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Summary

Iron-formations occur as massive to compositionally layered, Fe oxide-rich, concordant
bodies in the Palacoproterozoic Willyama Supergroup of the Olary Domain, South
Australia. They have constitutional similarities to those occurring in the neighbouring
Broken Hill Domain. The most abundant iron-formations are in the Quartzofeldspathic
Suite and comprise magnetite-quartz assemblages (& hematite, barite, actinolite,
apatite). Hematite, magnetite, albite, quartz, Ca(Na) amphibole(s), CaNaFe clinopyr-
oxene and andraditic garnet are major constituents of rare calc-silicate iron-formations
in the Bimba and Calcsilicate Suites, whercas magnetite, quartz, almandine-spessartine,
manganoan fayalite, manganoan grunerite and apatite form manganiferous iron-
formations in the Pelite Suite. The pronounced differences in mineralogy of the three
iron-formation types are the result of regional metamorphism of diverse hydrothermal
precipitates with variable clastic components, together with the local effects of high-
temperature metasomatic alteration. Metasomatic fluids were produced as a result of
devolatilisation of the evaporite-bearing volcanosedimentary sequence, during and
following amphibolite grade metamorphism and deformation, which led to localised
and regional-scale hydrothermal alteration. In places, there was extensive metasomatic
reconstitution (veining, brecciation, replacement) of iron-formations and associated
rocks, caused by high-temperature (350°-650 °C), oxidising, saline fluids. The resulting
epigenetic ironstones are dominated by magnetite-hematite-quartz with minor sulfides
and display enrichment in Fe, Ti, Cu, Au, Sc, U, V, Y, Zn and HREE relative to parental
iron-formations.
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Zusammenfassung

Eisenformationen und epigenetische Eisensteine in der paldoproterozoischen Willyama
Supergroup, Olary Domdne, Siidaustralien

Fisenformationen kommen als massige bis in der Zusammensetzung geschichtete,
Eisenoxidreiche, konkordante Korper in der paldoproterozoischen Willyama Super-
group der Olary Domiine, Siidaustralien, vor. Sie haben konstitutionelle Ahnlichkeiten
mit Vorkommen in der benachbarten Broken Hill Domine. Die héufigsten
Eisenformationen befinden sich in der Quartzofeldspathic Suite and -bestehen aus
Magnetit und Quarz (£ Hdmatit, Baryt, Aktinolit, Apatit). Himatit, Magnetit, Albit,
Quarz, Ca(Na) Amphibol(e), CaNaFe Klinopyroxen und andraditischer Granat sind
Hauptbestandteile von seltenen Kalksilikat-Eisenformationen in den Bimba und
Calcsilicate Suites, wihrend Magnetit, Quartz, Almandin-Spessartin, manganhaltiger
Fayalit, manganhaltiger Grunerit und Apatit manganhaltige Eisenformationen in der
Pelite Suite bilden. Die ausgeprigten Unterschiede in der Mineralogie der drei Typen
von Eisenformationen sind durch Regionalmetamorphose von diversen hydrothermalen
Ausfillungen mit variablen klastischen Komponenten verursacht worden, zusammen
mit lokalen Wirkungen einer hock-Temperatur metasomatischen Alteration. Metaso-
matische Fluide wurden wihrend und nach der Amphibolitmetamorphose und
Deformation durch Devolatilisation der evaporithaltigen vulkanosedimentiren Abfolge
produziert, die sowohl zu lokaler, wie auch zu weitrdumiger hydrothermaler Alteration
fithrten. Ortlich kam es zu umfangreicher metasomatischer Rekonstitution (Gang-
bildung, Brekkzierung, Verdringung) von Eisenformationen und assoziierten Gesteinen
verursacht durch hoch-Temperatur (350°-650°C), oxidierte, saline Fluide. Die
resultierenden epigenetischen FEisensteine bestehen hauptsichlich aus Magnetit,
Héamatit und Quarz mit Sulfiden und weisen eine Anreicherung in Fe, Ti, Cu, Au,
Sc, U, V, Y, Zn und SREE relativ gegeniiber den urspriinglichen Eisenformationen auf.

Introduction

Proterozoic terranes typically contain iron-formations and ironstones as distinctive
minor rock types. Iron-formations are characterised by sedimentary banding and a
simple quartz and Fe oxide (magnetite and/or hematite) assemblage, but may grade
into silicate or carbonate facies types and also contain variable amounts of other
phases including sulfates, sulfides or phosphates. The geochemical composition
of iron-formations is diverse and their trace element distribution has been used
to constrain the genetic modelling of the Proterozoic oceans and atmosphere.
However, the origin of iron-formations remains controversial. They have been
assigned to syn-sedimentary precipitation processes as a result of submarine
exhalative, biogenic, evaporative or glacial activities (e.g. Eugster and Chou, 1973;
LaBerge, 1973; Fryer, 1977; Garrels, 1987; Kimberley, 1989; Klein and Beukes,
1993). Other authors have argued for a replacement origin occurring during
deformation and metamorphism (e.g. Williams, 1994; cf. Davidson, 1996), but their
descriptions are commonly of epigenetic ironstones and not of iron-formations.
Ironstones, in contrast to iron-formations, lack sedimentary layering, although a
tectonic banding may be present. They may be controlled by pre-existing structures
and rock types suitable for replacement by Fe-bearing metasomatic fluids.
Regardless of their origin, iron-formations and ironstones are guides and host
rocks to metalliferous ores. Iron-formations occur in association with volcanic-
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hosted and sediment-hosted massive deposits (e.g. Stanton, 1976; Gustafson and
Williams, 1981; Rozendaal, 1986; Plimer, 1986; Large, 1992) and iron-formations
and ironstones may host stratabound (commonly epigenetic) Au (e.g. Phillips et al.,
1984; Kerswill, 1993) and Cu Au deposits (e.g. Williams, 1994; Davidson and
Large, 1994; Davidson, 1994, 1996; Adshead et al., 1998).

Iron-formations and epigenetic ironstones are minor volume, but conspicuous
rock types in the Palacoproterozoic Willyama Supergroup of the Olary Domain,
South Australia (Fig. 1) and they are also found at many locations in the adjacent
Broken Hill Domain in western NSW, where some have a close spatial association
with the Broken Hill PbZnAg orebodies and with CuAu mineralisation (Stanton,
1976; Barnes, 1988; Burton, 1994). Our work in the Olary Domain has aimed to
determine the mineralogy, geochemistry and genesis of the Fe oxide-rich rocks.
The present paper discusses their geological setting, field data and petrology,
augmenting a previous account of the geochemistry of the Fe oxide-rich rocks and
implications for mineral exploration (Lottermoser and Ashley, 1996).

Olary Domain geology

Introduction

The Olary Domain (OD) in South Australia comprises one of the inliers of the
Palaeoproterozoic Willyama Supergroup in the Curnamona Province (Fig. 1). The
OD is contiguous with the Broken Hill Domain (BHD) which hosts the Broken Hill
PbZnAg deposit. Rocks of the OD are unconformably overlain or faulted against
Neoproterozoic sedimentary rocks of the Adelaide Geosyncline. A sequence of
metamorphosed clastic and chemical sediments, together with local metavolcanic
and intrusive rocks is recognised in the OD, with analogies to that in the BHD
(Cook and Ashley, 1992; Flint and Parker, 1993). The Willyama Supergroup is
interpreted to have been deposited in an intracontinental rift setting, with
subsequent intense multiphase deformation and metamorphism (Willis et al., 1983;
Cook and Ashley, 1992; Slack et al., 1993). A diversity of syn-diagenetic metal
enrichments occurred in the OD, some of which were related to hot spring
exhalations and an evaporitic sabkha and/or playa environment. Subsequent
granitic intrusive, metamorphic and deformation events have led to mobilisation of
metals from the sequence and their deposition in a variety of epigenetic modes
(Bierlein et al., 1995, 1996). The diversity of styles to metal occurrences in the OD
has made it an attractive exploration location for stratiform/stratabound base metal
deposits and epigenetic Cu Au and U deposits (Ashley et al., 1997a).

Olary Domain sequence

The Willyama Supergroup in the OD may be broadly correlated with that
recognised in the BHD and five lithological suits are defined (Fig. 2), which change
in composition up-sequence from quartzofeldspathic-dominated to calc-silicate-
bearing to pelitic (Clarke et al., 1986; Stevens et al., 1990; Cook and Ashley, 1992;
Flint and Parker, 1993; Ashley et al., 1997a). Iron-formations occur at several
different stratigraphic levels (Fig. 2).
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Fig. 2. Simplified stratigraphic column of the Willyama Supergroup, Olary Domain,
showing major iron-formation and epigenetic ironstone occurrences (modified from Ashley
et al., 1996)

The Composite Gneiss Suite (CGS) is dominated by composite gneiss and
migmatite derived from quartzofeldspathic and psammopelitic rocks, as well as
migmatitic leucocratic granitoids and pegmatites. The CGS is not viewed as a
stratigraphic unit as its field relations imply large scale mobilisation. It grades into
the Quartzofeldspathic Suite (QFS), which is extensively developed in the OD. The
QFS is dominated by massive to layered quartzofeldspathic rocks, typically com-
posed of sodic plagioclase + quartz, but locally with appreciable magnetite, K-
feldspar and micas. There are also occurrences of psammopelitic schist and
composite gneiss, quartz + Fe oxide & barite iron-formations and reconstituted
epigenetic magnetite + hematite £ quartz ironstones. Some quartzofeldspathic
gneisses in the QFS are metamorphosed A-type granitoids and rhyolitic volcanic
rocks with SHRIMP U-Pb zircon ages of ~ 1710-1700Ma (Ashley et al., 1996).
The generally strongly sodic compositions in the QFS imply that felsic igneous and
sedimentary precursor materials were metasomatically modified by basinal and/or
metamorphic hypersaline brines (Cook and Ashley, 1992; Ashley et al., 1997a).

The overlying Calcsilicate Suite (CS) is dominated by albite + quartz + calc-
silicates + K-feldspar 4 Fe oxides (calcalbitite) and minor calc-silicate-rich rocks.
Calcalbitites locally contain calc-silicate pseudomorphs after former carbonate
rhombs and gypsum indicating possible evaporite precursors (Cook and Ashley,
1992). Included in the CS are rare iron-formations, oxidic Mn-bearing rocks, and
distinctive stratabound zomes of calcsilicate matrix breccia. The latter may be
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largely syn-tectonic in origin and record the passage of oxidising, hypersaline
metamorphic fluids (Yang and Ashley, 1994).

The Bimba Suite (BS) is a thin, relatively continuous unit, conspicuous by its
extensive gossanous outcrops. It displays gradational contacts with the underlying
CS and QFS. The BS includes calc-silicate rocks, marble, graphitic and calc-
silicate-bearing pelites and psammopelites, albite-quartz rocks and gradations into
sulfide-rich rocks and rare iron-formations. Sulfide-bearing rocks contain
disseminated, stratiform and vein-type Fe(CuZnPbAsCo) sulfides (Bierlein et al.,
1995). The BS is interpreted to represent a transitional lacustrine/sabkha/marine
clastic-evaporite-carbonate unit in which there were episodic hot spring exhalations.
Certain sulfide-bearing calc-silicate zones in the BS may represent stratabound
replacement bodies (skarn) similar to those recognised in Proterozoic rocks of the
Cloncurry district in northwest Queensland (Williams and Heinemann, 1993;
Williams and Blake, 1993; Wang and Williams, 1996). The Pelite Suite (PS)
overlies the BS and is dominated by pelitic and psammopelitic schist, grading up-
sequence into psammites. The lower part of the PS is commonly graphitic, with
carbon isotope values indicative of a biogenic precursor (Cook and Ashley, 1992;
Bierlein et al., 1996). There are also minor occurrences of tourmalinite, FeMn-
garmet-quartz rock and manganiferous banded iron-formation (Cook and Ashley,
1992; Ashley et al., 1997a). The PS was deposited under more reducing conditions
than other OD units and may represent a turbiditic sequence formed in a deepening
marine environment.

Structure, metamorphism and intrusive rocks

Structural and metamorphic syntheses of the OD by Clarke et al. (1986, 1987) and
Flint and Parker (1993) demonstrated that the Willyama Supergroup has
experienced three phases of deformation (OD;—OD3) in the Mesoproterozoic
Olarian Orogeny. Strong penetrative deformation and lower to upper amphibolite
facies metamorphism occurred during OD; and OD,, with the former possibly
occurring prior to 1640 Ma, and the latter occurring at about 1600 &= 20 Ma (Ashley
et al., 1997a). These were overprinted by retrogressive (greenschist) ODj structures
at about 15001580 Ma. Subsequently, two further deformation events (DD —DD5)
occurred during the Delamerian Orogeny at about 500 Ma, attended by middle to
upper greenschist facies metamorphism (Flint and Parker, 1993), and although
effects are mostly manifest in the Adelaidean cover sequence rocks, they are also
evident in retrograde schist zones and pegmatites cutting the Willyama Supergroup
(Lu et al., 1996).

Several suites of granitoids and mafic intrusions are recognised in the OD. The
earliest granitoid suit, emplaced at ~ 1710-1700 Ma, predates the high grade
metamorphism and deformation and has A-type chemical composition. It is
genetically related to felsic metavolcanic rocks in the QFS (Ashley et al., 1996).
Minor volumes of tholeiitic dolerite and gabbro may have been emplaced
following deformation of the A-type rocks, but prior to the intrusion of a suite of
mafic I-type granitoids at 1640-1630 Ma (Ashley et al., 1997a). A voluminous suite
of leucocratic potassic to sodic S-type granitoids with an age of 1600 +20Ma
(Cook et al., 1994) 1s of regional extent in the OD and is accompanied by numerous
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pegmatite bodies (Lottermoser and Lu, 1997). This suite has formed by partial
melting of the WS sequence. Several occurrences of UThREE mineralisation are
associated with the S-type granitoids and pegmatites (Ashley, 1984a; Battey et al.,
1987; Lottermoser and Lu, 1997). Late dykes of tholeiitic dolerite were intruded at
about 820 Ma, commonly into OD5 structures (cf. Wingate et al., 1998).

Alteration

Regional and local scale hydrothermal alteration was imposed on diverse rock
types in the OD. Effects are structurally and lithologically-controlled and occurred
during and following the Olarian Orogeny. Effects of alteration in the OD have
been found in most parts of the sequence and intrusive rocks; they are most
conspicuous in quartzofeldspathic compositions (albite = Fe oxide 4 biotite
alteration), calc-silicate-bearing and mafic rocks (brecciation and CaFeNa silicate
alteration) and iron-formations (Fe oxide & quartz & sulfide alteration and local
brecciation). The types of alteration are thus variations on a NaFeCa metasomatic
theme. Mineral compositions and fluid inclusion data imply that hydrothermal
alteration throughout the OD was caused by medium to high temperature ( ~ 350°—
650°C), oxidising (generally at or above the hematite-magnetite (HM) oxygen
fugacity buffer) and hypersaline (25-40 equivalent wt. % NaCl) fluids (Kent et al.,
in prep.). There is no unequivocal link between the generation of these fluids and
granitoids; instead it is envisaged that episodic pulses of metamorphogenic fluid
were expelled from the OD sequence (cf, Bierlein et al., 1995), with contributions
from pre-existing evaporitic rock types (cf. Oliver, 1995; Barton and Johnson,
1996; Wang et al., 1998).

Field occurrence and petrography of iron-formations and ironstones

Classification

Iron-formations in the Olary Domain are defined as Fe-rich (>15wt.% Fe;
Kimberley, 1989), commonly laminated rocks, concordant with the recognised
stratigraphic sequence. They are dominantly oxide and silicate facies types and are
interpreted to be primary components of the stratigraphy which have undergone
deformation and metamorphic recrystallisation. Samples with less than 15 wt.% Fe
are more appropriately termed ferruginous quartzite. Barite-rich rocks are Ba-rich
(>10 wt.% BaO) and occur in association with iron-formations. On the other hand,
ironstones are defined as Fe oxide-rich epigenetic replacement bodies, generally
displaying complete retexturing of pre-existing rock (generally iron-formation),
with local breccia and vein textures. Field and mineralogical characteristics of the
iron-formations and ironstones are summarised in Table 1 and locations of
occurrences mentioned in the text are shown in Fig. 1.

Field occurrence

Iron-formations hosted in the QFS are the most common Fe-rich rock in the OD,
forming prominent, steeply-dipping outcrops, enclosed in laminated to massive
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Table 1. Field and mineralogical characteristics of iron-formations and ironstones in the
Olary Domain

Quartz-Fe oxide iron-formations
Field data: Restricted to Quartzofeldspathic Suite, with individual bodies up to several
hundred metres long and up to tens of metres wide conformable with primary layering in
enclosing quartzofeldspathic rocks. Folded and boudinaged, with primary laminations on
a scale of 1 mm to several cm and intercalated with and grade into stratiform barite-
rich rocks (Fig. 3A). Variable replacement and veining by epigenetic ironstones showing
massive and brecciated textures or crude tectonic layering.
Mineralogy: Dominated by medium to coarse grained quartz and magnetite, with local
variations into types with abundant hematite, albite, K-feldspar and barite. Local minor
muscovite, biotite, actinolite, epidote, carbonate, biotite-phlogopite, chlorite, pyrite and
chalcopyrite.

Barite-rich rocks
Field data: Restricted to Quartzofeldspathic Suite, with individual bodies up to 800 m
long and 30 m wide. Intercalated with, and grade into, quartz-Fe oxide iron-formations
and conformable with primary layering in enclosing quartzofeldspathic rocks. Locally
folded and displaying crude laminations (scale of tens of cm to metres). Gradations into
texturally reconstituted ironstones, including brecciated types.
Mineralogy: Dominated by coarse grained barite, quartz, magnetite (Fig. 3B) and
hematite. Rare occurrence of epidote, actinolite, carbonate, biotite, pyrite, chalcopyrite,
bornite. '

Calc-silicate iron-formations
Field data: Up to 150 min length and 1.5 m in thickness in Calcsilicate and Bimba Suites.
Well-laminated, on a scale of 0.2 mm to several mm, with laminae conformable with
primary layering in enclosing calcalbitite, calc-silicate rocks and pelite.
Mineralogy: Fine to medium grained albite, quartz, hematite, variable amounts of
CaNaFe clinopyroxene, CaFe(Na) amphiboles, andradite and minor to trace amounts
of K-feldspar, phlogopite, apatite, magnetite and titanite.

Manganiferous iron-formations
Field data: Restricted to lower part of Pelite Suite, where they are enclosed conformably
as bodies up to 5m thick and up to several tens of metres in length, within pelitic and
psammopelitic schist (locally FeMn-garnet-bearing). They are well-laminated to mas-
sive (Figs. 3C, D), locally associated with thin (<1 m) conformable layers of massive to
weakly laminated FeMn-garnet-quartz (-grunerite) rocks.
Mineralogy: Major minerals are combinations of manganoan grunerite, FeMn-gamet,
quartz, magnetite and manganoan fayalite. Local minor apatite and traces of biotite,
hornblende, tourmaline, epidote, ilmenite, chalcopyrite and pyrrhotite.

Epigenetic ironstones
Field dara: Mostly occur as massive, veined and breccia replacements (Fig. 3E) of pre-
existing quartz-Fe oxide iron-formations in the Quartzofeldspathic Suite, but have
locally formed by replacement of albite-quartz-Fe oxide rocks and manganiferous
iron-formation. Oceur as stratabound and locally transgressive bodies up to tens of
metres across-and several hundred metres in length.
Mineralogy: Dominated by medium to coarse grained hematite, magnetite and quartz,
grading into magnetite-hematite-rich. Local barite, albite and pyrite, and traces of
muscovite. chalcopyrite and apatite.
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albite-quartz (Fe oxide) rock. The largest outcrops (e.g. Dome Rock, Billeroo)
constitute bodies up to several hundred metres long and tens of metres wide which
have been folded and boudinaged. There are gradations between Fe oxide-rich,
quartz-rich and barite-rich types (Figs. 3A, 3B). The latter occur at several
locations in the Olary Domain (e.g. Mt Mulga, Meningie Well, Ameroo Hill) and
showing lateral and vertical variations into iron-formation, ferruginous quartzite
and quartzofeldspathic gneiss. Locally, laminated calc-silicate rocks occur nearby
(e.g. Billeroo, Mt Bull) and south of Ameroo Hill, there is a lateral gradation into
carbonate-calc-silicate rock. Two small occurrences of laminated iron-formations
are known in association with calc-silicate-bearing rocks of the Calcsilicate and
Bimba Suites (Mindamereeka Hill, Mt Howden area). Several occurrences of
folded, laminated to massive, black Mn oxide-stained, Mn-bearing iron-formation
and associated FeMn-garnet-quartz rocks are hosted within pelitic and psammo-
pelitic schist in the Blue Dam, Bulloo Well and Sampson Dam areas (Figs. 3C,
3D). Mapping indicates that these occurrences are in the lower part of the Pelite
Suite and in a psammopelite-pelite package with regional-scale Mn-enrichment,
manifest by disseminated garnet.

Replacive and cross-cutting masses of epigenetic Fe oxide-rich rocks
(magnetite + hematite &- quartz ironstones) occur at several locations in the OD
(Fig. 3E). At Dome Rock, Ironstone Well and Plumbago South, brecciation has
occurred with coarse angular clasts of Fe oxides enclosed in a matrix of Fe oxides,
quartz or barite, or of silicified albitite enclosed in Fe oxides. At several locations
(e.g. Faugh-a-Ballagh, Tonga Creek, Drew Hill, Abminga Station and near Mt
Bull), coarse magnetite (-quartz-hematite-pyrite) veining and breccia infill has
taken place in fractured quartzofeldspathic rocks. There is no consistent spatial
association between epigenetic ironstones and intrusive rocks.

Many massive Fe oxide (-quartz)-rich bodies appear to be stratabound but lack
fine compositional laminations; instead they commonly exhibit a tectonic fabric
with schlieren and veins of Fe oxides and quartz conformable with the foliation in
adjacent rocks (e.g. Ironstone Well, Plumbago South, Burdens Dam, Mt Bull,
Ameroo Hill, Outalpa Springs). These ironstones, containing recrystallised coarse
grained Fe oxide-quartz assemblages, with no delicate compositional layering, are
considered to be texturally reconstituted iron-formations and replacements of
adjacent rocks such as laminated Fe oxide-quartz-feldspar rock (e.g. Dome Rock,
Billeroo, Mt Bull). Several iron-formations displaying textural reconstitution host
minor disseminated sulfide-hosted Cu and Au mineralisation, e.g. at Olary Silver
mine, Mt Mulga and Peryhumuck.

Petrography

Iron-formations and barite-rich rocks in the Quartzofeldspathic Suite are
dominated by a medium to coarse grained, granoblastic to weakly foliated
assemblage, with a compositional range from magnetite-quartz to barite-rich,
locally with coarse platy hematite, minor actinolite and a trace of apatite.
Magnetite is partly to completely martitised as a result of supergene oxidation.
Primary compositional layering is locally well-preserved. There are compositional
gradations into quartzofeldspathic rock types with the incoming of albite, plus rare
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Fig. 3. a Well laminated quartz-magnetite iron-formation and massive barite-quartz-
magnetite rock. Dome Rock, AMG (Australian Mapping Grid reference) 447000mE,
6474900mN. b Slab of massive barite-quartz-magnetite rock with schlieren of magnetite.
Ameroo Hill, AMG 425300mE, 6443300mN. ¢ Slab of finely laminated and folded
manganiferous magnetite-quartz-hematite iron-formation. Blue Dam, AMG 439240mE,
6450830mN. d Slab of massive grunerite-fayalite-magnetite iron-formation, with coarse
porphyroblastic grunerite. Bulloo Well, AMG 442680mE, 6449390mN. e Hematite+
magnetitetquartz veins and breccia fillings in albite-quartz-albite host rock. Faugh-
a-Ballagh, AMG 424620mE, 6438880mN
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K-feldspar, muscovite and biotite, and into calc-silicate-bearing rocks with the
presence of actinolite, epidote, carbonate, green biotite and chlorite. Minor
disseminated sulfides occur at several locations (e.g. Mt. Mulga, Peryhumuck
mine, Ameroo Hill South, Olary silver mine) and are dominated by pyrite and
chalcopyrite, with rare bornite, pyrrhotite, cubanite and sphalerite; the sulfides
may represent the effects of epigenetic overprinting. Granoblastic quartz in many
iron-formations contains primary and pseudosecondary hypersaline fluid inclu-
sions.

The small calcalbitite-hosted silicate-oxide facies iron-formation at Mind-
amereecka Hill is prominently laminated on a scale of 1-30 mm. Individual laminae
are rich in fine to medium grained granoblastic albite 4 quartz, platy hematite and
prismatic clinopyroxene, with amphibole and garnet being locally conspicuous in
silicate-rich layers (Fig. 4A). Minor to trace amounts of K-feldspar, phlogopite,
apatite, magnetite and titanite are also present. Most minerals are in textural
equilibrium, although amphibole has locally replaced clinopyroxene. The iron-
formation is unusual in containing yellowish-green aegirine-augite (Table 2,
analysis 1) with a range from 22-48 mol.% aegirine (Fig. 5A), pale blue amphibole
including winchite, actinolite and richterite compositions (Table 2, analyses 2-3;
Fig. 5B) and brown andradite-rich garnet (Table 2, analysis 4; Fig. 6A). The garnet
is similar in composition to garnets from calc-silicate alteration zones in the OD
(Fig. 6A). Feldspars are near end-member compositions and contain abundant
plates of hematite up to 40 pm across which impart a pink colour to the rocks.
Clinopyroxene and quartz commonly contain hypersaline fluid inclusions, which,
in similar calc-silicate rocks elsewhere in the OD, Kent et al. (in prep.) have shown
to have pressure-corrected homogenisation temperatures of 350°-650°C and
salinities of 25~40 equivalent wt. % NaCl

Weakly to well laminated manganiferous iron-formations display composi-
tional layering on a scale of <(0.5 mm to 10 cm, with individual layers being rich in
one or more of granoblastic magnetite (commonly martitised), quartz, garnet and
fayalite, and prismatic grunerite (Figs. 4B, 4C). Apatite is a minor phase, and
traces of biotite, hornblende, tourmaline, epidote, ilmenite, chalcopyrite and
pyrrhotite are found in some samples. Grainsize typically ranges from 0.1-2 mm,
but poikiloblastic grunerite attains several centimetres in length, commonly
defining a foliation (OS,) cross-cutting compositional layering. Associated rocks at
Bulloo Well, Blue Dam and Sampson Dam (Fig. 1) and elsewhere in the OD
include granoblastic garnet-quartz (-grunerite) assemblages. In the manganiferous
iron-formations, garnet is almandine-spessartine (Table 2, analyses 5-8), but with a
considerable range in Fe, Mn and Ca contents (Fig. 6A) and amphiboles include
grunerite and traces of ferro-hornblende (Table 2, analyses 9-14). Grunerite
compositions range from low-Mg types to those bordering cummingtonite and
dannemorite (Fig. 6B). Olivines locally coexist with quartz and are manganoan
fayalite in composition (Table 2, analyses 15-16), apatites are near end-member
fluorapatite (Table 2, analysis 17), ilmenite is strongly manganoan (Table 2,
analysis 18) and magnetite is close to stoichiometric.

Epigenetic breccia-type and vein ironstones (e.g. Faugh-a-Ballagh, Tonga
Creek, Ironstone Well) and quartz-Fe oxide iron-formations with variable epigenetic
reconstitution (e.g. Dome Rock, Billeroo, Ironstone Well, Mt Bull, Burdens Dam,
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Fig. 4. a Foliated and weakly compositionally laminated calc-silicate iron-formation,
Mindamereeka Hill, AMG 396060mE, 6453520mN, Contains platy hematite (black),
clinopyroxene (dark grey, intergrown with hematite), amphibole (paler grey) and granular
quartz and albite (white). Plane polarised transmitted light. Field of view 2 mm across. b
Granular garnet intergrown with poikiloblastic grunerite in manganiferous iron-formation
from Bulloo Well, AMG 442680mE, 6449390mN. Plane polarised transmitted light. Field
of view 2 mm across. ¢ Dark turbid grains of manganoan fayalite {centre} intergrown with
quartz (clear) and grunerite (pale grey) in manganiferous iron-formation from Bulloo Well,
AMG 442680mE, 6449390mN. Plane polarised transmitted light. Field of view 2 mm
across. d Former grunerite-rich iron-formation which has been hydrothermally overprinted
to form a pseudomorphous hematite (black) and quartz (white) epigenetic ironstone, Bulloo
Well, AMG 442680mE, 6449390mN. Plane polarised transmitted light. Field of view 2 mm
across

Peryhumuck mine, Olary silver mine) contain a simple mineral assemblage of
medium to coarse grained intergrown hematite and magnetite (variably martitised)
and quartz. In contrast to iron-formations in the QFS, certain retextured ironstones
are composed almost entirely of massive to weakly foliated recrystallised Fe
oxides, with little or no quartz. Locally, barite, albite and pyrite are present, and
there are traces of muscovite, chalcopyrite and apatite. Hypersaline primary and
pseudosecondary fluid inclusions are present in coarse grained quartz. Encrusta-
tions and veins of supergene Fe phosphate minerals (rockbridgeite, natrodufrenite,
strengite) are present at Mt Bull and Peryhumuck mine (Ashley et al., 1997b).
Epigenetic overprinting of a manganoan grunerite-magnetite-quartz assemblage at
Bulloo Well has caused replacement by quartz-hematite (Fig. 4D).
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Fig. 5. a Plot of clinopyroxene compositions from calc-silicate iron-formation, Mind-
amereeka Hill, plotted in the system jadeite-aegirine-quadrilateral components (Wo, En, Fs)
(after Morimoto et al., 1988). b Amphibole compositions in calc-silicate iron-formation,
Mindamereeka Hill. Compositions are in the tremolite-winchite-richterite plane (from
Leake, 1978). The origin (T = tremolite) corresponds to Ca,L5Sig0,,(OH),, W = winchite
(CaNaL4MSigO»,(OH),) and R = richterite (NaCaNaLsSigO,,(OH),) at (Na+K)a = 1.0,
Nag = 1.0. L = Mg, Fe?*, Mn. M = Fe**, Al". Squares, sample R68564 and circles,
sample R70569
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Geochemistry

Methods

Our geochemical data base contains 83 analyses of iron-formations and ironstones
which were collected from surface outcrops in the Olary Domain. Samples were
crushed and pulverised in a tungsten carbide ring mill. Major and minor trace
elements were analysed by X-ray fluorescence spectrometry on fused discs and
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pressed powder pellets at the Division of Earth Sciences, University of New
England. Selected REE and Ag, As, Au, Cs, Hf, Sb, Sc, Ta, Th and U were
determined by INAA at Becquerel Laboratories, Sydney. Details of the
geochemistry of many iron-formations and ironstones have been reported by
Lottermoser and Ashley (1996), but further data now augment the carlier study.
Average compositions of the different types of iron-formations, barite-rich rocks
and epigenetic ironstones are shown in Table 3A-E.

Iron-formations and barite-rich rocks in the Quartzofeldspathic Suite

Iron-formations are dominated by SiO, 4 >Fe,O5; (commonly >90wt.%), with
>Fe,03 ranging up to 72 wt.%. Since individual samples may contain albite, K-
feldspar, barite, epidote, actinolite and apatite, Al,O5;, CaO, Na,O, K,0O, P,0s,
SOs;, Ba and Sr are additional minor components in the average analysis (Table
3A). Concentrations of elements indicative of a clastic input into the iron-
formations (Al, Ti, Na, K, Cr, Hf, Nb, Ta, Th, Y, Zr, REE) are commonly low, but
they increase with increasing feldspar content. Although values of As, Au, Cu, Pb,
Zn and Mn are generally low, there are rare samples with elevated Cu (up to
140 ppm).

Barite-rich rocks show a compositional trend from containing approximately
equal proportions of quartz, Fe oxides and barite to types composed largely of
barite. The average composition (Table 3B) shows >50wt % BaO + SO, with
high Sr (substituting into barite), but low concentrations of elements indicative of a
clastic component and of Mn and P. On the other hand, average concentrations of
Cu and Au are significantly anomalous and greatly enriched relative to the iron-
formations (Table 3B). Individual barite-rich samples contain up to 3030 ppm Cu
and 1270 ppb Au.

The Al, Na, and Ca, transition metal (Ti, Mn, Sc, Cr), high field strength
element (Nb, U, Th, Zr, Hf, Pb, REE), and large ion lithophile element values (K,
Rb) of the iron-formations and barite-rich rocks are lower than average upper
continental crustal abundances (cf. Taylor and McLennan, 1981). The pronounced
element depletions and REE patterns have been interpreted to be a result of
chemical precipitation of metalliferous sediments, with little clastic input
(Lottermoser and Ashley, 1996). The origin of the locally high Cu and Au
contents in the barite-rich rocks remains equivocal; they could be due to syngenetic
(e.g. exhalative) deposition, or a result of epigenetic overprinting under oxidising
fluid conditions.

Calc-silicate and manganiferous iron-formations

The dominantly silicate-rich calc-silicate iron-formations contain lower Fe and
higher contents of most other major elements, transition metal and high field
strength elements than the quartz-Fe oxide iron-formations (Table 3C), consistent
with a greater clastic component. They are also V-enriched relative to the quartz-Fe
oxide iron-formations (average ¥Fe,05/V = 1720 versus 3710), but depleted in Cu
and Pb. Manganiferous iron-formations in the OD are geochemically distinct in
containing high Fe and Mn, but are Si-poor and have low concentrations of



Table 3A. Average compositions of iron-formations (n: 27) in the Olary Domain (quartz +
magnetite + hematite + barite + albite iron-formation, QFS)

Mean Standard Minimum Maximum
deviation

(wt%)
SiO, 50.85 19.50 24.25 88.59
TiO, 0.12 0.15 0.01 0.63
Al O, 2.22 4.47 0.03 17.04
Y Fe 04 42.70 21.87 7.95 72.91
MnO 0.04 0.03 0.01 0.15
MgO 0.09 0.14 <0.01 0.62
CaO 0.34 1.26 <0.01 6.61
Na,O 0.52 1.51 <0.02 7.77
K,O 0.71 2.19 <0.01 10.26
P,O5 0.15 0.24 0.01 1.06
SO, 0.45 0.83 0.02 3.82
LOI 1.02 1.2 0.12 6.85
Total 99.60 0.66 97.86 100.59
(ppm)
Ag <5 - <5 6
As 4 7.5 <0.5 34
Au(ppb) 34 133 <5 645
Ba 6714 13660 <19 64500
Co 35 44 0.6 169
Cr 24 20 11 85
Cs <0.5 - <0.5 1.9
Cu 42 27 14 140
Ga 12 10 <2 50
Hf 0.6 0.9 <0.2 4.8
Nb 4.8 6.1 <1 27
Ni 14 13 <4 47
Pb 24 89 <4 468
Rb 21 45 <1 207
Sb 21 48 <0.1 185
Sc 42 5.2 <0.1 18
Sr 161 317 <3 1550
Ta <1 - <0.5 2
Th 3.1 5.4 <0.2 20
U 2.7 1.8 <2 10
A% 115 80 6 246
Y 10 14 <1 58
Zn 17 13 <« 57
Zr 24 42 <3 183
La 18 22 <0.5 82
Ce 31 40 <2 144
Nd 17 23 <0.7 89
Sm 2.2 2.7 <0.1 9.5
Eu 0.57 0.54 0.04 2
Tb 0.43 0.39 <0.03 1
Ho 02 0.34 <0.03 1.3
Yb 0.58 0.72 <0.07 2.9
Lu 0.11 0.11 0.01 0.39

Analyses by XRF (J. Bedford, University of New England), except for REE, Ag, As, Au,
Cs, Hf, Sb, Sc, Ta, Th and U, which were determined by INAA at Becquerel Laboratories,
Sydney



Table 3B. Average compositions of barite-rich rocks (n: 19) in the Olary Domain (barite -
quartz + magnetite + hematite rock, QFS

Mean Standard Minimum Maximum
deviation

(Wt%)
Si0,, 29.97 17.72 1.45 57.19
TiO, 0.10 0.07 <0.01 0.21
Al Os 0.38 0.56 0.07 2.09
¥ Fe,05 14.53 10.83 3.05 37.39
MnO 0.06 0.08 0.01 0.32
MgO 0.14 0.34 <0.01 1.18
CaO 0.15 0.23 <0.01 0.73
Na,O 0.43 0.26 0.09 0.97
K,0 0.05 0.09 <0.01 0.33
P,0s 0.03 0.01 0.02 0.05
SO, 18.08 8.53 6.17 31.04
BaO 35.44 16.40 13.09 60.65
LOI 0.67 0.46 0.18 1.60
Total 100.04 0.63 99.02 101.26
(ppm)
Ag <5 - <5 <5
As 5.1 94 <0.5 38
Au(ppb) 119 291 <5 1270
Co 2.4 2.3 <0.5 8.1
Cr 4.8 3.8 <1 13
Cs 15 42 <0.5 155
Cu 491 930 32 3030
Ga 15 19 <4 71
Hf 1.1 0.7 0.3 3.1
Nb 3.7 1.1 <3 5
Ni 24 28 <5 100
Pb 9.5 33 <7 14
Rb 18 18 <4 63
Sb 15 19 <0.1 58
Sc 0.5 0.4 <0.1 1.3
Sr 5549 3903 334 12000
Ta <0.5 - <0.5 2.1
Th 04 0.2 <0.2 1
U <2 - <2 <2
\'% 14 13 ) 49
Y 17 15 <4 56
Zn 22 22 <5 78
Zr 20 26 <3 90
La 4.6 2.4 1.2 11
Ce 5.8 3.9 0.69 16
Nd 2.7 1.6 0.5 5.2
Sm 0.48 0.25 0.11 0.85
Eu 0.52 0.18 0.22 0.90
Tb 0.40 0.43 <0.03 0.50
Ho 0.13 0.11 <0.03 0.50
Yb 0.42 0.44 0.07 1.48
Lu 0.09 0.08 0.01 0.16

Analyses by XRF (J. Bedford, University of New England), except for REE, Ag, As, Au,
Cs, Hf, Sb, Sc, Ta, Th and U, which were determined by INAA at Becquerel Laboratories,
Sydney
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Table 3C. Calc-silicate iron-formations in the Olary Domain (quartz + albite + hematite +
amphibole + clinopyroxene + andradite & phlogopite £ K-feldspar iron-formation, CS)

R70569 R68564 R68563

(Wt%)

Si0, 49.15 50.41 56.49
TiO, 0.33 0.40 0.49
Al,O4 8.73 8.69 11.34
YFe,0; 26.03 30.37 17.54
MnO 0.06 0.04 0.05
MgO 2.08 1.24 1.99
CaO 5.76 2.24 4.07
Na,O 6.46 3.89 5.57
K,O 0.46 2.05 2.09
P,04 0.28 0.27 0.22
SO; 0.01 <0.01 <0.01
LOI 0.34 0.33 0.26
Total 96.69 99.93 100.11
(ppm)

As 22 11 15
Ba 69 157 181

Cr 57 60 55
Cu 27 11 12
Ga 15 16 19
Nb © 10 8 12

Ni 40 41 30
Pb 6 6 6
Rb 11 73 56

Sc 12 12 8

Sr 24 20 28
Th 15 13 11

U 4 <3 <3

A" 157 150 123

Y 20 11 16
Zn 15 14 24

Zr 100 116 148
La 15 66 <5
Ce 23 49 30
Nd 17 15 13

Analyses by XRF (J. Bedford, University of New England)

elements indicative of a clastic input. They contain higher Ca and P than the
quartz-Fe oxide iron-formations (due to locally significant modal apatite) and are
enriched in As, Au and Zn (Table 3D). These compositional properties are similar
to Mn- and P-bearing iron-formations associated with the Broken Hill orebodies
(cf. Stanton, 1976) and they also have links with FeMn-garnet-quartz rocks within
the OD (Lottermoser and Ashley, 1996) and the BHD (Spry and Wonder, 1989).
The chemical composition of metalliferous sediments is derived from
contributions from different element sources. Chemical distinctions between
clastic, hydrothermal and hydrogenous components are possible using discrimina-



Table 3D. Average compositions of manganiferous iron-formations (n: 10) in the Olary
Domain (grunerite + garnet + magnetite + quartz + fayalite + apatite iron-formation, PS)

Mean Standard Minimum Maximum
deviation

(wt%)
SiO, 27.24 17.12 4.30 60.25
TiO, 0.07 0.06 0.01 0.21
Al O4 1.37 2.19 <0.01 7.23
Y Fe, 05 66.71 18.13 36.85 90.70
MnO 2.90 2.69 0.04 7.63
MgO 0.37 0.35 0.03 0.97
CaO 0.68 0.64 0.10 1.78
Na,O 0.08 0.06 <0.01 0.22
K,O 0.02 0.01 0.01- 0.05
P,0s5 0.51 0.51 0.10 1.60
SO, 0.06 0.04 0.02 0.13
LOI 0.59 1.29 0.106 2.00
Total 99.94 0.44 99.25 100.70
(ppm)
Ag <5 - <5 <5
As 48 74 3.1 238
Au(ppb) 19 20 <5 60
Ba 93 61 26 195
Co 74 28 27 104
Cr 14 8 <3 28
Cs <1 - <0.5 1.2
Cu 58 22 33 103
Ga 10 4 4 16
Hf <0.5 - <0.2 0.5
Nb 4.1 3.6 <2 14
Ni 9.7 7 <2 21
Pb 13 4 5 19
Rb 6.4 4 <2 14
Sb <0.2 - <0.1 04
Sc 1.3 0.5 0.3 1.6
Sr 94 98 5 317
Ta <1 - <0.5 <]
Th 2 2.5 <0.5 8
U 16 7.2 6.5 30
\'% 139 85 6 297
Y 8.4 5.2 <2 19
Zn 355 306 26 846
Zr 25 40 2 138
La 57 87 3.9 285
Ce 60 68 4.1 227
Nd 27 15 9.1 45
Sm 2.3 1.7 0.27 4.5
Eu 1 0.57 <0.5 1.9
Tb 0.77 0.26 0.52 <1
Ho 0.47 0.02 0.45 0.49
Yb 0.51 0.13 0.35 0.78
Lu 0.15 0.08 0.03 <0.2

Analyses by XRF (J. Bedford, University of New England), except for REE, Ag, As, Au,
Cs, Hf, Sb, Sc, Ta, Th and U, which were determined bu INAA at Becquerel Laboratories,
Sydney



Table 3E. Average compositions of epigenetic ironstones (n: 24} in the Olary Domain
(magnetite + hematite + quartz = albite & pyrite epigenetic ironstone, QFS)

Mean Standard Minimum Maximum
deviation

(wt%)
Si10, 28.14 25.90 0.85 97.58
TiO, 0.27 0.37 0.02 1.75
Al,O4 1.74 2.55 0.05 8.10
> Fe, 05 65.68 27.76 1.61 96.86
MnO 0.06 0.03 0.01 0.14
MgO 0.14 0.30 <0.01 1.23
CaO 0.17 0.20 0.01 0.79
Na,O 0.67 1.33 0.04 4.59
K,0 0.17 0.28 0.01 1.05
P,05 0.57 1.53 0.03 7.38
SO, 0.45 1.00 0.03 472
LOI 1.70 1.82 0.08 8.39
Total 99.76 1.67 93.08 103.65
(ppm)
Ag <5 - <5 <5
As 4.6 5.7 <0.5 27
Au(ppb) 51 135 <5 560
Ba 318 849 <11 4070
Co 45 35 1 116
Cr 23 15 10 64
Cs <0.5 - <0.5 33
Cu 171 450 4 2240
Ga 15 8 2 35
Hf <0.2 - <0.2 3.6
Nb 7.8 12 11 60
Ni 21 16 <5 64
Pb 13 14 <7 65
Rb 9.9 15 <2 64
Sb 12 33 <0.1 106
Sc 10 10 0.4 43
Sr 38 60 <3 288
Ta <0.5 - <0.5 0.84
Th 4.6 4.8 <0.2 16
U 15 46 <2 230
A% 267 409 23 1380
Y 68 126 <3 554
Zn 40 50 <2 188
Zr 27 35 <2 132
La 26 31 0.56 123
Ce 44 49 <4 159
Nd 26 28 0.92 86
Sm 5.6 6.8 0.20 27
Eu 1.5 2.3 0.09 10
Tb 1.4 2.5 <0.04 10
Ho 1.9 3.7 <0.04 15
Yb 4.1 8.4 0.06 33
Lu 0.6 1.3 <0.01 5.1

Analyses by XRF (J. Bedford, University of New England), except for REE, Ag, As, Au,
Cs, Hf, Sb, Sc, Ta, Th and U, which were determined by INAA at Becquerel Laboratories,
Sydney
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Fig. 7. Y/P,Os5 versus Zt/Cr diagram for iron-formations and associated rocks of the Pelite,
Calcsilicate and Quartzofeldspathic Suites (modified after Wonder et al., 1988)

tion diagrams (e.g. Fe/Ti versus Al/Al+Fe + Mn, Bostrom, 1973; SiO, versus
AL O3, Wonder et al., 1988; U versus Th, Bonatti, 1975; Fe-Mn-(Cu + Co + Ni)x 10,
Bonatti et al., 1972; Y/P,05 versus Zr/Cr, Marchig et al., 1982; Co -+ Cu+ Ni
versus total REE, Dymek and Klein, 1988). All OD iron-formations strongly
resemble hydrothermal sediments with respect to their Y/P,Os and Zr/Cr ratios
and fall either in or between the hydrothermal and pelagic sediment fields of the
Y/P,0Os5 versus Zr/Cr diagram (Fig. 7). Data points of the OD iron-formations plot
in or near the field of hydrothermal deposits of the Co 4 Cu + Ni versus total REE
diagram (Fig. 8). All samples resemble hydrothermal sediments in that they have
uniformly low Zr/Cr and Co + Cu + Ni values (Figs. 8, 9).

Thus the original chemical sediments necessary for the formation of the iron-
formations in the QFS and manganiferous iron-formations were largely hydro-
thermal products (Lottermoser and Ashley, 1996). Contamination by clastic
material (manifest in increasing contents of Al, Ti, alkalies, transition metal and
high field strength trace elements) is, however, significant for a few quartz-Fe oxide
and the calc-silicate iron-formations and quartz-garnet rocks as indicated, for
example, by the Fe/Ti versus Al/Al+ Fe+Mn discrimination diagram (Lotter-
moser and Ashley, 1996). Alumina-rich iron-formations are interpreted as mixed
clastic and chemical sediments or as subsurface clastic sediments replaced by
hydrothermal fluids.

Epigenetic ironstones

Compositionally, epigenetic ironstones in the QFS have similarities with the
quartz-Fe oxide iron-formations, but are generally richer in Fe (up to 96-97 %
> Fe,0O3;) and poorer in Si (Table 3E). Individual samples and the average
composition of epigenetic ironstones contain higher ¥Fe, Ti, P, Cu, Au, Sc, U, V,
Y, Zn and heavy REE (HREE) than the iron-formations, but they contain lower Si,
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diagram for iron-formations and associated rocks of the Pelite, Calcsilicate and
Quartzofeldspathic Suites (modified after Dymek and Klein, 1988)
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Fig. 9. NASC-normalised REE patterns for average, minimum and maximum iron-
formation (JF) of the Quartzofeldspathic Suite (n: 27) and epigenetic ironstone (IS) (n: 24)

Ca, K, Ba, Rb, Sr and Pb. The epigenetic ironstones display a prominent trend to
HREE-enrichment compared to the iron-formations (Fig. 9). Contents of V in the
epigenetic ironstones are highly variable (up to 1380 ppm) and do not correlate
well with either XFe or Ti. The apparent enrichment of P in the epigenetic
ironstones may in part be an artifact of sampling and the inclusion of a few samples
containing supergene Fe phosphate minerals (Ashley et al., 1997b); the actual
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Fig. 10. Isocon diagram for average iron-formation of the Quartzofeldspathic Suite (n: 27)
and average epigenetic ironstone (n: 24) using Zr and Ga as the basis for the isocon fit.
Error limits calculated from the standard deviation (5%) of elements on which the isocon is
based are shown by the cone around the isocon. Selected major element oxides plotted in
wt%, minor elements in ppm. In reading the diagram, components above the isocon have
been added, and those below subtracted

contents of primary apatite in both the epigenetic ironstones and quartz-Fe oxide
iron-formations are similarly small.

The isocon approach of Grant (1986) to determine element mobility has been
applied to the average iron-formation and epigenetic ironstone and to partly altered
and magnetite-hematite veined and brecciated quartz-albite hostrocks and massive
epigenetic ironstones at Mt Bull and Faugh-a-Ballagh. Comparison of the
compositions of the average iron-formation with the average ironstone indicates
that Fe, Ti, P, Cu, Au, Sc, U, V, Y, Zn and HREE were generally enriched (Table
3A, 3E; Fig. 10). Elements generally depleted include Si, Al, K, Ca, Ba, Rb, Sb, Sr
and Pb, whereas Mg, Na, Co, Cr, Ga, Hf, Nb, Th and Zr remained largely
immobile. Individual locations show highly variable element enrichments or
depletions (Faugh-a-Ballagh: gain of K, Ga, Ni, Nb, S, Sc; loss of Ba; Mt Bull:
gain of U, Pb, Ba, As, Ga, Th; loss of K, S, Sr, Rb). Such contrasting element
behaviour suggests very localized redistribution of element during replacement.

Discussion
Comparison with iron-formations and ironstones in the Broken Hill Domain
and Mt Isa Eastern Succession

Iron-formations in the QFS in the OD have stratigraphic and compositional
affinities with quartz-magnetite bodies in the Thackaringa Group of the BHD
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(Willis et al., 1983; Burton, 1994), and although the latter are not known to be
baritic or associated with calc-silicates or Mn-rich rocks, they are locally
pyritic and contain epigenetic CuAu mineralisation (Willis et al., 1983; Burton,
1994). The manganiferous iron-formations in the Pelite Suite exhibit miner-
alogical, compositional and stratigraphic affinities to the laminated manganiferous
banded iron-formations and FeMn-garnet-quartz rocks in the upper part of the
Broken Hill Group in the BHD (Stanton, 1976; Barnes, 1988; Spry and Wonder,
1989; Lottermoser, 1989). In the latter unit, such rocks have a spatial and possible
genetic relationship to the Broken Hill PbZnAg orebodies (Stanton, 1976;
Plimer, 1984; Barnes, 1988; Spry and Wonder, 1989). The OD manganiferous
iron-formations are not as consistently phosphatic as those in the BHD, nor are
they as anomalous in base metals (cf. Stanton, 1976); no direct association of the
latter with base metal sulfide mineralisation is currently known, although at this
general stratigraphic level in the Pelite Suite, disseminated ZnFe(Pb) sulfides
have been found. There does not appear to be an analogue in the BHD of the
calc-silicate iron-formation at Mindamereeka Hill (Fig. 1). The unusual alkali-
and Fe*>*-rich rocks (Table 3C) with hematite, CaFe(Na) amphibole(s), CaNaFe
clinopyroxene and andradite, could be the result of the high-temperature
replacement of pre-existing laminated iron-formation (e.g. magnetite-bearing) by
NaCaFe®" rich fluids (cf. Williams, 1994; Barton and Johnson, 1996; Davidson,
1996). Alternatively, they may have formed by the metamorphism of an extremely
oxidised, mixed chemical-clastic precursor with Fe-enrichment from exhalative
hot spring sources. Aegirine-bearing iron-formations are also known (e.g. Klein,
1966; McSwiggen et al., 1994) and have been interpreted to reflect the presence
of Na-rich fluids during pre-, syn- and post-depositional stages (McSwiggen
et al., 1994).

There are strong analogies between the field, mineralogical and chemical
characteristics of the OD iron-formations and ironstones, and those reported from
the Proterozoic Mt Isa Eastern Succession (e.g. Davidson et al., 1989; Davidson,
1996; Adshead et al., 1998). In the latter region, Davidson (1996) has proposed that
there remain suites of primary iron-formations which largely retain their original
chemistry (and to some extent preserve primary sedimentary features), but that in
places, the iron-formations have been metasomatised and that there are also
structurally- and lithologically-controlled replacement ironstones. Where there has
been metasomatism, or formation of replacement ironstones, the YFe contents have
increased and may be accompained by CuAu mineralisation.

Genesis of iron-formations and barite-rich rocks and their subsequent
metamorphism

Field data, petrology and major and trace element geochemistry indicate that the
QFS iron-formations and barite-rich rocks, and the PS manganiferous iron-
formations precipitated from hydrothermal fluids (Lottermoser and Ashley, 1996).
Metalliferous chemical sedimentation process were operating throughout deposi-
tion of the Willyama Supergroup in the OD and formed diverse metalliferous rock
types including barite-, scheelite-, tourmaline-, iron oxide-, iron sulfide-, (Bierlein
et al., 1995), and piemontite-rich rocks (Ashley, 1984b). Much of this chemical
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sedimentation could have occurred from hot springs exhaling into a shallow water,
possibly evaporative setting in an intracontinental rift environment (Cook and
Ashley, 1992), and indeed, B isotopic compositions of tourmaline-rich rocks from
the adjacent BHD (Slack et al., 1993) are consistent with derivation from a non-
marine evaporite source. Iron, Ba, Mn and other metals could have been leached
from the volcano-sedimentary fill of the rift sequence by circulating heated saline
fluids. Metalliferous chemical sediments are characteristic of many Proterozoic
rift-type terrains and are associated with, or have potential for, massive sulfide
deposits (cf. Rozendaal, 1986; Plimer, 1986; Sawkins, 1990).

Iron-formations in the QFS contain a medium to coarse grained recrystallised
mineral assemblage of magnetite and/or hematite + quartz + feldspars - barite,
from which little can be ascertained regarding formation conditions apart from the
fact that the rocks have recrystallised at or near the HM buffer. Iron-formations
transitional into calc-silicate rocks, including the small iron-formations at
Mindamereeka Hill, contain assemblages with CaFe(Na) amphibole(s) £ CaNaFe
clinopyroxene + andradite, with hematite + magnetite. Apart from being generally
indicative of medium grade metamorphic conditions, it can again be inferred that
/O, conditions were maintained at or above the HM buffer. Metamorphic fluids in
equilibrium with quartz and clinopyroxene were hypersaline and oxidising (fluid
inclusions commonly contain daughter salts and hematite, and have corrected
homogenisation temperature of ~ 350°-650° C; Kent et al., in prep.).

In the manganiferous iron-formations, the assemblage grunerite-fayalite-
magnetite-garnet (almandine-spessartine) is consistent with metamorphic grade
being at least staurolite-kyanite zone and possibly sillimanite zone (Klein, 1982)
with fO, conditions approximating the quartz-fayalite-magnetite buffer. In the
Bulloo Well region (Fig. 1), this accords with fibrolitic sillimanite being present in
adjacent metapelite assemblages (Laffan, 1994) and manganiferous iron-formation
contains coexistng garnet (Xyp, =039, Xg.=0.52, X,=0.08) and ilmenite
(X =0.12) which yield a temperature estimate of 610°C using the garnet-
ilmenite geothermometer of Pownceby et al. (1991).

Genesis of epigenetic ironstones

Recrystallisation, vein and breccia textures within the epigenetic ironstones are
indicative of fluid-rock reactions. Hypersaline fluid inclusions containing solid
phases including halite, anhydrite and hematite occur in quartz in epigenetic
ironstones and in recrystallised quartz and clinopyroxene in the calc-silicate iron-
formations. The same types of fluid inclusions are widespread throughout the OD
metamorphic sequence and are characteristic of calc-silicate-rich skarn-like
replacement assemblages (garnet + quartz =+ epidote), calc-silicate matrix breccias
and certain albite-quartz rocks. They have been interpreted to reflect the passage of
high-temperature ( ~ 350°-650 °C), hypersaline, oxidising fluids through portions
of the sequence (Yang and Ashley, 1994; Kent et al., in prep).

Experimental data indicate that Fe has considerable solubility in high
temperature, saline hydrothermal fluids, with pressure, pH, fO, and fS, also
exerting some control (e.g. Chou and Eugster, 1977; Hemley et al., 1992; McPhail,
1993). Similarly, Cu, Au, U and REE are also increasingly soluble in high
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temperature, oxidising, saline fluids (e.g. Davidson and Large, 1994; Barton and
Johnson, 1996).

For the OD, it is proposed that Fe was leached from the evaporite-bearing
volcanosedimentary sequence by hot, saline metamorphic fluids. Iron-bearing
minerals such as biotite, magnetite and hematite reacted with the fluid and the
mobilised Fe was subsequently reprecipitated in suitable structural and reactive
lithological sites, largely facilitated by temperature decrease and wallrock
reactions (cf. McPhail, 1993; Barton and Johnson, 1996). Interaction of these
fluids with iron-formations and Fe oxide-bearing quartzofeldspathic rocks led to
strong recrystallisation, local veining, brecciation and the deposition of Fe as Fe
oxides, Fe-bearing calc-silicate minerals, and to lesser degree as sulfides. The
solubility of Zn and Pb remained high at temperatures greater than 300 °C in these
saline fluids (with high CI/S and low reduced S) (cf. Hemley et al., 1992); however,
only the less soluble Cu precipitated as sulfide, with Au in elemental form or held
cryptically in sulfides. Fluids responsible for epigenetic veining and brecciation
were rich in Fe>" and caused modest enrichment in Ti, Cu, Au, Sc, U, V, Y, Zn and
HREE and thus exhibit chemical characteristics of fluids responsible for the
formation of syn-metamorphic ironstones in the Mt Isa Eastern Succession (cf.
Williams, 1994). This model has direct analogies with those proposed for regional-
scale alteration, Fe mobility and metasomatism in the Mt Isa Eastern Succession
(e.g. Williams, 1994; Williams and Blake, 1993; Davidson, 1994; 1996; Oliver,
1995; DeJong and Williams, 1995) and with the evaporite source model of Barton
and Johnson (1996) for epigenetic FeCuAuUREE mineralization.

The timing of alteration and brecciation in the OD was possibly episodic, and
may include syn-diagenetic (cf. Plimer, 1977; Cook and Ashley, 1992), as well as
syn-metamorphic and syn-deformational (OD;-ODj3) events (Yang and Ashley,
1994; Ashley et al., 1997a). Field and Sm-Nd isotopic data constrain certain skarn-
like calc-silicate replacement bodies to syn- to post-OD, at ~ 1580-1530 Ma (Kent
et al., in prep). It is likely that ironstone genesis in the OD is simply a variation in
theme of regional-scale metasomatic alteration. It is a manifestation of an
ultimately evaporite-derived, saline, high-temperature and oxidised NaFeCa-
bearing metamorphic fluid, imposed on an Fe-rich precursor rock type.

Conclusions

Iron-formations of the Palacoproterozoic Willyama Supergroup are found in three
distinct geological settings. Iron-formations of the Quartzofeldspathic Suite occur
in albite-quartz (-Fe oxide) rocks and consist of magnetite and quartz and minor
hematite, barite, actinolite and apatite. They also show internal gradations from Fe
oxide-dominant types, through examples rich in quartz, to types rich in barite.
Calc-silicate iron-formations of the Calcsilicate or Bimba Suites are enclosed by
calcalbitite and calc-silicate rocks. They are hematite-rich with associated
magnetite, albite, quartz, CaFe(Na) amphibole(s), CaNaFe clinopyroxene and
andraditic garnet. Manganiferous iron-formations of the Pelite Suite are hosted
within pelitic and psammopelitic rocks and have associated garnet-quartz rock
occurrences. These iron-formations comprise magnetite, quartz, almandine-spessar-
tine, manganoan fayalite and manganoan grunerite and display mineralogical
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gradations from magnetite-dominant types, through examples rich in fayalite and
grunerite, to types with abundant garnet and quartz. The diverse iron-formation
types are the result of metalliferous chemical sedimentation processes operating
throughout the deposition of the Willyama Supergroup.

The iron-formations have experienced localised epigenetic overprints causing
textural and compositional reconstitution. Epigenetic ironstones contain a simple
mineral assemblage of magnetite, hematite and quartz. They are the result of the
passage of syn-metamorphic, high-temperature ( ~ 350°-650°C), saline, oxidising
fluids through portion of the Willyama Supergroup sequence. Interaction of these
fluid with iron-formations and Fe oxide-bearing quartzofeldspathic rocks has led to
strong recrystallisation, local veining and brecciation, and the formation of
epigenetic ironstones with variable Fe, Ti, Cu, Au, Sc, U, V, Y, Zn and HREE
enrichment. The generation of the ironstones is viewed as part of the spectrum of
regional-scale hydrothermal alteration effects, widespread in the OD.
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