fresh sphalerite.  This mineralisation is
discussed in detail, as the textural relationships of the
sulphides and carbonates illustrate the metallogenic
processes quite clearly.

Weathered material from base metal prospects of this
type elsewhere in the Flinders Ranges exhibits subtle
textures analogous to those observed in weathered
material at Linda.  The Linda area is used as the type
example for primary carbonate-hosted lead-zinc
mineralisation in the Flinders Ranges.

Local Geology

The most striking geological feature of the area
(Figure 10b) is a biohermal complex at the
southeastern margin of the synsedimentary Bunkers
Graben, the subsidence of which allowed the
localised cyclic development of the bioherms and the
accumulation of a reef-like complex.  Development of
the complex occurred from before the time of Early
Cambrian Faunal Assemblage 2 of Daily (1956) to
immediately before deposition of the overlying Billy
Creek Formation.  Most of the observed
mineralisation here is localised in the area of the
biohermal complex (Figure 9) in the upper
Wilkawillina Limestone.  Figures 10a & 10b show a
stratigraphic facies interpretation of the graben from
Clarke (1990b&c).

Lithologies encountered in the biohermal complex
vary from calcilutite to calcirudite, and include ooid
grainstones.  Immediately to the southwest of the
main mineralised area is an area of collapsed blocks
of biohermal material up to several metres in size. 
Spaces between the blocks are filled with calcilutite,
calcarenite, bioclastic material and fibrous calcite
(early marine) cement, neomorphosed to sparry
calcite in places.  Fibrous calcite cement is also
present as an early cavity fill in the other lithologies
throughout the area.
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Individual bioherms vary in length from 1 metre to
over 10 metres and are up to 2 metres thick.  They
consist mainly of archaeocyaths bound together by the
encrusting calcified microbiota Renalcis and
Epiphyton.  Further detail on such buildups is given in
James & Gravestock (1990).

The biohermal complex was thus a reservoir of
organic matter during early diagenesis.

Permeability

Within the biohermal complex, the average grainsize
is coarse relative to the intertonguing finer grained
deeper water facies of the more central graben
sequence exposed several hundred metres to the
southwest.

It is inferred that cross-stratal permeability within the
basinal facies would have been low due to the
presence of the very fine grained beds which acted as
aquicludes.  In contrast, cross stratal permeability
within the biohermal complex was initially quite high.

This permeability was provided by well sorted units
such as ooid grainstone, by spaces between collapsed
blocks, by open cavities in biohermal material
including the central cavities of archaeocyaths, and by
shelter porosity beneath various types of clasts.  Such
primary porosity/permeability is visible in
unmineralised Wilkawillina Limestone and its
equivalents throughout the Flinders Ranges.

The early marine cementation referred to previously
would have rapidly occluded much of this primary
permeability, leaving only narrow fluid pathways. 
Fracture related permeability would have been
maintained by local tectonic movement related to
graben subsidence.  Thus, some permeability was
always present up to the time of mineralisation.

Diagenetic Dolomitisation

Mineralisation of this type throughout the Flinders
Ranges is invariably associated with dolomitisation,
but not all dolomitised areas are mineralised.

At Linda Prospect, dolomitisation is extensive in the
area of the biohermal complex, and is easily
recognized by its cream to yellow-brown colour.  It is
a microcrystalline diagenetic dolomite which replaces
calcite rather than being a cavity filling dolomite
cement.  The dolomite appears to preferentially

replace early marine calcite cements, which lined the
majority of remaining pore spaces at the end of
marine cementation.

The diagenetic dolomitisation is regarded as being
due to chemical reactions at the fresh/saline water
interface.  The position of this interface would have
varied through time due to the combination of local
tectonic influences, varying input rates of meteoric
water, and eustatic sea level changes.  Such
movement of the interface accounts for the apparently
irregular distribution of the dolomite.

Depending on the exact mechanism of dolomitisation
(Machel & Mountjoy, 1986), the permeability could
have been increased by a volume change on
conversion of calcite to dolomite.

All of the samples of diagenetic dolomite analyzed
are disordered, containing up to 9% excess Ca,
indicating formation at low (<150 +°°C) temperatures.

Dolomitisation could have occurred at any time after
early marine calcite cementation and before
mineralisation.  The diagenetic dolomite will be
referred to as precursor dolomite for the remainder of
this discussion.

Sulphide Paragenesis

It is clear from textural evidence that the zinc and lead
sulphides replace precursor dolomite, and only appear
to have infilled pre-existing open cavities.  This
illusion is produced by the sequential replacement of
marine calcite cement by precursor dolomite followed
by sulphides.

The following summary reaction is proposed as a
mechanism for the replacement of dolomite by
sphalerite (Jenkins, in prep.):

CaMg(CO3)2 + 2H2S + 2Zn2+ ×�� Ø 2ZnS + 2H2CO3 + Ca2+ + Mg2+(1)

A similar reaction can be written for the replacement
of dolomite by galena.  H2CO3 is regarded as the most
stable carbonate species in solution under the known
conditions of mineralisation according to the data of
Helgeson (1969).

It can be demonstrated that significant volume
changes occur.  In the case of sphalerite, the forward
reaction would lead to a 25% reduction in the volume
of solids (dolomite + sphalerite) present, and in the
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case of galena, a less significant 1.5% volume
reduction (Jenkins, in prep.).

In addition, the H2CO3 produced by the forward
reaction could have the potential to further dissolve
calcite and dolomite.  The amount of secondary
corrosion of carbonates would be dependent on the
two step dissociation of H2CO3 to produce free H+. 
Controls on this dissociation are complex, and include
P-T conditions.

However, some dissociation with consequent
carbonate dissolution was bound to have occurred
close to the sulphide mineralisation, and further
dissociation and dissolution could be expected with
changing conditions in the percolating fluids away
from the mineralisation.  In particular, dissolution of
carbonates could be expected higher in the
stratigraphy, with its exact position depending on the
path of fluid flow towards the point of surface
discharge of the groundwater.

This has profound implications for carbonate hosted
lead-zinc deposits generally, and confirms theories
put forward by Anderson (1983).  Firstly, it indicates
that a large amount of open space in host material is
not a prerequisite for significant sulphide
accumulation to occur, as the mineralizing process
can be initiated in dolomitic host rock of relatively
low permeability and generate its own open space as
it proceeds.

Secondly, as the forward reaction depletes the
precursor dolomite, the dissolution of surrounding
calcite due to H2CO3 dissociation may buffer the
mineralizing solution with respect to dolomite and
permit sustained sulphide precipitation in the
presence of petroleum and/or organic matter and/or
H2S, (reductants and sources of sulphur) provided that
the fluid contains some Mg2+.  This effect is
summarized by the following probable secondary
reactions:

H+ + HCO3
- + CaCO3 ×�� Ø Ca2+ + 2HCO3

- __(2)

HS- + HCO3
- ×�� Ø H2S + CO3

2-            __(3)

2CO3
2- + Ca2+ + Mg2+ ×�� Ø CaMg(CO3)2   __(4)

Clearly, sulphide mineralisation due to reaction (1)
could be terminated by a decrease in the supply of
zinc or reduced sulphur, in which case the reaction
could reverse, with precipitation of dolomite at the

expense of sphalerite.  Sulphide mineralisation
dependent on the secondary reactions (2), (3) and (4)
could be terminated by loss of Mg2+ from the system
as well as by a decrease in availability of zinc and/or
reduced sulphur.

Following the main episode of sulphide
mineralisation at Linda Prospect, coarse euhedral
dolomite was precipitated, replacing sulphides, and
tending to occlude some of the permeability generated
earlier due to an increase in the volume of solids
present.  This dolomite was precipitated in response
to changes in the ratios of dissolved species in the
percolating fluids, and represents a reversal of the
dolomite/sulphide replacement reaction.

Towards the end of this episode of dolomite
precipitation, as fluid composition approached that
favouring sulphide precipitation, zincian dolomite
rims were formed on some of the dolomite grains by
cation substitution of Zn2+ in the dolomite lattice.  
The availability of reduced sulphur in the system may
have been insufficient to produce sphalerite at this
stage even though levels of zinc were high.

A short episode of sphalerite precipitation followed,
after which subhedral dolomite was precipitated.  The
final stages of mineralisation (which do not appear to
be a Delamerian overprint) involved precipitation of
galena in fractures and coarse calcite-fine grained
pyrite veining.  The fractures in which galena was
observed are less then several millimetres in
thickness, and occasionally the galena is concentrated
in stylolites.  Veins of coarse calcite-fine grained
pyrite, observed in drill core, are predominantly less
than 1 mm in thickness, with pyrite making up less
than 10% of the vein material.

The dissolution of carbonates in the host environment
during sulphide precipitation is potentially
sustainable, with the cavities formed growing much
faster than they can be infilled with sulphide.  The
corrosive solution both at the mineralizing site and
flowing through the system away from the
mineralizing site has the ability to replicate all the
solution features normally associated with near
surface karstic processes due to percolation of
meteoric waters.  These features include sedimentary
breccias and collapse structures.

Cyclic changes in the ratios of various dissolved
species could lead to the sulphide-carbonate banding
observed in many carbonate hosted lead-zinc deposits.



F03805.AWN

14

 In the case of the samples obtained from Linda
Prospect, the process appears to have terminated after
two cycles of sphalerite precipitation.  This has
provided a record of the mechanism of initiation and
perpetuation of mineralisation, which is usually not
observed in major orebodies due to overprinting by
the later stages of paragenesis.

Another aspect of the dolomite/sulphide replacement
reaction is that it predicts the possibility of primary
smithsonite deposition during the mineralizing
process.  The identity of the stable zinc bearing solid
precipitated is due to ratios between, rather than
absolute amounts of, the various species in solution
(Jenkins, in prep.).  While primary smithsonite
undoubtedly produced by this mechanism has not
been observed in the Flinders Ranges (although minor
smithsonite has been observed at Puttapa), it may
have been observed at the Narlarla deposits in
Western Australia (Ringrose, 1989), but mistakenly
regarded as a weathering product due to assumed
chemical constraints.

Clay minerals related to the base metal paragenesis as
described from other MVT deposits were not
observed in the core samples examined.

No evidence of Delamerian overprinted willemite or
sulphide mineralisation was observed.

Microprobe Geochemistry

Microprobe analyses were carried out on discrete
carbonate, sphalerite and galena grains for substituent
elements to study the effect of mineralizing solutions
on carbonates and to characterize the sulphides. 
Results are presented here as percentages.  Full
analytical details are presented in Jenkins (in prep.).

The study compared carbonates from 10 metres away
from mineralised outcrops with corresponding
generations of carbonate from within a few
centimetres of sulphides or their weathering products.
 The types of carbonate analyzed were:
(neomorphosed) primary calcite, early marine fibrous
calcite cement, sparry and blocky calcite, late vein
calcite, precursor dolomite, euhedral dolomite
replacing sphalerite, and coarse subhedral dolomite. 
Analyses were for Mg, Mn, Fe, Sr and Zn in calcite,
and for Mn, Fe, Zn and Ca in dolomite.  The results
(excluding Ca in dolomite) are summarized in Table
1.

Statistically significant differences in carbonate
chemistry were noted as follows :-

• Mg is depleted
in fibrous calcite cement and in sparry and
blocky calcite cement adjacent to mineralisation
relative to elsewhere.

• Fe and Mn are
enriched in fibrous calcite cement adjacent to
mineralisation, and depleted in sparry and blocky
calcite adjacent to mineralisation.

• Zn is enriched
in sparry and blocky calcite adjacent to
mineralisation.

• Zn levels are
generally high but sporadic in precursor dolomite
adjacent to mineralisation, and high in euhedral
dolomite which replaces sphalerite.

Dispersion haloes within carbonates about the
mineralisation are very narrow with respect to the
elements analyzed.  The most promising indicator
element would appear to be Zn itself, particularly in
dolomite.

Sphalerite was analyzed for a variety of trace
elements.  Average contents of substituent elements
detected were Fe 0.17%, Cd 0.15%, Hg 0.08%, Se
0.06%, Bi 0.02%.  Elements not detected were
(detection limits in brackets) Ag (.02%), Co (.01%),
Cu (.01%), Ga (.02%), Ge (.01%), In (.03%), Mn
(.01%), Pb (.06%) and Sb (.01%).

Galena was also analyzed for substituent elements,
but none were detected.  Those analyzed were Ag
(.02%), Bi (.05%), Sb (.02%) and Zn (.01%).

The substituent elements detected in sphalerite may
be useful in rock chip and stream sediment sample
analysis as indicators of sulphide mineralisation, but
the extent of any dispersion halo involving them is
indeterminate.  A correlation between Cd and Zn has
been recorded in rock chip samples from Manga and
Llina Prospects by Morris (1986).
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Weathering Products

At Linda Prospect, surface mineralisation occurs as
irregular knobs and veinlets, up to 10cm in size, of
smithsonite and hydrozincite with lesser cerussite and
partly oxidized galena, in weathered carbonate with
some silica.  The zinc carbonates are clearly a
weathering product; drill hole information shows that
their abundance increases at the expense of sphalerite
towards the surface.  At the surface, smithsonite
usually contains relict wisps and traces of its
precursor sphalerite, only detectable by microscopy
and electron imagery.

The observation that smithsonite replaces calcite
along crystallographic planes (dolomite is relatively
unaffected) clearly indicates remobilization of Zn in
solution and can only be an effect of weathering, as
fresh material is unaffected.

At surface, the precursor dolomite is strongly
weathered, with much staining by manganese
minerals whereas the syn- and post-mineralisation
euhedral and subhedral dolomites are much less
affected by weathering, and are easily recognized
microscopically despite some discolouration.

The microtextures and relationships of sulphide
weathering products to carbonates observable in
weathered surface material correspond to those in
fresh material from some depth, except in very porous
material from which both primary and secondary
carbonate and sulphide have been leached.

Research Options

Further work is required to define the distribution of
Zn-rich dolomite in mineralised areas and to develop
easy field techniques for detecting Zn substitution in
dolomite.

Development of a simple field test to discriminate
between the `weather prone' precursor and relatively
`inert' MVT related dolomites could be valuable.

The extent of dispersion haloes of substituent
elements detected in sphalerite needs to be defined
around known mineralised areas.

Willemite Mineralisation

Willemite is recognised at a number of localities
throughout the Northern Flinders Ranges, where in
some instances a close spatial relationship to sulphide
mineralisation is observed.  This correlation has
sometimes led to the assumption that anhydrous zinc
silicate mineralisation is a secondary weathering
product.

Field relations indicate that a hematitic alteration of a
type not seen at sulphide only sites is invariably
associated with willemite.  Mineralisation is
commonly veiniform and almost always related to
(sometimes within) well defined structures, many of
which are demonstrably of post/syn Delamerian
orogenic age.

Willemite Deposition

Dana (1932) records that, unlike willemite, the
hydrated zinc silicate, Hemimorphite, "calamine"
(ZnOH)2SiO3 is widely reported from Mississippi
Valley region of the USA and is invariably associated
with carbonate hosted sulphide deposits. 
Furthermore, dehydration only occurs at > 350 °°C and
is hence unlikely even in an arid climate. Dana lists a
multitude of complex hydrated zinc minerals and very
few anhydrous species reflecting its well documented
amphoteric chemistry and mobility in the natural
environment.  Given the above, the limited range of
accessory minerals accompanying willemite in the
Northern Flinders Ranges is at odds with a secondary
weathering origin.

Puttapa is the best studied deposit.  Muller (1972)
described the geology and Grubb (1971) the
mineralogy.  Grubb inferred that hot saline solutions
at temperatures above 250 °°C were responsible for the
deposition of this willemite.  The observed hematitic
alteration also suggests that at least weak oxidizing
conditions also prevailed.  Grubb's work is consistent
with the information gleaned from Dana, and it is
concluded that willemite found in the Northern
Flinders Ranges is not a secondary weathering
product of MVT or any other type of sulphide
mineralisation.
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The MVT-Willemite Association

The enigmatic close spatial relationships of MVT and
willemite observed at some localities in the Northern
Flinders Ranges is, however resolvable by the
following model.

It is submitted that Delamerian neo-morphically
driven fluids mobilised zinc from local sources (MVT
mineralisation ?) and subsequently deposited
willemite where oxidizing conditions prevailed.  This
thesis also implies that a second generation of
epigenetic sulphide mineralisation may exist.  Many
of the small vein/fracture related lead zinc
occurrences at similar structural sites in the
Adelaidean basement and sometimes recorded in
association with MVT in the Lower Cambrian, are
possibly of this origin.

Given the pre-existence of MVT mineralisation
focussed about fundamental structures it is inevitable
that the distribution of late epigenetic Delamerian
willemite mineralisation would tend to be biased to
similar locations.

However, since the late neomorphic hydrological
regime and fluid geochemistry is likely to be quite
different to that of MVT deposition, some paragenetic
overprinting on primary MVT mineralisation may
have occurred but it may not be distinguishable where
reducing conditions prevailed.

Field Observations

Using the data from Robertson (1988), Curtis (1989)
examined the distribution of all lead-zinc
mineralisation in the Northern Flinders Ranges.  This
rudimentary literature study not only confirmed the
strong bias of lead-zinc mineralisation toward Lower
Cambrian carbonate facies rocks (previously
recognised by Johns (1972)), but also showed that the
majority of such occurrences bore an affiliation with a
MVT type genesis.  Other types of mineralisation
occur predominantly in Adelaidean and rarely in
Cambrian units with a strong correlation with
structures active during the Delamerian folding and/or
diapir mobilisation.

Given the newly available reconstruction of the
Cambrian stratigraphy, it has become clear that most
of the primary regional criteria for the development of
a MVT province existed during the Lower Cambrian
and there were substantial indications that lead-zinc

was mobile at that time.  Importantly, the recognition
of the Warburton Gulf not only fulfilled the major
metal pregnant dewatering source requirement for the
generation of economically significant deposits, but
also provided the ability to predict flow path
geometry through the adjacent platform, aspects
hitherto beyond grasp.

The majority of exploration data collected over the
last 20 or so years is largely of 1973 vintage, with a
scatter of work during the mid 80's on the eastern half
of the Parachilna 1:250,000 Sheet.  This work has so
far only outlined one willemite orebody at Puttapa. 
The majority of the work was focused on the
geochemical techniques of stream, soil, and rock chip
sampling, which often found strong anomalies that
apparently failed to be indicators of substantial
mineralisation.

The literature studied on this project indicates that the
geochemical data were largely examined on an
empirical statistical basis, followed up by field
inspection, and occasionally geophysical survey
and/or small drilling programmes, which were
generally disappointing.  Generally, company
exploration, with important exceptions, placed
relatively little emphasis on detailed host rock
geology and even less on the geochemical impact of
pre/post uplift weathering of the Northern Flinders
Ranges.

BHP through its subsidiary, Dampier Mining Pty. Ltd.
and Mines Exploration Pty. Ltd., (to a lesser extent)
broke the historical empirical pattern by correlating
mineralisation to palaeokarstic surfaces/stratigraphy
and then exploring on that basis.  In more recent time,
Demis Pty. Ltd. was able to demonstrate the field
application of concepts involving Cretaceous/Tertiary
weathering profiles with encouraging results. (See
reviews 36PD & 37PF, Appendix 3.2)

Stratigraphic Relations

BHP geologists focussed their attention on what was
termed prepared ground, normally a relatively
restricted zone (≈ 1 m) of sparite filled cavities
commonly located in the top of massive limestone
beds.  Occasionally these features were much thicker.
 Some were definitely associated with other
palaeokarstic features such as the Flinders
Unconformity.
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Subsequently, Gravestock and others showed that the
sparite was of marine diagenetic origin and largely
unrelated to lead-zinc mineralising processes.  The
existence of the sparite merely indicates a pre-
diagenetic solution or structurally induced porosity.

Jenkins (Sulphide Paragenesis P12 and in prep.) has
been able to show that small residual relict porosity in
such prepared ground can provide access to
mineralising fluids, which may sequentially replace
dolomite/sparite with sulphides.  Where this process
has gone to completion sulphide appears to have just
occupied pre-existing cavities without the interim
step.  Later dolomite fills up any remaining voids in
the host rock at the close of MVT paragenesis.

The close spatial position of the Adelaidean Pound
Subgroup arenite sequence is such that these units
may have been also involved in Cambrian age
sediment dewatering but there is no known supporting
evidence for this.  In particular there is no clear zonal
bias in the distribution of lead/zinc dominance related
to Hawker Group stratigraphy that would otherwise
be anticipated.  Given the relative age difference and
disconformable relationship it is probable that the
permeability was considerably lower than that of
sediments in similar structural position in other MVT
provinces where such a involvement has been
suggested.  The basal Parachilna Formation is
unlikely to have fullfilled a similar function due to its
irregular distribution and lithology.

Since primary porosity of any kind in limestones is
amenable to both early diagenetic sparite and later
mineralisation it follows that MVT potential is not
restricted to zones of palaeokarsting.  Other
geological situations such as intraformational debris
flow or reef front marine talus breccias, clastically
infilled deep fissures in biohermal reef complexes,
and simple fault breccias are also potential MVT
sites. (Callahan (1967) describes such features but
inferred MVT mineralisation to be of syngenetic
origin).

Since palaeokarsting provides a relatively extensive
sheet like body of permeable ground, the latter modes
are always likely to be of lower frequency in any one
basin system.  Examples of these less common MVT
situations have been recently documented: from the
Lennard Shelf, WA (Ringrose, 1989 - fault related)
and Bleiberg-Kreuth, Austria (Cerny, 1989 - breccia
related).

The Northern Flinders Ranges Lower Cambrian
palaeogeographic model in combination with tectonic
structure provides opportunities for nearly all MVT
modes and has the in-built capacity to provide a
predictive basis for mineralisation style.

It therefore follows that the spatial and
sedimentological matching of MVT prone structure
and facies scenarios, from the models, with empirical
field data, is of critical exploration importance.

The following geological situations, either singly or in
combination, are considered potential MVT deposit
locations:

• Palaeokarst surfaces at High-Low stand
transitions within the Wilkawillina Limestone
(C1 cycle); particularly where Northern Basin
sediments (aquitard) are/were overlying.

• Facies boundaries, particularly where reef front
talus and ramp breccias can be recognised;
particular emphasis on the Wirrealpa Hill Hinge
line and related platform re-entrants.

• Gravity or tectonically induced deep fissuring of
reef masses with subsequent breccia infill.

• Syn-depositional and post-diagenetic fault
breccias.

The first and last aspects are probably of greatest
significance for field geologists because they are
readily recognised; the former affecting the greatest
rock volume and the latter being an integral part of the
MVT fluid migration pathway.

Stratigraphic Age of Mineralisation

MVT mineralisation at Wirrealpa, Mt. Chambers, and
in the Bunyeroo Syncline (Brachina area) occurs in
the palaeokarst beneath the Flinders Unconformity
within the lower Wilkawillina Limestone.  In the
northern part of the Bunyeroo syncline the Billy
Creek Formation was deposited directly upon the
Flinders Unconformity.  Elsewhere at Linda the upper
Wilkawillina Limestone is host to mineralisation.
(See Figure 5)
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This distribution implies that mineralisation was
probably deposited during late C1.3 and/or early Billy
Creek time.  This period is also favoured by its coeval
volcanism and inferred tectonic activity which point
to a probable increase in terrestrial heat flux of
regional extent.  This would have given impetus to the
dewatering of the Warburton Trough (and Gulf).  A
significantly later age is difficult to envisage because
delayed dewatering/diagenesis of the sediments seems
improbable.  An earlier age is possible for only some
of the mineralisation in the succession.  Loss of
section at the beginning of C2.1 is assumed to be
minimal.

This is of economic significance, since it requires that
the ore bearing fluids had to leak out through or
around the periphery of the C1.3 Oraparinna
Shale/Parara Limestone aquitard seal at its maximum
extent.  Both the Bunyeroo Syncline and Linda
(southern Balcoracana Syncline) probably occur in
close proximity to the spatial limits of C1.3
Highstand.  Similarly there is the possibility that the
seal may not have fully covered the Oraparinna Dome
or active high level diapirs such as at Wirrealpa for
which the evidence is long gone.  Major structures
may have also been leakage sites.

While modelling of such leakage sites is beyond the
direct scope of this report and the present day level of
detailed stratigraphic knowledge, it is asserted that the
mineralisation model implies that they are the most
favoured locations for emplacement of MVT
orebodies.

Mappable Signatures

Stratigraphic

Toward the base of the  Lower Cambrian sequence
the top and bottom boundaries of the Wilkawillina
Limestone are easily recognised in the field.

Generally, the underlying Parachilna Formation is of
relatively low competence and forms a self evident
topographic low/saddle where it is present.  Where it
is either thin or absent, the underlying robust Pound
Sub-group often sheds talus on to the basal
Wilkawillina Limestone, obscuring the basal few
metres of the Lower Cambrian.  Where present, the
Uratanna Formation does not seem to be affected to
the same degree.

The upper contact is commonly marked by the change
from massive to thinly laminated silty limestone of
the Parara Formation that may present as massive
hilly outcrops or large tracts of thinly mantled spiny
fissile subcrop.  Where the boundary coincides with
the Flinders Unconformity, irregular undulations of
up to 2m relief with local drape structures are
commonly present and a thin zone of reddening may
be observed from place to place. (See Appendix 1.2.) 
There is usually no diagnostic topographic contrast.

Within the Wilkawillina Limestone, which often
presents as massive dark grey rock with zones and
patches of variable pink-brown and/or buff
colouration, significant stratigraphic boundaries have
no universal easily recognisable signatures.  Local
stratigraphic features may only persist for a few
kilometres of strike at a time. (See Morris 1986.)

It therefore follows that recognition of the major
C-LTH cycles requires good quality mapping
coupled with a sound working knowledge of
carbonate facies types.  Since the observable
sequences are commonly incomplete, fitting to the
regional facies model is essential and will only be
possible in some cases by palaeontological means.

Mineralisation

Conventional (historic) assumptions that significant
mineralisation will be visibly present as gossans or
other outcrop may well be unfounded.  On the
balance, it can be forecast with some credibility that
significant MVT mineralisation in the Northern
Flinders Ranges may actually have little to no positive
field expression on the following basis.

Since the Flinders Ranges consists of a partially
dissected Tertiary horst block, it follows that some of
the oxidation patterns and secondary oxide
accumulations seen on present day exposures are
actually exhumed tropical/sub-tropical Tertiary-
Cretaceous palaeoweathering features.  Uplift and
climatic change supplanted this early chemical
weathering with physical weathering processes by
lowering of the water table and reduced precipitation.
 This was probably maximised during the dry desert
conditions of the Pleistocene and remains current.
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During the Cretaceous-Tertiary time, deep chemical
weathering took place throughout much of Australia.
In South Australia typical saprolitic profiles have
been recorded from the margin of the Olary Block,
and Eyre Peninsula.  Remnant laterite, present in
areas of lower relief, in the Southern Mt. Lofty
Ranges provides reasonable justification for believing
such processes also took place in the Northern
Flinders Ranges.

As a result of this well established tropical regime
there is ample evidence, from throughout Australia,
for deeply penetrative oxidation of sulphide
mineralisation, often well beyond that of nearby
adjacent country rocks.  For most sulphide ore body
types, hosted within rocks of comparitvely low
carbonate content, telltale gossans, acidic bleaching of
the immediate host rock and/or supergene
accumulations are well documented.

The weathered expression of high grade essentially
bi-mineralic lead-zinc ore in >80 % grade carbonate
rocks will differ significantly from these better known
examples for the following reasons :--

• Since the pyrite/chalcopyrite content is low in
MVT ores, in-situ massive residual iron oxide
gossans are likely to be rare and only trace to
small patchy iron oxide residues can therefore be
anticipated.

• Since sulphuric acid is generated during
weathering significant dissolution of the adjacent
carbonate host rock must occur.  A nett volume
loss (sulphide + carbonate) with a clayey residue
is therefore predictable. (See Figure 11)

• Since the foregoing indicates that lead-zinc
sulphide would have been penetratively oxidised
with significant metal loss and volume reduction
it is further predicted that ore zones would have
a negative to nil topographic expression.  Where
primary ore is of sheet like geometry collapse
and gravitational closure of the structure could
be anticipated.  Cuestiform saddles, flat localised
depressions or outcrop terminations, could
therefore be indicative.

• It follows that `ore' might express at
surface as extremely anomalous lead and zinc
bearing clayey rubble to massive clay
surrounded by a geochemical halo of primary
and/or secondary genesis in the adjacent outcrop.
 Minor patchy masses to fragmentary clasts of
iron/manganese oxides/jasper might be present
where iron sulphides were present in the original
ore.

It is immediately apparent that mineralisation of such
expression could give strong stream and soil
geochemical signatures but poor rock chip responses
from the unweathered wallrock geochemical halo. 
Clearly such disappointing results could lead to
premature termination of exploration activity.

Application of these principles at the Eric Prospect
has led to the recognition of stratabound mineral-
isation that is represented in the near surface by clays
carrying up to 5 % Pb & 2,300 ppm. (See Figure 16).

Interpretation of Geochemistry

To discriminate such poorly expressed primary metal
sources in an environment such as the Northern
Flinders Ranges it is essential to first consider the
chemistry of oxidizing zinc and lead sulphides in
carbonate rocks, in both wet tropical and arid
conditions, and then to model the redistribution
processes and interpret the present day geochemical
signatures.

Chemical Weathering Processes

Geochemistry of the Aqueous Environment
(Tropical weathering and present day water table)

Sphalerite and galena form smithsonite and
cerussite under aqueous conditions in the presence of
sufficient CO2 according to the following:

ZnS (PbS) + H2O + CO2 (aq) ×�� Ø ZnCO3 (PbCO3) + H2S (aq) __(5)

Under oxidising conditions in the presence of
limestone, the following reactions will also occur:

H2S (aq) + 2O2 (aq) ×�� Ø 2H+ + SO4
2- __(6)

2H+ + SO4
2- + CaCO3 + H2O ×�� Ø CaSO4.2H2O + CO2 (aq)

__(7)
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It is apparent that the forward reactions will
continue until all the sulphides and/or oxygen are
completely exhausted, as CO2 continues to be
produced while sulphides are consumed, providing
more CO2 to drive reaction (5).  Gypsum will also be
produced.

Under reducing conditions, the extent of
reaction (5) will be dependent on the relative
concentrations of CO2 and H2S in the groundwater. 
High relative CO2 will favour the formation of metal
carbonates, while high relative H2S will inhibit this
and tend to preserve primary sulphides.  As reactions
(6) and (7) will be inhibited by reducing conditions,
less metal carbonate will be produced than under
oxidising conditions.  In addition, gypsum will be
absent.

The hydration of metal carbonates is mainly
dependent on the partial pressure of CO2 in the
groundwaters with which they are in contact.  The
assemblages expected are, in order of increasing PCO2:

hydrozincite + hydrocerussite � Ø
hydrozincite + cerussite � Ø smithsonite + cerussite

Geochemistry of the Arid Environment
(Present day surface and upper vadose zone)

The change during Pleistocene time to an arid climate
with very short periods of influx of meteoric waters
caused changes in the geochemical weathering of
exposed mineralisation.

Simple oxidation of sphalerite and galena (ignoring
carbonates) proceeds according to the following
reactions:

ZnS + 2O2 ×�� Ø ZnSO4  (zinkosite)
__(8)

PbS + 2O2 ×�� Ø PbSO4  (anglesite)
__(9)

Zinkosite is four orders of magnitude more
soluble than anglesite.  Under arid conditions, these
two reactions as well as physical weathering would
predominate at and near the surface where periodic
drying occurs.  Carbonates will only be involved in
moist conditions.

Below the surface where dissolved CO2 is present
equation (5) will operate, dependent on CO2 and H2O
supply.

Close to the surface much of the H2S and CO2

can diffuse away depending on soil cover and other
factors, and reactions (6) and (7) have less effect.

Metal Redistribution in Saprolitic profiles

Since the present day lead/zinc distribution is the sum
total of its weathering history, significant metal
redistribution processes of the inferred Tertiary
saprolitic soil profile are considered :-

• Leaching action in a saprolitic profile
character-istically moves metals down toward
the permanent water table but in an alkaline
environment zinc is not so readily fixed due to
its amphoteric character and is probably only
weakly concentrated by this supergene process.

• Ordinarily in such profiles both iron, manganese
and silica are hydrolysed into solution and re-
deposited at particular levels, in the profile. 
Secondary iron (laterites) and silica (silcretes)
may selectively or blanket replace original
material.

The product may vary in character from
pisolitic to ocherous iron/manganese
oxide/jasper masses.  Selective replacement
bodies of this type, not directly related to
mineralisation, are commonly termed `false
gossans'.

Iron/manganese oxide accumulations located
at the base of soil profiles on unmineralised
limestones are probably due to the neutralisation
of weakly acidic downward percolating meteoric
waters from surface.

It follows that in a saprolitic profile
developed over mineralised parent rock
iron/manganese oxides and other basic metal
oxides and/or carbonates could accumulate at the
base of the profile.  The efficiency of this
process in this tropical environment would be
enhanced by the relative abundance of organic
acids and relatively high meteoric flux.
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• Since weathered mineralisation is likely to be
clayey and of relatively low permeability, metals
are unlikely to track down the ore zone.  Instead,
meteoric and vadose water could be expected to
disperse metals down permeable pathways such
as faults, joints, and other bedding plane
discontinuities, to points of chemical fixation at
the permanent water table.

Collectively the above effects potentially result
in the highly efficient and effective dispersion of
weathering products away from a primary source
with subsequent reconcentration at permeable
and/or reactive sites in nearby country rock. (See
Figure 12)

Saprolite Profile and Metal Residues

Subsequent denudation (of the saprolite profile) to
bedrock results in the exposure of multiple residual
geochemical concentrations of several types.

• Non robust secondary mineral accumulations
such as soft secondary carbonates located within
the soil profile and at its base will have generally
left only traces in rock pores and fractures. 
Where such accumulations have only been
exposed relatively recently, or were formerly
quite large, local remnant masses and/or
extensive low-medium strength superficial rock
chip anomalies may persist today respectively.

• Massive iron/manganese oxide accumulations
are relatively robust and will remain depending
on their internal texture and capacity to `re-
cement' prior to full exposure.  Any co-deposited
basic metal oxides will be retained.  Notionally
this ability is referred to as `scavenging'and
results in strongly anomalous false gossans.

• Remnant in-situ oxidised primary mineralisation;
rare strong apparently spurious spike anomalies
due to clay `contamination' of rock chips or
"sourceless" soil anomalies.

• Weak dispersed sub-profile secondary
mineralisation in permeable footwall/
(hangingwall) rock units associated with inherent
and or fracture porosity; example : base metal
mineralisation in Pound Subgroup and also
possibly on occasion the Parachilna Formation.

In studies carried out by Morris (1986), the

secondary anomalies are so obvious by virtue of
size and/or magnitude, that primary anomalies
are difficult to recognise. (See Figures 13 & 14)

It is evident that where exploration is focussed
on strong geochemical signatures without
detailed consideration of the palaeoweathering
environment and geological mapping there is a
high probability that primary mineralisation
could be overlooked.

Contemporary Geochemical Signatures

A contemporary weathering profile in limestone with
sphalerite/galena mineralisation is anticipated to
display the following effects and mineral
assemblages:

Surface:

Dispersal of zinc through surface drainage and
water table, retention of detrital galena and
anglesite, minor conversion of sulphides to
carbonates during wet periods; sphalerite,
galena, zinkosite, anglesite,
smithsonite/hydrozincite, cerussite.

Near surface subject to periodic drying:

Partial conversion of sulphides to carbonates,
loss of CO2 and H2S during dry periods;
sphalerite, galena, smithsonite/ hydrozincite,
cerussite/hydrocerussite, zinkosite, anglesite.

Oxidising zone of aqueous regime:

Extensive conversion of sulphides to carbonates,
precipitation of gypsum; smithsonite, cerussite,
(sphalerite, galena).

Reducing zone of aqueous regime:

Partial conversion of sulphides to carbonates
until all CO2 consumed; sphalerite, galena,
hydrozincite, hydrocerussite.

The above model illustrates the situations in which
pre-existing products of Tertiary saprolitic weathering
can be expected to remain stable, or otherwise be
partially/ completely converted to other minerals or
soluble products.

Given the high solubility of zinkosite relative to zinc
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carbonates, it is suspected that it is the main vehicle
for the widespread dispersion of zinc in soils and
drainage.  The relatively low solubility of lead salts
including anglesite will produce weaker and shorter
lead dispersion trains.

The detailed sampling of Morris (1986) confirms that
lead is likely to be the best near source indicator of
primary mineralisation which can be further focussed
using cadmium where it is sufficiently abundant. 
However these targets are small in the context of a
first pass wide spaced sample density. (See Figure 14)

Similarly, zinc and/or copper in combination with
iron/manganese appears to provide a broad base
sample target, usable to loosely rank anomalous
stratigraphic domains and helping to discriminate
dispersed secondary geochemical accumulations from
primary sources.

Detrital Minerals in Regolith and Streams

Detrital galena and willemite have been
recorded from stream samples in the Northern
Flinders Ranges. 

General indications of the chemical
behaviour of lead and zinc are that sphalerite should
oxidise more readily than galena.  Physical
weathering will release exposed primary sulphides
into the drainage system, followed by oxidation and
dispersal of zinc, leaving detrital galena and anglesite.
 This accounts for reports of detrital galena without
other sulphides in stream sediments of the Flinders
Ranges.

Galena

Galena and possibly sphalerite are known to
be present on exposed bedrock faces.  Such grains and
generally small veinlets are tightly bound with
minimal weathering and often occur with slight
upstanding relief.

Such mineralisation from bedrock and within
free incompletely weathered clasts from the C horizon
palaeo-regolith, released, since early Pleistocene time,
by physical processes has remained unoxidised due to
the persistently dry conditions and entered the
drainage.

The existence of the sulphide as free clasts at
surface has been reported from the Brachina region. 

Survival of such free material is dependent on a
general lack of gangue and probably enhanced by a
fine granular structure.

Anglesite

Anglesite produced by oxidation of galena
and physically eroded would, by virtue of its low
solubility and similar physical properties, tend to be
preserved in stream sediments close to its source. 
[Anglesite has yet to be recognised in stream
sediments in the Flinders Ranges.]

Recognition of detrital galena and/or
anglesite would imply that outcropping mineralisation
is probably present nearby.

Willemite

The recognition of willemite is no surprise given its
widely distributed occurrence and silicate
composition.  New explorers should be aware that
appropriate chemical digestion techniques can be used
to distinguish its presence in geochemical samples.

Geophysics

The performance of geophysical techniques in MVT
exploration has not been researched.  However there
seems to have been a general body of opinion that
electrical techniques seem to offer the best potential
for success.  Previous exploration (generally
unsuccessful) has utilised Gravity & Magnetic data,
and Self Potential, Induced Polarisation, and trial
VLF, and AFMAG, surveys and more recently
Sirotem.

The lack of general confidence with MVT
exploration probably stems from historical experience
in North America where ground conditions are
somewhat different.

Local experience from Morris (1986), where IP and
Sirotem signatures remain untested, suggests that
there are likely to be many geophysical anomalies
generated during surveys.  Meaningful geophysical
interpretation will therefore have to be cognisant of
the interplay of weathering and the geometry of likely
ore structures identified from mapping and
geochemistry. (See Figure 14)

The utilisation of more sensitive electronics and
computer processing/modelling of the data for these
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conventional techniques could be advantageous. 
Newer techniques such as Sirotem and CSAMT
technologies might also prove successful.  However,
advancement in this area is hampered by the lack of a
well documented deposit that can be used as a
geophysical testbed.  Perhaps the Eric Prospect could
fulfil this role if more was known about it.

EXPLORATION

Exploration interest in the Northern Flinders Ranges
dates from the early 1880's when small mines were
opened up by pioneer prospectors.  Such was the
activity that, in 1905, the Government Geologist
placed a mining reserve over the Bookartoo Ochre
deposit to protect this traditional resource of the
Aboriginal people.

This early impetus was short lived and activity was
relatively minor until changes in analytical technology
resulted in the widespread application of regional
geochemical sampling throughout the Northern
Flinders Ranges (Adelaidean & Cambrian units)
during the decade 1962-72.  These programmes by
and large clearly delineated the main anomalous areas
and confirmed the widespread occurrence of
mineralisation in the basal Cambrian.

Since that time explorers have periodically carried out
programmes predicated on a conceptual approach
rather than the previously used empirical basis. 
While new mineral occurrences were found,
economic deposits have remained elusive.

The lack of success in detecting even a modest
subeconomic resource and the recent addition of
environmental restraints have been discouraging for
explorers.  The underlying key element embodied in
proposing any exploration activity is the implicit
belief that the tract of land being considered is
inherently prospective.  The lack of successful
exploration experience in the Northern Flinders
Ranges during the last 30 years may have dampened
the enthusiasm of some explorers and led to a general
lowering of prospectivity perceptions.

The earlier portion of this report would appear to be
at odds with such perceptions and would, in a `green
pasture setting', give ample impetus to maintain
exploration.  Why has the information base been so
unrewarding?  It is now apparent that the lack of a
stratigraphic framework and the absense of the
palaeoweathering geochemical model may have

blocked exploration success.

To assess the possibility, that features, potentially
indicative of mineralisation, escaped the attention of
previous explorers, and provide a quasi post-audit of
previous exploration, systematic low intensity reviews
of public domain exploration literature were
undertaken.

Review Procedure

Initially exploration references were printout listed
from the SAMREF database for individual 1:250,000
scale map sheets using the search codes lead, zinc, &
Cambrian.  Subsequently the search was re-run and
full abstracts were `printed' to floppy disk with the
search code broadened to copper/lead/zinc/base
metals.

The files were then searched for lead and zinc
independently and a list of references potentially
relevant to Cambrian hosted lead-zinc was manually
compiled.  This listing was subsequently entered into
spreadsheet format. (See Appendix 2.1).

Microfiche copies of the references were scanned to
verify their relevance to MVT mineralisation. 
Pertinent geological descriptive information with an
emphasis upon indications of unrecognized 
palaeokarstic or palaeoweathering features was noted.

It is acknowledged that because explorers were not
particularly focussing on such aspects, the collection
of such information was probably incidental and thus
the degree of reliance/significance of such
observations is difficult to assess without field
verification.  However a number of aspects that at
least warrant consideration were identified.

The abstract information and manually collected notes
were amalgamated into a suite of summaries
presented in appendix 3.  The comments thereon
generally reflect opinions offered in the original
material, together with reviewer input, on potentially
relevant possibilities.

Johns (1972), Morris (1986), & Robertson (1988)
were treated as independent resources and used to
supplement/crosscheck the other data.

Appendix 2 is designed as an quick reference index
for the reviews in appendix 3.  The information is
filed by 1:250,000 map sheet and location, coded by
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Delamerian syncline cusp. (See Figure 15). Appendix
2.2 is provided to enable user manipulation by macro
sorting and edit/up-date of the index itself.

The location data, prospect locations, and other
features of MVT interest are presented on figures 18,
19, & 20.

Exploration Techniques

Geochemistry

A brief examination of appendix 2.1 shows that the
most generally applied exploration technique has been
stream sediment surveys, closely followed by soil and
rock chip sampling.

These geochemical programmes appear to have been
predicated on the assumption that economically
significant mineralisation would give rise to strong
anomalies and be self-evident from follow up field
examination.  They successfully delineated
anomalous regions in the Lower Cambrian sequences
and identified high background to weak
mineralisation at a number of localities.

However application of statistical discrimination
methods seems to have been strictly empirical without
due consideration of the stratigraphic influences on
the data set.  Background levels for metals in
individual units do not seem to have been correlated
with soil or stream sediments.

Utilising a restricted data set from a distinctly
anomalous terrain generates the dilemma of
recognising only high `nugget effect' type spikes or
secondary features within an anomaly, such as
weathering effects.  A broad based data set on the
same basis may lead to indefinite results due to the
mixing of statistically different populations.  Ranking
of geochemical anomalies without using other
information to establish a balance between the two
above cases is difficult.

Geological Mapping

The work of Gravestock and Clarke on the
stratigraphy of the region (Section 3.2.2, Appendix
1.3) and Morris (1986, REV. 1PU, Appendix 3.2)
indicates field mapping is likely to be a significant
exploration tool.

Around 50 % of references contain field generated

maps at scales of 1:5000 and 1:10,000 (approx.), but
very few provide text descriptions of maps or
stratigraphic features (an aspect that is also reflected
in the SAMREF abstracts).

Target Assessment

Clearly, the value of correlating between geology and
geochemistry has not always been appreciated and
exploration potential was frequently assessed by early
explorers on geochemistry alone.

Targets that were considered to be of merit were
inevitably the strongest geochemical features but,
given the aspects described on pages 19-21, this
approach could with the benefit of hindsight be
compared with the analogy of looking for iron ore
without assessing the relevance of secondary laterite
in the sample set.

The probability of selecting a primary MVT
geochemical anomaly in the Northern Flinders
Ranges, on stand alone empirical geochemical
criteria, for detailed follow up must be relatively low.
 It follows that an early exploration success without
systematic drilling of a very large percentage of all
the encountered geochemical anomalies is
improbable.  It is therefore not surprising that the
exploration success rate has been disappointing to
date.

Reducing the odds in future programmes will of
necessity require proper utilisation of geological
mapping and a more sophisticated treatment of
geochemical data.  This could be possibly achieved
using the current data set.

Innovative Changes

The first attempt to generate a workable geochemical
data set for the region was initiated by CRAE who
carried out a large stream sediment survey that is
presented in SADME ENV. 975, REV. 8PG, This
survey was post-audited by and extended by North
Flinders Mines N.L. in SADME ENV. 1229, REV.
12PG.

One notable attempt to use geology as a targeting tool
by BHP/Dampier Mining was partially successful. 
The focus of the work was palaeokarstic breaks in the
stratigraphic record.  This work which was
geologically invaluable, is presented in SADME
ENV.s 3427, REV. 29PDB & 3722, REV. 30PF, and
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led to a sustained BHP exploration presence in the
region.

The encouragement of the stratigraphic approach
adopted by BHP stimulated the SADME to examine
the Lower Cambrian within the Flinders Ranges
National Park.  This work, (publicly available as
SADME REPT. BK. No. 86/18. (Morris 1986), REV.
1PU), is a comprehensive documentation of
geochemical and geological data that is adequate for
anomaly classification and meaningful exploration
targeting.

A minimum standard of workmanship similar to the
integrated approach adopted by Morris is probably
essential for future exploration to be successful.  With
the introduction in time of new exploration skills,
such as the discrimination of alteration haloes, and
more sophisticated geophysics, the chances of
detecting primary MVT mineralisation will be much
improved on a few years ago.

To illustrate the role of field mapping figures 16 and
17, originating from SADME ENV. 8071, REV. 37PF
and ENV. 8072, REV. 36PD respectively have been
included in this report.

The Eric Prospect as presented in figure 16 is
an amalgamation of Union  Minere, Electrolytic Zinc,
and BHP/Dampier Mining data that has been re-
interpreted.  The evidence was recast on the basis of
elementary field observations

1) The small `diapirs' mapped by BHP were
stratabound without any deformation of the
surrounding/enclosing Wilkawillina Limestone
and are in fact siliceous karstic deposits.

2) Irregularities in the bedding patterns mapped by
UM corresponded with colour changes that
indicated cyclic interchange of reducing/
oxidising conditions during sedimentation. 
Probable sea level oscillation with near shore
exposures resulted in disconformities within the
sediments. 

3) The most evident oxidation related break
coincides with a trail of patchy secondary iron
oxides and occupies a weak cuesta saddle in the
southern part of the prospect.

4) Overlay of rock chip surveys by UM (north) and
BHP drilling (south), shows that the strong lead-

zinc anomaly in the north and the strongest
mineralisation which occurs entirely within the
saddle in the south, are one and the same feature,
associated with the stratigraphic break.

5) It was concluded that the primary metal source
was an east dipping surface within the
stratigraphy that had not been previously
recognised.  Failure to consolidate the geology to
the topography and drilling data had concealed
the fact that drilling to the east had terminated in
the hanging wall.

6) Furthermore the mineralisation `cropped out' as
an erosively weak clayey material with up to ≈ 1
% combined metals with minor/trace of
iron/manganese residues, enclosed by weak
footwall/hanging wall mineralisation in massive
limestone of up to 1000 ppm combined metals. 
Very low zinc values associated with high lead
are considered to be the result of leaching and
not a reflection of primary mineralisation.

At the Old Wirrealpa Spring location illustrated in
figure 17 BHP had previously carried out rock chip
sampling that indicated lead-zinc enrichment of the
Wilkawillina Limestone just to the south of the creek
and spring.

The map is original work, which recognised for the
first time the likely field expression of palaeokarsts at
Wirrealpa and confirmed the importance of `negative'
type signatures, as previously recognised at Eric.

The main aspects of the map are:

1) The disconformable boundary between the
Parara and Wilkawillina limestones is the
Flinders Unconformity.  Irregularities in this
palaeosurface are clearly defined on the map
and in the field various minor features are to be
found from place to place.

2) The ovate structure in the upper middle of the
map within the Wilkawillina Limestone is an
obvious depression within a prominent
limestone ridge.

The depression has nearly black iron/
manganese massive/breccia rim deposits around
the southern, eastern, and northern sides.  It is
occupied by gravelley yellow clayey soils with a
weakly developed soil profile.  The same
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feature is also a nearly treeless vegetational
anomaly and reports moderately anomalous
lead-zinc at surface.

3) Toward the southern end of the ridge outcrop
continuity is broken but there is no depression. 
In this case the surface is a mixture of soil and
rubbly ?sub-cropping honey coloured jaspery
material.  Some is banded and is very similar to
parts of the small `diapirs' described from the
Eric locality.  Drill hole DDB 1 was collared
from the west across the northern edge of this
area in such a manner as to lead to the
expectation that massive limestone below the
Flinders Unconformity would be intersected
within a very short drilling interval of about 5
m.  However this was not the case and the pre-
collar intersected weathered unconsolidated
vuggy ground with manganese staining for an
extra 15 m.  The feature is clearly not
superficial and was probably an infilled trough
shaped depression on the`Flinders
Palaeosurface' before the deposition of the
overlying Parara Limestone.

Both of the latter features were probably solution
palaeokarsts, the foremost remaining intact and the
latter probably collapsed.

Other Methods

Exploration for MVT deposits in the past has used
costeaning, drilling, and geophysics.  The results of
these methods are, in the first instance, primarily a
reflection on initial target selection criteria. 
Inherently their ultimate effectiveness rests on the
prior integration of geological and geochemical
knowledge as discussed above.

In some instances systematic geophysical surveys
have been run but without a geologically based ore
model to work to, their effectiveness has to be in
doubt.  In such cases the data were probably also
interpreted in isolation from geological input.

It is acknowledged however, that at Ediacara ENV.
1246, REV. 35CREA attempts were made to
construct meaningful geophysical models but the
physical nature of this deposit appears to be atypical
of other locations and it would appear to be unwise to
assume similarities at the present time.

Systematic induced polarisation surveys were also
carried out by Morris (1986), but unfortunately
circumstances have not allowed for follow up drilling,
with the result that proper evaluation of the anomalies
generated is not possible.

Regional Domains

Substantial erosion of the Adelaide Geosyncline has
resulted in the restriction of the Cambrian sequence to
major Delamerian fold cusps.

To facilitate geographic relativity to exploration work,
each of these main structures has been assigned a
name on figure 15 and all the references within
Appendix 2 have been coded accordingly. 
Names have been assigned to macro structures rather
than individual fold axes perse.  In most cases the
feature is also present in the Adelaidean stratigraphy. 
Some names are from existing literature and others
are new.  However, where names have been
previously assigned a limited spatial definition they
have not been knowingly used.

Copley Sheet

Cadnia Syncline

The Cadnia Syncline is a 38 Km long EW (Mt Hack-
Puttapa) synclinal trough with plunge reversals.  The
Cambrian sequence occurs in 4 separate elongate
basins with a maximum width of about 3 Km.  The 
eastern termination is named the Mt Hack Syncline.

Exploration reports have commonly focussed on the
Black Range Springs and Sliding Rock mine areas.

In the Black Range Springs area the Flinders
Unconformity has been recognised during mapping
but its relevance to the distribution of mineralisation
does not appear to have been considered by previous
explorers.

Disseminated galena with associated sideritic
alteration has been recorded from the Wilkawillina
Limestone.  Nearby, where zinc mineralisation is
associated with hematitic alteration in both the
limestone and an adjacent fault-bound diapiric
breccia, willemite is inferred.  This locality provides
an opportunity for studying the relationship between
MVT and later Delamerian willemite mineralisation.
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Within a few kilometres of the Sliding Rock mine
several iron/manganese oxide bodies with
significantly elevated zinc concentrations were
investigated by drilling but the results are of
indeterminate significance due to limited analytical
data.  Close to the Sliding Rock mine is a stratabound
zinc geochemical anomaly.  The stratigraphic
relationships of all these features warrant assessment.

The association of iron/manganese oxides with zinc
enrichment at both Black Range Springs and Sliding
Rock suggest that secondary palaeoweathering
dispersion may have occurred.

Donkey Bore Syncline

The northern portion of the Donkey Bore Syncline, a
NW trending syncline located in the middle south of
the map sheet, has received little detailed field
exploration beyond regional stream sediment surveys
and regional mapping.  Prominent geochemical
anomalies (old criteria) appear to be absent or were
regarded as `sourceless'.

Ediacara Syncline

The Ediacara Syncline, a small NS elliptical cusp
located in the southwestern portion of the sheet,
occurs as a Cambrian outlier on Adelaidean basement
surrounded by Cretaceous-Quaternary deposits.

Exploration interest has been intensive and the
structure has been systematically studied by drilling
and geophysics.  Mineralisation appears to be breccia
related lead with little zinc.  The breccias seem to be
intra-formational in origin and probably represent
debris sheets shed from the exposed coastal platforms
to the SE (Flinders Unconformity).

However, Tertiary-Recent palaeoweathering effects,
on what appears to be horst ridge, seem to have
obscured some aspects of the primary geology.  The
absence of substantial zinc and an abundance of
iron/manganese oxides are suggestive of supergene
re-working of primary mineralisation.

A small resource has been defined but the work done
to date implies that the major increase in tonnes/grade
for commercial development is highly improbable
within the precincts of the exposed basin.

Attempts to find additional resources to the south and
north under shallow cover have so far been

unsuccessful though this exploration option should be
re-considered depending on the demonstration of a
viable geophysical technology.

Aroona & Ajax Synclines

These two structures are located to the west of the
Cadnia Syncline and are juxtaposed against the
Norwest Fault and Beltana Diapir.

The Puttapa Willemite deposit, located in the Ajax
Syncline adjacent to the Beltana Diapir, is the only
recently worked zinc (lead) deposit in the Flinders
Ranges.  Mineralisation is clearly epigenetic and post
Delamerian.  There are no recorded indications of
pre-cursor MVT mineralisation.

The Emu Prospect is located in the Aroona Syncline. 
Solution brecciation in the basal section of the middle
unit of the Ajax Limestone may be of palaeokarstic
origin.  Siliceous hardground intersected under cover
may be a silicified palaeokarst deposit within the Ajax
Limestone.  Strong zinc enrichment of
iron/manganese oxides is indicative of Cretaceous-
Tertiary palaeoweathering geochemical dispersion.

Given that movements of the Norwest Fault were
probable during Cambrian sedimentation, the
sedimentology is likely to locally reflect such events
and the observed probable palaeokarst surface may be
of restricted extent and unrelated to the Flinders
Unconformity.

This locality near the inferred margin of the Cambrian
platform in combination with its structural setting
should be regarded as sedimentologically favorable
for MVT mineralisation.

Narina Syncline

The Narina Syncline is oriented NW and parallels the
Donkey Bore Syncline to the southwest.  Exploration
has been similar to that of the northern Donkey Bore
Syncline, being mainly stream sediment surveys with
minor follow up.

Several stream anomalies should be re-investigated
from the stratigraphic perspective.  Particular
consideration of the area to the west of Mt. Brook and
the phosphate occurrences near "Point Well"  could
be informative.
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The recognition of detrital galena released into the
drainage system from the underlying Adelaidean
Bunyeroo Formation is worthy of investigation from a
MVT standpoint and should be taken into account
when stream sediment geochemistry is being
assessed.

Nepabunna/Mt. Serle Synclines

The Nepabunna Syncline, located in the mid NE of
the sheet, is a broad EW structural basin that includes
several parallel fold axes.  The southern-most axis
extends from Italowie Gorge west to Mt. Jeffery.  The
western finger-like structure is otherwise named the
Angepena Syncline.

In the west, stream sediment surveys led to the
recognition of iron/manganese oxide associated metal
enrichments that were discounted by previous
explorers except for the minor occurrence of
mineralisation at Castle Rock.  While the influence of
palaeoweathering on first order geochemical
anomalies was clearly recognised by previous
explorers, secondary anomalies potentially associated
with favorable MVT sites do not seem to have been
examined.

In the east, a 15 km long strike related stream
sediment lead anomaly occurs to the west of Italowie
Gorge.  Iron/manganese oxides associated with a
clay/silt band in the same general area carrying up to
3,500 ppm Zn have been reported and could
potentially represent the weathered residue of
mineralisation.  Mineralisation in a biohermal reef has
also been reported.  Field inspections to establish the
relationship of these features to local and regional
stratigraphy is required.

In the central portion of the syncline is the Eveline
Copper mine which appears to be fault related within
the basal part of the Wilkawillina Limestone.  Lead is
more abundant than zinc in the ore but this is
probably of little MVT relevance since it is likely to
be of Delamerian age.

The Mt. Serle Syncline, now restricted to a localised
graben inlier, was probably formerly part of the
Nepabunna Syncline.

Here, an intraformational breccia with anomalous
levels of copper and lead has been recognised in the
Wilkawillina Limestone.  Leaching associated with
silicification and ferruginisation was also recorded. 

The breccias could be worthy of MVT related
sedimentological study.

Red Range Syncline

The Red Range Syncline is located on the western
flank of the Flinders Ranges in the central west of the
sheet.  Only the locally down faulted eastern limb is
exposed.  The bulk of the structure lies to the west
below superficial cover.

Exploration has hitherto been restricted to exposed
Ajax Limestone which is deeply weathered. 
Moderate geochemical concentrations of zinc are
generally associated with iron/manganese oxides at
surface where limited drill testing has never
penetrated below the base of weathering.

At Puttapa Creek clays reported to carry up to 1 % Zn
and 0.5 % Pb that could fit the MVT weathering
expression model, resulted in the premature
abandonment of drill holes.  Such a setting should be
thoroughly re-investigated.

This region is probably a suitable location for field
investigations into the redistribution of lead-zinc
during palaeoweathering, since remnants of the
weathering profile remain.

Arrowie Syncline

The Arrowie Syncline is a broad EW structure located
in the south eastern portion of the Copley Sheet.

Exploration has been generally focussed around the
Moro Gorge area at the eastern end of the syncline
where the relatively localised NS Balcanoona
Anticline is located.  Anomalous zinc concentrations
have been recorded from iron/manganese `gossans'
along the basal Wilkawillina Limestone and
Parachilna Formation contact which is sometimes
obscured by extensive scree cover.

Drilling of some features found weak and crumbly,
deteriorated host rocks where sample recoveries were
poor.  Such zones may represent the weathering
expression of mineralisation and need to be re-
examined in that context.  In other cases such small
targets were selected that minor deviation from an
assumed simple geometry could have resulted in
intercept failure.

There appears to be a substantial interval of
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geochemically anomalous Parachilna Formation along
the western side of the Balcanoona Anticline that has
never been thoroughly investigated.

At Moro Gorge dip slopes with `lateritic' deposits up
to 6 m thick carry up to 5000 ppm Zn.  This geometry
bears a similarity to the Eric prospect.

Given the evidence of weathering to depth and the
presence of the anomalous iron/manganese oxide
accumulations a thorough work-over of the historic
data and a mapping programme to establish the
stratigraphic relations of the features appears
warranted.  Particular attention to palaeokarstic
surfaces is required.

Mt. Frome Syncline

See Parachilna Sheet.

Adelaidean Hosted LZ

Both the O'Donohue Castle Mine located in
Skillogalee Limestone due west of "Wooltana" and
the Patawarta Zinc Prospect in Bunyeroo Formation
on the southwest flank of the Narina Syncline appear
to have some aspects that may be genetically related
to MVT mineralisation and therefore warrant
followup.

Parachilna Sheet

Balcoracana Syncline & Bunkers Graben

The Balcoracana Syncline is a major structure located
in the mid NW of the Parachilna Sheet.  Tectonically
it is the SE continuation of the Donkey Bore and
Narina Synclines to the north of the Wirrealpa Diapir.
 This macro feature is probably the upward imprint of
the Norwest Fault structure within the Delamerian
fold belt.

The Bunkers Graben is a northeasterly trending pre-
Delamerian palaeostructure which was active during
Lower Cambrian deposition. It probably transected
the "syncline" and influenced sedimentation at Mt.
Chambers to the NE.

The area is largely concealed by Tertiary-Recent
cover units of variable thickness.  Limited drilling
indicates that much of the cover conceals units of the
Middle Cambrian sequence which overly the Hawker
Group and the probability of finding economic MVT

mineralisation is considered to be low.  Exploration
interest has therefore been focussed about the rim of
the structure, particularly where the Hawker group is
exposed around the NW of the structure adjacent to
the Bunkers Range and in the north near Mt. Lyall.

Exploration has been based on stream sediment
surveys followed up by rock chip surveys.  These
programmes led directly to the discovery of the Third
Plain willemite and Linda MVT prospects.  However,
the "blind" application of statistical definitions to
`anomalies' clearly inhibited the ability of early
explorers to recognise empirically the relationship of
mineralisation to stratigraphy.  This delayed the
detection of the Linda Prospect for an extended
period (See page 18).

The Old Wirrealpa lead mine has also been
investigated by explorers.  The mineralisation seems
to be related to the contact between the Wilkawillina
Limestone and the adjacent Wirrealpa Diapir.  While
it is clear that the diapir pre-dates the Hawker Group,
Delamerian induced disruption of the contact zone is
likely and a clear cut case for a MVT origin cannot be
made.

The Third Plain willemite prospect occurs in the
Wilkawillina Limestone and is marked by a halo of
pervasive hematitic alteration.  Evidence of local
precursor MVT mineralisation appears to be absent. 
Drilling indicates that the mineralisation is erratic
which coupled with its small size makes the deposit
sub-economic on a stand alone basis.

The literature reports geochemical anomalies
associated with iron/manganese in the Mt. Lyall area
which appear to be `sourceless'.  Since the
stratigraphic aspects do not appear to have been
assessed mineralisation with a negative expression
may have been overlooked.  Followup is required.

Since the stratigraphy of the Wilkawillina Gorge area
(Bunkers Graben) has been mapped in considerable
detail by Clarke, an assessment of the available
geochemical data could be an invaluable technical
resource for explorers. (See Figures 9 & 10).
Since a major portion of this specific area lies within
the Flinders National Park such work would have to
be carried out on a research basis separate from
normal exploration.



F03805.AWN

30

Narina Syncline

The southern continuation of the Narina Syncline
from the Copley Sheet is located in the central north
of the Parachilna Sheet.

Extensive mapping programmes by B. Daily and
University students have used the southern portion of
the Narina Syncline for stratigraphic analysis and
palaeontological studies of the Lower Cambrian
Hawker Group.  These studies provided the
foundation for the palaeofacies models developed for
the entire province.  The local interfingering of
coastal conglomeratic facies sourced by the Wirrealpa
Diapir and the Wilkawillina/Parara Limestone facies
is well documented. (References on this work are
incorporated into Appendix 1.3)

Exploration in the Narina Syncline has been mainly
confined to stream sediment surveys.  No significant
prospects were identified but scout drilling was
undertaken near "Narina" and due north of Mt. Lyall.

Regional mapping showed that the Flinders
Unconformity was recognisable around the basin cup.

Donkey Bore Syncline

The Donkey Bore Syncline is located in the mid north
of the Parachilna Sheet.  It is separated from the
adjacent Narina Syncline by the Donkey Bore Ridge,
an anticline with a diapiric core zone.

The Donkey Bore Ridge is probably an upward
imprint of the Norwest Fault structure that influenced
both diapir injection and subsequent sedimentation.

The Flinders Unconformity is well exposed along the
western side of the Donkey Bore Ridge where on-lap
of Wilkawillina Limestone by Parara Limestone is
clearly recognisable.

Stream sediment survey follow-up resulted in the
detection of lead-zinc mineralisation along the
Flinders Unconformity beneath the Parara Limestone.
 The surface indications were validated in the general
sense by drilling, although optimum targeting did not
occur.

Later work by this author applied the palaeo-
weathering concepts described on pages 18-19 and
recognised a number of features worthy of follow-up.
 (See Figure 17, Review 36PD, ENV. 8072)

Elsewhere to the south the Lower Hawker Group is
truncated along the faulted contact with the Wirrealpa
Diapir.  In the west exploration has been less intense
but some scout drilling has been undertaken near
"Erina Waters".  The Flinders Unconformity was
mapped out around the structure.

Of potential interest from the stratigraphic standpoint
is the Eregunda Graben in the SW of the syncline that
has some gross similarities to the Bunkers Graben. 
Since this structure could be of Lower Cambrian age
and may have some localised sedimentological facies
features favorable to MVT deposition, a review of
previous mapping and field inspection is desirable.

Mt. Frome Syncline

The Mt. Frome Syncline, oriented NS, is located in
the upper mid NE of the Parachilna Sheet and extends
on to the adjacent Copley Sheet to the immediate
north.  Only the western limb is exposed, the eastern
portion being ?down faulted and concealed by
Tertiary-Recent cover units.  Stratigraphic
subdivisions have not been published.  Currently such
data are in the uncollated form of University theses
and exploration reports.

Local Stratigraphy

Mapping has subdivided the `Wilkawillina Limestone'
as shown on the Parachilna Sheet into the
Wilkawillina Limestone, Parara Formation, and the
locally defined units, the Moorowie and Mt.
Chambers Formations at the top of the succession.

The Wilkawillina Limestone overlies a thin band of
Parachilna Formation and has been internally
subdivided into upper and lower members in the
neighborhood of the Mt. Chambers copper prospect
where the upper/lower boundary matches the inferred
palaeokarst break at the Eric prospect.  (See page 24).
 Some investigators recognise the Woodendinna
Dolomite member within the lower unit.

The Parara Limestone has also been subdivided into
upper and lower units separated by the Bendieuta
Formation.

The Mt. Chambers and Moorowie Formations are
probably equivalent.
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Exploration

Stream sediment surveys resulted in the recognition of
new lead-zinc concentrations near the Mt. Chambers
copper prospect and at Mt. Chambers Gorge
(additional to the nearby abandoned Moorowie
copper prospect).

Mineralisation at the Moorowie copper prospect
appears to be controlled by strike faults which
coincide with intraformational breccias.  Silicification
is present.  The structural setting suggests possible
metal mobilisation associated with the faults but the
host rock is probably of sedimentary origin.  Given
that silicification is not necessarily hydrothermal, a
definitive origin is unavailable.  Precursor MVT
mineralisation remobilised at a later time is possible.

To the north, a megabreccia at Mt. Chambers Gorge,
detected during followup to stream sediment surveys,
contains up to 7 % zinc.  The lithology may be a fore-
reef talus deposit and therefore should be regarded as
a MVT host environment of significant potential. 
Field examination is therefore warranted.

To the south near the Mt. Chambers copper workings,
extensive rock chip sampling programmes were used
to follow up strong lead-zinc stream sediment
signatures (4000 ppm Pb & 6000 ppm Zn).  The early
work was followed up by drilling that detected only
weak to trace level mineralisation in the vicinity of
the copper workings.

Subsequent reappraisal and more intense drainage
sampling improved anomaly definition.  An area of
poor outcrop within the Wilkawillina Limestone
became the focus of a drilling programme based on
the model that this anomalous tract was the
expression of a concealed palaoekarst feature
described as a polje.  The locality was named the Eric
prospect.  In the event the geochemical signature
proved to be a superficial effect except along its
eastern extremity where clays averaging around 1 %
Pb with variable Zn up to 2300 ppm, were
consistently encountered.

A second re-appraisal of these data established that
the 1 % zone was the southern expression of
mineralisation previously defined by rock chip
geochemical signatures and initial drilling
programmes.  It was concluded that mineralisation
was probably focussed along a nearly flat eastward
dipping stratigraphic interface and the strong

geochemical signature to the west was of secondary
eluvial dispersion origin.

This re-interpretation of the data was precluded by the
impression of an eastern boundary to mineralisation,
that arose from shallow drilling, collared at an
increased elevation which terminated above otherwise
open mineralsiation within the eastern hanging wall. 
(See section 5.1, Innovative Changes, Page 24 &
Figure 16)

Subsequent limited test drilling by SADME in the
northern more accessible but less strongly mineralised
section of the Eric prospect supports the proposed
model (RB 91/101, REV. 38PF).  More drilling is
required.

Reaphook Syncline

The Reaphook Syncline, located close to the SW
corner of the Balcoracana Syncline in the mid east of
the sheet, is oriented NS and comprises two separate
closures due to variable axial plunge.  Similar to the
Mt. Frome Syncline to the north, the eastern limb of
this structure is concealed by Tertiary-Recent units.

In this area the Hawker Group is only represented by
the Parachilna Formation and Wilkawillina Limestone
below the overlying Billy Creek Formation.  This
contact is probably the local expression of the
Flinders Unconformity reflecting the depositional
hiatus on the Eastern Shelf recognised by Gravestock.
(See figure 5).

Initial stream sediment surveys led to the recognition
of vein mineralisation in the Wonoka Formation 
(Adelaidean) to the north and strata related secondary
iron/manganese related zinc mineralisation in the
Parachilna Formation and lowermost Wilkawillina
Limestone in the south.

Detailed field work combined with drilling showed
that while patches of high grade zinc phosphate
(scholzite) are entirely superficial, modest sustained
levels of zinc grading about 0.2 % are persistently
present to depth and along strike within both the
Parachilna Formation and Wilkawillina Limestone.

Evaluation of the prospective stratigraphic interval is
hampered by scree and alluvial/eluvial cover, which
may be in part a residual palaeosoil profile.



F03805.AWN

32

The mineralised zone appears to be related to the
development of vugs and is accompanied by a brown
dolomitic alteration.  Depressions on the upper
surface of the Wilkawillina Limestone  infilled Billy
Creek Formation (Flinders Unconformity) are
probably associated palaeokarsts.

The report of residual pisolitic laterite, and the
secondary mineralisation features (in particular the
scholzite patches) suggest Tertiary saprolitic
weathering has affected the present day exposures.

The weak zinc mineralisation in the Wilkawillina
Limestone is both stronger and broader than the 1000
ppm halo recognisable at the Eric prospect.  Given the
comparatively steep dip (compared to Eric) the
surface expression of a fully decomposed ore zone
may be less than a metre wide at surface, and may
remain unrecognised within the already defined 600 x
1200 m halo at the Reaphook Hill prospect.

A review of detailed field mapping and a field
inspection seeking negatively expressed mineralised
stratigraphic features is essential.  Concurrent
consideration of definitive palaeokarstic features
should also be undertaken.

Detailed petrological study of the dolomitic alteration
seeking to separate palaeokarstic, and MVT related
dolomite, if successful would show that such aspects
can be recognised even with superimposed Tertiary
weathering affects.

Bunyeroo Syncline

The Bunyeroo Syncline is a strongly developed NS 35
km long fold along the western flank of the Flinders
Ranges in the mid west of the map sheet.  Only the
eastern limb of the structure is exposed, the western
limb being covered by Recent deposits.

The Parara Formation and Oraparinna Shale are very
thin to absent and the Billy Creek Formation is
commonly deposited directly upon the Wilkawillina
Limestone at the Flinders Unconformity. In the south
in the Bunyeroo-Brachina area the upper units of the
Middle Cambrian sequence are also present.

Following stream sediment surveys widespread
mineralisation was detected along much of the eastern
limb.  Progressively, more detailed geochemical
surveys and investigations were undertaken by
companies including drilling, until the Flinders

Ranges National Park was declared.

Subsequently SADME carried out a thorough surface
examination of the mineralisation and its expression
within the lower Wilkawillina Limestone. 
Unfortunately some of the value of this effort cannot
be fully realized until duplicate geological conditions
are found where subsurface testing by drilling is
permissible.

This work, reported by Morris (1986) is briefly
summarised in review 1PU.  Aspects of MVT
exploration discussed on pages 17-21 use these data
and since the area is effectively unavailable for
exploration, no further detailed consideration is
offered here.

Mernmerna Syncline

The Mernmerna Syncline, a major NNE-SSW
oriented fold, is located in the SW of the map sheet. 
For the most part the Cambrian sequence lies
concealed beneath superficial Recent deposits except
for the northern closure in the vicinity of Mt. Aleck. 
In the northern part of the structure the Hawker Group
is overlain by the Billy Creek Formation.

Early stream sediment surveys led to the recognition
of a `gossan-like horizon in the basal Cambrian' in
southern portion of the eastern limb.  Subsequent
work names the Vanessa prospect from the same
general vicinity where mineralisation is fault related.

Regional mapping indicates that the Parara Limestone
is relatively thin and that the Billy Creek Formation
was deposited in the absence of the upper Hawker
Group units as occurred in the southern Bunyeroo
Syncline a few kilometres to the north.  Although not
documented, it is inferred that the Flinders
Unconformity corresponds to the Parara/Wilkawillina
contact.

Given the stratigraphic similarity and the multiple
lead-zinc mineral occurrences of the nearby Bunyeroo
Syncline, the Mernmerna area should be prospective
and a detailed review of the geochemical data in
combination with a new mapping programme could
be productive.

Kanyaka Syncline

The Kanyaka Syncline, oriented NE-SW, is a simple
fold with a 65 km long strike located in the mid south
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of the sheet that continues on to the Orroroo sheet to
the south.

Stream sediment survey followups have noted lead-
zinc enrichment associated with ocherous clays and/or
iron/manganese oxide accumulations.  It appears that
little additional work has been undertaken.

Review of the data and field mapping to place the
known geochemical anomalies into a proper
stratigraphic context is required.

(See also Orroroo Sheet)

Yappala Syncline

The Yappala Syncline is a lesser fold co-joined to the
Kanyaka Syncline, to the SW of Hawker, near the
southern boundary of the map sheet.

Stream sediment surveys were undertaken without
significant results.

Warrakimbo Syncline

The Warrakimbo Syncline is a small down faulted
feature in the SW corner of the map sheet on the flank
of the Flinders Ranges.

Stream sediment surveys indicate the presence of
anomalous lead-zinc in the basal Wilkawillina
Limestone/Parachilna Formatiion but no detailed
follow-up appears to have been carried out.

Cotabena Syncline

The Cotabena Syncline, located to the west of the
Mernmerna Syncline, is only recognised in the
subsurface below Recent cover and consequently
remains unexplored.

Orroroo Sheet

Mt. Ragless Syncline

The Mt. Ragless Syncline, located in the NW corner
of the map sheet is a compound fold of arcuate
outline.   Much of the structure is concealed by
Pleistocene-Recent deposits.

Stream sediment surveys indicated that the Lower
Cambrian was regionally anomalous over a strike of
27 km.  Followup work showed that the

mineralisation was concentrated in the Parachilna
Formation and basal 100m of the Wilkawillina
Limestone where  iron/manganese oxide bodies were
commonly present.

Subsequent detailed exploration identified the old
workings at Donnelly's/Comstock (iron oxide) and 
Mt. Arden & Radford Creek (copper) as potential
lead-zinc prospects.

Costeaning, drilling and geophysical surveys were
undertaken at these sites and just to the south of Mt.
Ragless.  High variability in the distribution of lead-
zinc in the near surface and to depth as secondary
minerals is evident.  The near surface enrichment and
superficial character of the iron/manganese deposits
suggests substantial redistribution of metals during
weathering processes.

Jasperoidal ironstones associated with drag folds,
located in the core of the syncline, were found to
contain appreciable zinc.

No detailed stratigraphic data appear to be available
and the drill targeting seems to have been focussed on
the superficial iron/manganese masses.

The geochemical information needs to be collated
with detailed surface mapping because the open hole
drilling is unlikely to have reliably sampled any
thoroughly decomposed ore zone even if intersected. 
The significance of the geophysical survey results can
only be addressed after such work.

Kanyaka Syncline

The Kanyaka Syncline is a major fold that extends a
relatively short distance on to the map sheet from the
Parachilna sheet to the north.

Stream sediment surveys identified the Kanyaka
copper workings and environs as being lead-zinc
anomalous but dispersion trains in streams were
demonstrated to be short.

Detailed work using costeans and drilling showed that
significant concentrations of zinc both accompanied
the secondary copper minerals and occurred
separately within the Parachilna Formation.

Similar low grade lead-zinc was also indicated 7 km
to the north of the workings in Parachilna Formation.
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Little attention was given to the Wilkawillina
Limestone.

The geochemical data need to be reviewed as
described for the nearby Mt. Ragless Syncline.

Stepping to Discovery

The regionally based assessment outlined above and
detailed within the reviews of Appendix 3, coupled
with the new ideas on MVT emplacement, local
facies stratigraphy, palaeokarstification and the
impacts of Cretaceous-Tertiary tropical and
subsequent semi-arid weathering processes
consistently point to justifying a systematic collation
of existing data with new mapping wherever
indications of mineralisation are present.

The Lower Cambrian regional stratigraphic model
developed by Gravestock has limited implication for
in-field geological mapping perse which should be
assembling raw factual data, excepting that the nature
of the information being sought should be relevant to
it.  The stratigraphic model could, however, be
profoundly important in the ranking of areas and
exploration targets.

This report demonstrates that MVT mineralisation
processes were actively in place during the Lower
Cambrian and the potential source and depositional
criteria for significant deposits did occur.

Furthermore it examines and explains why
exploration to date has not been capable of thoroughly
testing the prospective environment and outlines some
relatively simple and economic steps that can be taken
to enhance our understanding and lead to discovery of
a commercial MVT deposit in the Northern Flinders
Ranges.

New initiatives designed to test the concepts
presented and identify key indicators of MVT
mineralisation such as alteration diagnosis would be
invaluable.

Similarly a geophysical technique of proven
reliability in this setting would be a useful adjunct.

CONCLUSIONS & RECOMMENDATIONS

Conclusions

• Stratigraphic modelling by Haslett (1975) and

Gravestock recognises the existence of a deep
northern basinal region which fulfils the
requirement for a basin dewatering metal
bearing brine source.

• Stratigraphic facies reconstructions by
Gravestock and Clarke, when coupled with
generally available data on structure, provide
adequate opportunity for the focussing of
potential MVT brines into favourable sites of
emplacement.

• Detailed studies at Linda prospect by Jenkins
unambiguously indicate MVT mineralisation
did occur there and by extrapolation was a
widespread event in the basal sequence
probably just before the deposition of the Billy
Creek Formation.

• There is a reasonable possibility that minor
MVT mineralisation may have been introduced
into underlying Adelaidean  units such as the
Wonoka Formation.

• a) Willemite is deposited from relatively
warm geothermal brines and is unlikely to
be a weathering product derived from
sulphide oxidation.

b) Willemite mineralisation and possible late
sulphide remobilisation in MVT deposits
occurred during the Delamerian orogeny.

• Detailed local and regional stratigraphic
mapping designed to establish the facies and
structural geometries of potential mineralisation
pathways and ore entrapment sites is an
essential step in assessing exploration potential.

• Tertiary palaeoweathering, that may have
deflected historical exploration to focus on
secondary dispersion signatures, needs to be
considered at both the planning and assessment
stages of field programmes, particularly in
respect to physical and geochemical mapping.

• At the commencement of a new exploration
initiative, a thorough work-over of historical
geochemical data coupled with a field mapping
programme to record stratigraphic facies
settings and negative palaeoweathering features,
 supplemented by specific purpose sampling, is
essential.
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• Early validation of a geophysical method for
detecting primary mineralisation in this region
would be invaluable to explorers in this
environmentally sensitive area of South
Australia.

• Investigation into the development of a viable
routine methodology for the typing of dolomite,
to permit the identification of possible MVT
mineralisation alteration  haloes could result in
an invaluable exploration tool.

Recommendations

• Future public domain support to encourage
exploration should seek to identify a MVT test
prospect for :-

a) Validating the concepts put forward in this
report.

b) Establishing a geochemical evaluation
strategy.

c) Establishing a viable geophysical
technique.

d) Dolomite characterisation research.

• Explorers should revert to compiling detailed
mapping and collating this information with
previous geochemical data where available, as
the first phase of any programme.

• Second phase exploration should seek to
classify the geochemical signatures of all the
anomalies detected and to validate these by
appropriate field inspections and supplementary
sampling.

• Third phase exploration should bring
conventional exploration to bear upon those
features most likely to represent primary
mineralisation.  (Small physical dimensions and
low geochemical magnitudes may well be
important.)

• Achademic investigations into the hydrological
stratification of dissolved chemical phases in
aquifers should be considered as there is
potential for wider application of this concept to
other sediment hosted ore types where basin
fluids are believed to be genetically relevent.
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   TABLE 1.  SUMMARY OF CARBONATE ANALYSES-LINDA PROSPECT
    Format:    number of analyses / mean % ± std. dev.
   Each analysis is the average of at least three points within 100um of each
   other within a grain, rounded to 3 decimal places.  "nd" means  not detected.

����������������������������������������������������������������������
�  CARBONATE TYPE   �    Mg    �     Mn   �     Fe   �     Sr   �     Zn   �
����������������������������������������������������������������������
� Primary calcite,≈ �     7    �     7    �     7    �     7    �     7    �
� 10m from sulphides� .246±.068� .013±.009�     nd   � .018±.012�     nd   �
�                   �          �          �          �          �          �
� Primary calcite,<9�    15    �    13    �    13    �    13    �    13    �
� cm from sulphides � .193±.065� .031±.019�     nd   � .015±.007� .011±.004�
�                   �          �          �          �          �          �
� Early marine      �     4    �     4    �     4    �     4    �     4    �
� fibrous calcite,≈ � .255±.087�     nd   �     nd   � .027±.014�     nd   �
� 10m from sulphides�          �          �          �          �          �
�                   �          �          �          �          �          �
� Early marine      �     6    �     6    �     6    �     6    �     6    �
� fibrous calcite,<9� .156±.021� .194±.160� .121±.063� .029±.010�    nd    �
� cm from sulphides �          �          �          �          �          �
�                   �          �          �          �          �          �
� Sparry & blocky   �     3    �     3    �     3    �     3    �     3    �
� calcite,        ≈ � .248±.031� .072±.016� .058±.026� .018±.006�    nd    �
� 10m from sulphides�          �          �          �          �          �
�                   �          �          �          �          �          �
� Sparry & blocky   �     9    �     9    �     9    �     9    �     9    �
� calcite,        <9� .061±.042�    nd    �    nd    �    nd    � .077±.047�
� cm from sulphides �          �          �          �          �          �
�                   �          �          �          �          �          �
� Late vein         �     9    �     9    �     9    �     9    �     9    �
� calcite,        ≈ � .197±.043� .195±.080� .230±.134� .011±.004� .012±.006�
� 10m from sulphides�          �          �          �          �          �
�                   �          �          �          �          �          �
� Late vein         �    12    �    12    �    12    �    12    �    12    �
� calcite,        <9� .172±.054� .107±.079� .107±.089� .017±.012� .023±.028�
� cm from sulphides �          �          �          �          �          �
�                   �          �          �          �          �          �
� Host dolomite,  ≈ �    -     �    12    �    12    �     -    �    12    �
� 10m from sulphides�          � .153±.139� .463±.330�          � .015±.011�
�                   �          �          �          �          �          �
� Host dolomite,  <9�    -     �    37    �    37    �     -    �    37    �
� cm from sulphides �          � .120±.049� .345±.139�          � .045±.110�
�                   �          �          �          �          �          �
� Euhedral dolomite �     -    �    10    �    10    �     -    �    10    �
� replacing ZnS     �          � .201±.149� .512±.428�          � .126±.106�
�                   �          �          �          �          �          �
� Coarse subhedral  �          �     8    �     8    �     -    �     8    �
� dolomite          �          � .311±.235� .137±.191�          � .022±.018�
����������������������������������������������������������������������
�  DETECTION LIMITS �          �          �          �          �          �
�     Calcite       �    .005  �    .010  �    .080  �    .017  �    .020  �
�     Dolomite      �      -   �    .014  �    .080  �      -   �    .020  �
����������������������������������������������������������������������
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