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Osborne and Kulthor Cu-Au Deposits
Aerial view of the Osborne mine site. Image from Chinova presentation.

PREAMBLE
This chapter describes the Osborne and Kulthor copper-gold deposits. The Osborne deposit was discovered in the late 1980’s and
brought into production in 1995. Production is
currently scheduled to cease in 2019.

The Kulthor deposit, located 2.3km to the
WSW of the Osborne deposit, was first drilled
during a brownfield exploration program in
1991, with a portion of the resource mined
from 2012 to 2015.

NATURE OF MINES

The Kulthor deposit was mined via underground methods from 2012 to 2015.

Mined Commodities

PRODUCTION AND RESOURCES

Copper and gold have been produced from
the Osborne deposit since commissioning of
the concentrator in June 1995, following the
commencement of mining in 1994.

Mineralised Bodies—Osborne

The Kulthor deposit was mined from 2012 to
2015 with ore processed at the Osborne
plant to produce copper and gold in concentrate.

LOCATION

Mining Methods & Depths of Mining

Geological Domain

The Osborne project commenced mining in
August 1994 as an open pit operation to approximately 110m depth, with subsequent
underground mining commencing in February 1996.

Kuridala-Selwyn Domain, as defined in the
Mount Isa Structural Domain Map from the
2010 NWQMEP GIS (Figures 6.1, 6.2).

Co-ordinates
Osborne:
Lat: 22°05’ 34” S, Long: 140° 34’ 23” E
MGA Zone 54: 455,960 E, 7,556,800 N
Kulthor:
Lat: 22° 05’ 52” S, Long: 140° 33’ 02” E
MGA Zone 54: 453,700 E, 7,556,300 N
The Osborne Mine Grid north is oriented towards the Northwest (319.2° true).

Underground mining is by open panel stoping in the flat lying lenses and uphole
sublevel bench retreat in the moderately to
steep dipping lenses (Tullemans et al.,
2001). After underground mining to approximately 1200m depth, underground extraction no longer occurs, and an open-pit cutback project commenced in September
2015, with ore expected to be processed
until mid-2019.

The Osborne deposit comprises two dominant mineralised bodies located in the Western Domain the (1S, 1SS, 2M, 2S orelodes),
and two smaller orebodies in the Eastern Domain (2N, 3E) (Figure 6.3). The Western and
Eastern Domains are interpreted as separated by the poorly-defined Awesome Fault.
Orebodies 1 and 2 (1S, 1SS, 2M, 2S) comprise moderate to steeply dipping mineralised sheets, with dimensions as follows:
- 1 Orebody is approximately 1100m long x
350m wide x 20m thick
- 2 Orebody is approximately 700m long x
250m wide x 20m thick
The Western Zone 3E orebody is a smaller
flat-lying lensoid orebody and is approximately 300m long x <100m wide x 20m thick

Mineralised Bodies—Kulthor
The Kulthor deposit comprises a steeply dipping tabular zone with several high grade
shoots contained within a broader 0.1-0.5%
CuEquiv halo. The mineralised zone has a
strike length of at least 900m by 700m deep
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Figure 6.1: Regional location of the Osborne deposit
shown with respect to the Mount Isa Structural Domain
Map from the 2010 NWQMEP GIS

2018), from ore sources including the following:


Osborne 23.46Mt @ 2.74% Cu, 1.01 g/t
Au



Kulthor 2.78Mt @ 1.66% Cu, 1.05 g/t
Au



Approximately 3Mt of ore from the Trekelano and Starra 276 deposits.

HOST ROCKS
Regional Geology
The district geology in the Osborne-Kulthor
district has been most recently compiled by
the 2017 Deep Mining Queensland (DMQ)
study (Murphy et al, 2017). The area is covered by up to 60m of Cretaceous sediments
so the DMQ interpretation (Figures 6.4 and
6.3) was substantially built on Chinova’s detailed aeromagnetic data augmented with
previous company interpretations from RAB
drilling (primarily Morrison, 2002) in the immediate Kulthor-Osborne area and detailed
mine-scale work at Osborne (King, 2001) and
at Kulthor (Hinman, 2012, 2013).
The Proterozoic geology around Kulthor and
Osborne is interpreted to comprise the
Starcross Formation which has been placed
by DMQ 2017 within the KURIDALA
timeslice. The following information from
DMQ 2017 details the major tectonostratigraphic and geodynamic features of this
region that are interpreted to impact on mineralisation.
The local Starcross Formation comprises upper amphibolite-grade, migmatitic
metapelitic schists, granoblastic psammites, some magnetite iron formations,
amphibolitic metadoleritic sills and locally significant partial melting.



One particular Starcross psammitic unit
(see Figure 6.5) has a distinctive magnetic character and has been used to
interpret the structural architecture of
the area. It includes magnetite iron formations, formational amphibolitic sills of
likely metadoleritic origin and weaklymagnetic, massive psammitic metasedimentary units.



The Starcross Formation has been folded into a series of disharmonic D2 folds
at upper amphibolite grade. These high
grade D2 folds contrast with the tight D2
folds developed across the New Hope/
Mount Norna Quartzite-Answer Slate
transitions to the northwest of Figures
6.4 & 6.5.



Later D2 shortening results in regionalscale, short-limb, dextral transpressive
failure that dismembers the folded met-

eration during calendar 2019.

and 140m wide.

Resources and Reserves
Prior to the final Feasibility Study undertaken
at Osborne in 1994, the global Mineral Resource of the deposit stood at 36Mt @ 2.0%
copper, 1.0 g/t gold (based on a cut-off grade
of 1% ECU - copper equivalent).
The Feasibility Study recognised that a high
strip ratio associated with the overlying thick
barren Mesozoic sediments required an increased cut-off grade to meet economic hurdles for underground mining, and the mineral
resource translated to an Ore Reserve of
11.3Mt @ 3.04% copper and 1.28 g/t gold
(Table 4.1) utilising cut-off grades of 1% ECU
for open pit and 2.5% ECU for underground (Tullemans et al, 2001). As of 2001, exploration had added an additional 4.2Mt @ 2.94%
copper and 0.48 g/t gold.
The Osborne Mine is expected to cease op-
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In 2012 the Kulthor deposit had a pre-mining
resource of 7.5Mt @ 1.6% Cu, 1.0 g/t Au
(Measured and Indicated) plus 5.4Mt @ 1.3%
Cu, 0.9 g/t Au in the Inferred category) (Table
6.2a).
Following mining for two years and further
drilling, a new resource was estimated in
2017 of 33.29 Mt @ 0.86% Cu, 0.58 g/t Au
(Measured and Indicated) with an additional
Inferred resource of 7.9 Mt @ 0.79% Cu,
0.54 g/t Au, all at a cut-off grade of 0.75%
ECU (Table 6.2b).

Production
The Osborne copper-gold flotation concentrator has a throughput capacity of 2Mtpa
(Chinova website).
As of November 2018 the Osborne processing plant had produced 682,400t of copper and 695,500oz of gold (McGeough,
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Figure 6.2: Regional location of the Osborne deposit
overlain on an image of total magnetic intensity from the
GADDS data for the region

amorphosed packages along regionalscale D2 faults (Figure 6.6) that juxtapose Kuridala Fm over New Hope/Mount
Norna Quartzite in the west and New
Hope/Mount Norna Quartzite over Kuridala Fm in the northeast.


Post D2-D3, at shallower crustal levels
in D4 time, these D2 faults are reactivated under NW-directed shortening,
some new D4 faults develop with less
significant displacements, and where lithology allows, brittle fracture and breccia deformation occurs. High grade metapelitic schists and other metasediments
accommodate this shallower crustal deformation via slip on existing fabrics.
Like elsewhere in the belt, only lithologies that remain brittle through peak
metamorphism, can express fracturing
and brecciation to focus mineralising fluid flow at this time.



A complex northwest-trending domain
immediately southwest of Osborne
shows late cross-cutting fault reactivation but likely reflects an earlier
structure that has significantly influenced
the iron formation geometries at Osborne and the interpreted distribution of
D4 reverse faulting to the zone’s north
and south. It is hypothesised by DMQ
2017 that this pre-existing zone might
have acted as a sidewall-style structure
during D4, accommodating strike-slipdominated transpressive deformation
while the NE-trending D4 structures deformed via reverse-dominated transpressive failure. This is consistent with the
detailed mine scale work at Osborne by
King (2001).



A string of interpreted metadoleritegranitic plug-like intrusions ring the Osborne-Kulthor area (Figures 6.4 & 6.5)
which may reflect co-magmatic mafic
magmatism and intrusive geometries at
depth.

OSBORNE
Mine Stratigraphy
The Osborne orebody is hosted within feldspathic psammite ± thin layers of pelite. The
feldspathic psammites at Osborne have been
compared by Adshead (1995) to the metasedimentary sequence outcropping 10-20km
north of the Osborne deposit, which has been
variably interpreted to belong to the siliciclastic-dominated Kuridala Formation of the Mary
Kathleen Group (see Adshead 1995, and reference to Blake, 1987 therein). DMQ (2017)
consider the sequence as part of the
Starcross Formation, which it places within
the Kuridala Timeslice. Adshead (1995) re-

ports that the host package has previously
been assigned to the Stavely Formation
(Davidson et al., 1989) and the Mount Norna Quartzite of the Soldiers Cap Group
(Laing, 1990).
Mesozoic marine sediments (30-60 m thick)
overly the Proterozoic basement such that
a lack of exposure surrounding the deposit
makes detailed correlations difficult. However, the geological setting was reinterpreted by DMQ (2017), built substantially upon Chinova’s detailed aeromagnetic
data augmented with previous company
interpretations from RAB drilling (primarily
Morrison, 2002) in the immediate KulthorOsborne area and detailed mine-scale work
at Osborne (King, 2001) and at Kulthor
(Hinman, 2012, 2013).
The local Starcross Formation comprises
upper amphibolite-grade, migmatitic metapelitic schists, granoblastic psammites,
some magnetite iron formations, amphibolitic metadoleritic sills and locally significant

partial melting. One particular Starcross
psammitic unit has a distinctive magnetic
character and has been used to interpret the
structural architecture of the area (Figure
6.5). It includes magnetite iron formations,
formational amphibolitic sills of likely
metadoleritic origin and weakly-magnetic,
massive psammitic metasedimentary units.

Major Host Rock
The major host rocks for the deposit are premetamorphic banded ironstone (magnetitequartz-apatite) units, and their margins, within the package of feldspathic granoblastic
psammite and migmatitic metapelitic schists.
Adshead et al (1998) subdivides the deposit
into a western and eastern domain partly on
the basis of host rock sequence, but also on
mineralisation characteristics. The boundary
between these domains is considered to be
the poorly-defined Awesome Fault.
Whilst the mineralisation in the western domain is associated with ironstone units, with

Northwest Mineral Province Deposit Atlas

223

Chapter 6

Osborne - Kulthor Deposits

Figure 6.3: Geometry of the mineralised bodies in the
Osborne Mine, From Tullemans et al., (2001)

the gross distribution of the orebodies mirroring the shape of the ironstones (Adshead et
al, 1998), the 2N and 3E orebodies in the
eastern domain are not associated with ironstones but instead the host rocks include intensely silica flooded pegmatite and albite
rocks in close association with schists
(Tullemans et al., 2001).
In both domains high-grade mineralisation
occurs where the host lithology has been replaced by grey, massive, coarse-grained silica termed ‘silica flooding’ (Tullemans et al.,
2001).

Minor Host Rock
At least two of the banded ironstones have
associated anthophyllite/cummingtonite
schists on their margins, variably attributed to
alteration associated with a metamorphosed
Fe-rich exhalative deposit or premetamorphic iron metasomatism with hydrothermal leaching and alteration of the wall
rocks.

INTRUSIVE ROCKS
Granitoids
The Cloncurry Belt is host to the voluminous
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post-1550 Ma Williams-Naraku felsicdominated intrusive suite (Wyborn, 1992),
but no large granitoid bodies have been
mapped in the immediate vicinity of the Osborne deposit. The nearest interpreted near
surfacegranitoid unit is approximately 6km
to the northwest as interpreted by DMQ
(2017) from aeromagnetic data (Figures 6.4
& 6.5).

morphism and the peak metamorphic
assemblage is in turn locally overprinted
by retrograde epidote, actinolite, albite,
chlorite, calcite, hematite and pyrite.
ii)

The DMQ 2017 study undertook an inversion of the regional gravity data with the objective of mapping the distribution of the the
large Williams-Naraku batholiths. Some of
these interpreted bodies are located at
depth (minimum inverted depth of 3.3km to
top of body) in the Osborne district (Figure
6.6).

Mafic Intrusive Rocks
There are two different mafic intrusive units
identified at the deposit (Adshead et al.,
1998), as follows:
i)

Parallel sheets of tholeiitic amphibolite.
The metatholeiitic dykes are <9m thick
and dip at 45-65° to the northeast and
generally have sharp and discontinuous contacts. They pre-date the amphibolite facies regional metamorphism. These comprise strongly lineated mosaics dominated by the metamorphic assemblage oligoclaseedenitic hornblende-titanite-quartzmagnetite-diopside. Igneous textures
were obliterated during regional meta-

A discrete podiform body of amphibolitic
peridotite (meta-ultramafic rock). The
body is approximately 180m long by
100m wide and <65m thick, and occurs
well above the weakly mineralised silicification in the NE portion of the Osborne
deposit. It is completely bound by a retrograde, phlogopite-rich shear zone.
The least retrogressed core of the body
comprises variable amounts of metamorphic olivine, orthopyroxene, hercynite, magnesiohornblende, anthophyllite,
chromian magnetite and chlorite. Concentrations of chromium, nickel and
MgO indicate the rock is a metamorphosed ultramafic rock. Adshead (1995)
reports that the metamorphic grade in
the amphibole peridotite is similar to the
various metamorphic assemblages of
the Osborne sequence suggesting the
body was in its current position during
the peak of metamorphism

Relative age relationships between the metatholeiite and amphibolitic peridotite have not
been determined but the geochemical characteristics of each rock type indicate that they
are not related to a single magmatic episode
(Adshead, 1998).
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Table 6.1: Measured and indicated mineral resources and proven and probable ore reserves utilised for the Osborne 1994 Feasibility Study. Source: Tullemans et al., (2001)

Other Intrusive Rocks
Post- peak-metamorphic pegmatite sheet intrusions and minor lamprophyre dykes occur
in both domains but are more common in the
eastern domain. Adshead (1995) subdivides
the sheet intrusions into three categories, i)
porphyritic syenite, ii) alkali feldspar granite,
and iii) pegmatites, and notes that they appear to be closely related in time because all
intrusions post-date the peak of regional metamorphism and pervasive deformation but
are overprinted by the economic mineralisation. Adshead (1995) notes that the lamprophyre dykes have a general orientation of
mine-grid ESE dipping moderately towards
the north (true ENE strike dipping moderately
towards the NW). Lamprophyre dykes crosscut all shear fabrics (King, 2001).

METAMORPHISM
Metamorphic Grade
Regional metamorphism in the Osborne deposit is interpreted to have reached upper
amphibolite facies. Geothermometric and ge-

Table 6.2a Mineral Resource for the Kulthor deposit at 1.2% eCu Cut off (Ivanhoe - August 2012), prior to mining. Note: eCu% is calculated by 1% Cu + (0.6 x ppm Au). From Crimeen & McGeough (2017).

Lease
August 2012
(undepleted)

Classification
Measured

Mt
3.0

Cu %
1.7

Au ppm
1.0

eCu%
2.3

Density
3.1

Indicated

4.5

1.5

1.0

2.1

3.0

Sub-total

7.5

1.6

1.0

2.2

3.0

Inferred

5.4

1.3

0.9

1.9

3.0

Table 6.2b: Mineral Resource for the Kulthor deposit at 0.75% eCu Cut off (Chinova - 2017), post the mining period 2012-2015. Note: eCu% is calculated by 1% Cu + (0.8 x ppm Au). From Crimeen & McGeough (2017).

Lease
Kulthor
2017
depleted

Classification
Measured

Mt
20.98

Cu %
0.90

Au ppm
0.55

eCu%
1.34

Density
2.75

Indicated

12.31

0.81

0.64

1.31

2.89

Sub-total

33.29

0.86

0.58

1.33

2.80

7.90

0.79

0.54

1.22

2.91

Inferred

Figure 6.4: DMQ geological interpretation of the Osborne-Kulthor region that
highlights a D2-D4-fault dismemberment
of a D2-folded package of KURIDALA
(Starcross Formation). Given the presence
of a Mesozoic cover sequence over much
of the area, most of the geological interpretation is based on the regional aeromagnetic data (see Figure 6.3).
Source: Figure 3.34 of the DMQ Final report (Murphy et al, 2017)
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Figure 6.5: Detailed Chinova vrmi-2vd over tmi-rtp
aeromagnetic data in the Osborne-Kulthor region
overlain with the DMQ structure framework from
Figure 6.2.
Source: Figure 3.35 of the DMQ 2017 Final Report.

scale structures or reactivates older
structures with small displacements.
This is correlated with the D4 phase of
DMQ (2017).


Post-orogenic faulting occurs in the district with a general NE-SW or NW-SE
orientation. The mineralisation in the
Osborne open-pit is offset by northdipping thrusts.

Major Structural Styles
The rocks of the Osborne deposit are dominated by ductile fabrics, including development of mylonites, ductile shear zones and
local isoclinal folding. Most rocks show moderate to intense foliation development. Evidence of partial melting is common including
the presence of migmatites and granoblastic
textures.
However, the fracture network hosting mineralisation is a brittle fracture network which
King (2001) suggests was superimposed on
the silica-flooded system in the late D2
(DMQ’s D4) stress regime (see Figure 6.7
below).

Structural Model for Mineralisation

obarometric studies incorporating the stability
of the pelite mineral assemblages and evidence of melting suggest that the peak of
metamorphism at Osborne occurred at 650–
700°C and ~3–7 kb (Adshead, 1995).
A study of the albitites using garnet-cordierite
and garnet-biotite thermometers was in broad
agreement suggesting peak conditions of 640
-719°C and 3-5 kb (French, 1997 reported in
Fisher, 2007).





N-S shortening, which produced EW
folds and north-directed movement on
major sub-horizontal thrusts in parts of
the Eastern Fold Belt, typically termed
D1 within the Mount Isa Block, does
not produce clear effects in the immediate Osborne area. Adshead (1995)
does document inclusion trails of biotite and quartz within cordierite porphyroblasts which are interpreted to represent a local D1 fabric. In addition, both
Adshead (1995) and King (2001) note
that emplacement of the ultramafic
body (the amphibolitic peridotite) could
be attributed to a D1 structural event.



E-W shortening at upper amphibolite
grade associated with the Isa D2 event
initially produced disharmonic NS
folds, followed by later D2 regionalscale dominantly west-vergent reverse
faulting.

STRUCTURAL CHARACTERISTICS
Structural Setting
The Osborne deposit occurs within a complex zone of broadly N to NNE-trending (mine
grid), east-dipping non-planar shears. The
deposit location and geometry are typically
attributed to the formation of dilatant sites
due to the combination of i) strong competency contrasts, and ii) the complex three dimensional geometries of these shear zones acting under variably-oriented stress fields.

Structural History
The structural history of the Osborne district ,
based on DMQ 2017, is summarized as follows:
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Deposition of the Kuridala package
(Kuridala, Starcross & Llewelyn Formations) reflects basin deepening (in
the south and east of the Cloncurry
Belt) characterised by fine-sediment
dominated, turbidite deposition during
~1710-1680 Ma



NW-SE shortening creates smaller-

The localisation of mineralisation in the Osborne deposit has been documented by King
(2001), who, based on significant underground mapping, concluded the mineralisation formed during the local D2 event (DMQ
D4), principally being localised as a response
to a rotation in the principal stress direction
during this event (Figure 6.7).

DMQ (2017) discusses the work of King
(2001), where he documents at Osborne the
shift from EW-shortening (DMQ D2) associated with fabric development including mylonitic
zones around competent blocks (so called
‘low-grade’, ‘Pip’ domains), and the vertical
imbrication of ‘ironstone units’ with synchronous partial melting, granoblastic recrystallisation and sub-horizontal pegmatite
formation to later (DMQ D4) NW-directed
shortening which re-activated the grossly NW
-trending architecture in strike-slip mode. This
re-activation gaped the pre-existing complex
structural network, focused silica flooding and
drove a brittle fracture-breccia network of the
iron formations and silica flooding to host CuAu mineralisation. DMQ 2017 report that this
sequence is in accord with the structural relationships at Kulthor (see below). This is documented below in two diagrams taken from
King (2001).
Past workers have emphasised apparent lower metamorphic grade assemblages (‘lowgrade’ ‘Pip’; sometimes ‘SAM’ for pSammiteAmphibolite-Magnetite iron formation assemblages) which host mineralisation and appear
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to have avoided higher grade partial melting
and mylonitic deformation. Both Kulthor and
Osborne are associated with these unusually
siliceous, meta psammitic-siltstone and (at
Osborne) magnetitie iron formation bearing
packages. DMQ (2017) interprets that these
apparently ‘low-grade’ lithologies are just not
compositionally amenable to express amphibolite grade fabrics and mineralogies due
to their highly silica-rich and/or magnetite-rich
compositions. In post peak-metamorphic, D4times, in shallower crustal settings they have
maintained their brittle character and lie within a sea of highly schistose, high grade migmatitic, granoblastic & pegmatitic, interbedded meta-pelites & psammites. DMQ (2017)
interprets that they become the focus of brittle, fracture and breccia deformation, focus
fluid flow and host mineralisation where deformation and fluid flow conspire.

MINERALISATION
General Characteristics
The main Osborne mineralisation comprises
a copper sulphide assemblage, with chalcopyrite by far the dominant copper sulphide,
and bornite reported only in accessory to minor amounts. The other dominant sulphides
are pyrite and pyrrhotite, with magnetite or
hematite also present. There is a zonation
documented by Adshead (1995) within the
deposit from the Western to the Eastern domain in sulphide and oxide mineralogy and
the copper/gold ratio (discussed below). Other sulphides and oxides present at minor to
accessory levels include molybdenite, scheelite, bornite and various cobalt sulphides.
The majority of the ore grade copper mineralisation occurs as very coarse grained chalcopyrite within massive sulphide aggregates
replacing silica flooded rocks. The majority of
gold occurs as 1-10 µm inclusions in chalcopyrite and as solid solutions in pyrite and/or
chalcopyrite. Lesser gold occurs along chalcopyrite and pyrite grain boundaries.
(Tullemans et al., 2001).

Chapter 6
Uneconomic elements at consistently anomalous concentrations in the high grade copper-gold mineralisation include iron, cobalt,
molybdenum, silver, selenium, bismuth,
mercury, tellurium, tin, fluorine and chlorine
(Adshead, 1995).



albitites (largely derived from gneiss)



sillimanite-rich rocks (formed by hydrogen ion metasomatism)



magnetite-rich ironstones, biotite schists
(derived from amphibolite)

There is an oxide zone present at the unconformity surface with the copper mineralogy including native copper, malachite, cuprite, chrysocolla and atacamite. Transitional ore between the two includes chalcopyrite
with chalcocite, digenite, covellite and bornite (Tullemans et al, 2001).



cummingtonite and anthophyllite rocks



calc-silicate rocks

Sulphide, Oxide and Cu/Au Zonation
The iron sulphide mineralogy is broadly
zoned throughout the deposit (Table 6.3).
Pyrite is the ubiquitous Fe-sulphide in the
western domain, whilst pyrrhotite is restricted to the high-grade mineralisation of the
Eastern High Grade Zone in the eastern domain.
In terms of iron oxides, the western zone
hosts hematite-magnetite-pyrite alteration of
the banded ironstones, whilst the eastern
zone typically hosts a magnetite-pyrite association.
In terms of copper to gold ratio, hematitemagnetite-pyrite altered ironstone of the
western domain has a relatively low Cu/Au
ratio compared to the pyrrhotite-rich silicaflooding-associated Cu-Au mineralization of
the eastern domain.
Adshead (1995) attributes these differences
in Fe-sulphide and oxide species and Cu/Au
ratios to a general zonation within the deposit from a more oxidised western domain
to a more reduced eastern domain.

WALLROCK ALTERATION
General Characteristics
The immediate host to the mineralization is
a package of metasomatic rocks (Rubenach
et al., 2001) which include:

The calc-silicate assemblages are well documented in Section 4.3 of Adshead (1995),
who reports that they have a variable distribution relative to the Cu-Au mineralization.
The diagnostic minerals of this alteration assemblage include epidote, andradite and titanite, with sporadic amounts of clinopyroxene, calcic amphibole, magnetite, hematite,
calcite, quartz, pyrite and pyrrhotite.
Adshead (1995) suggests the calc-silicate
assemblage pre-dates and is overprinted by
the alteration assemblage associated with Cu
-Au mineralization, whilst Gauthier et al
(2002) term the assemblages skarn-type alteration and suggest a magnetite and calcsilicate alteration as a prograde event within
a broader paragenesis that includes a later
lower temperature copper-gold event.
The most prominent wallrock alteration to the
Osborne orebodies is silica flooding, although textural evidence indicates that the
majority of the silica flooding predates the
main phase of copper-gold deposition. The
silica flooding typically displays a replacive
texture within the ironstones rather than infill.
Whilst it pre-dates mineralisation, the early
quartz is temporally associated with pyritemagnetite± siderite±talc (Adshead et al.,
1998).
Figure 6.6 (below) East-west cross-section (2km wide
slice) through the Osborne and Kulthor deposits, with
selected geological elements from the DMQ 2017
interpretation based on Figure 6.3 shown (D1 and D2
fault surfaces), and the top surfaces from the STAVELY
and KURIDALA sequences. The interpreted granite
bodies are based on the gravity data inversion completed under the DMQ 2017.
The Osborne oreshells are shown dipping generally to
the southeast, and one of the Kulthor sections can be
identified, showing the location of the Kulthor deposit
in the immediate hangingwall to an east-dipping D2
fault.
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The alteration paragenesis is complex, and
mineral assemblage is dependent on precursor rock types (Table 6.4).
Alteration assemblages associated with the
main mineralising phase include (Adshead,
1995):


Pyrrhotite-pyrite-magnetite-siderite-talcchlorite-ferropyrosmalite overprinting
the cummingtonite/actinolite/biotite-rich
rocks.



Chalcopyrite-hematite-pyrite-magnetitetalc-dolomite-chlorite-apatite where
overprinting the banded ironstones.
This assemblage is hematite-poor
where the higher grade mineralisation is
associated with the adjacent silicaflooding.

Mass balance calculations by Adshead
(1998) indicate that altered wall rocks are
commonly enriched in potassium, rubidium,
sulphur, fluorine, chlorine, with LREE also
commonly elevated in the wall rocks.

HALO
Inner Halo

Figure 6.6, which shows the metasomatic
phases through the Pre-Ore I, Pre-Ore II, Ore
Stage and Late Veining stages of Adshead
(1995).
The silica flooding is denoted as Pre-Ore II
stage, and the location of the silica flooding is
shown in Figure 6.8. It is broadly concordant
with the (grid) east-dipping ironstones, commonly localized at the margins of the ironstones, but also locally replacing them.
Likewise, the mineralization is commonly located within the ironstones, particularly in the
lodes of the Western Domain (1S, 2M). However the ironstones are absent in association
with the mineralization in the Eastern Domain
(e.g. 3E lode).

Outer Halo
There is strong albite alteration in the vicinity
of the Osborne deposit, which in the mine area comprises a 500m wide alteration envelope (Tullemans, 2001). Adshead et al.
(1998) note the source of the sodium enrichment is contentious and that it is not clear if it
is due to diagenetic and/or syn-sedimentary
hydrothermal fluids or to metasomatism following burial and lithification.

The key paragenetic sequences associated
with the mineralizing system are outlined in

Early D2 of King 2001 (= DMQ D4)

PETROPHYSICAL PROPERTIES
Magnetic Susceptibility and NRM
A maximum magnetic susceptibility measurements on Osborne samples of 6.3SI was reported by Gidley (1988) and an average
magnetic susceptibility of 2000 x 10-3 SI units
was established for the Osborne ironstones
by Anderson & Logan (1992), which is consistent with the 30-50% magnetite content of
the ironstones.
Gazley et al. (2016) provide more detailed
information from a study of drill core, with the
plot of magnetic susceptibility vs. density
(Figure 6.9) showing magnetic susceptibility
measurements as high as 2.25 SI. The variation of magnetic susceptibility of the Osborne
samples is dominated by the quantity of magnetite in the rock.
Natural remanent magnetisation (NRM) is not
strong in the Osborne rocks relative to the
magnetic susceptibility, consistent with the
coarse-grained nature of the magnetite in
which remanent magnetization is typically
easily overprinted (Gazley et al., 2016). The
NRM intensity varies to a maximum of 140 A/
m (Figue 6.10).
The direction of the dominant remanent mag-

Late D2 of King (2001) (=DMQ D4)

Figure 6.7: Summary of the proposed structural model for development of the Osborne mineralisation by King (2001). a) Early D2 (DMQ D4) deformation modifies the early fabric by
heterogeneous strain across the low grade domain, interpreted as forming the imbricated ironstones, b) following a reorientation of the stress field the late D2 *DMQ D4) deformation
comprised sinistral strike-slip movement on the key shears and new link shears were established with reverse movement and a control on silica flooding and mineralisation.
Note this diagram is drawn using the mine grid, where mine grid north = 319° true
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Table 6.3: Comparison of characteristic petrological
feautures of the western and eastern domains, and the
southern plunge zone. Brackets indicate the rock type/
mineral assemblage is only a minor component. Source:
Table 3.1 of Adshead (1995).

netization in the Osborne samples was not
conclusively determined by Gazley et al.
(2016) due to a lack of reliably oriented drill
core.

Density
As for the magnetic susceptibility, the density
of the Osborne samples ranges to a very
high value of 4.95 gm/cm3 (Figure 6.9), with
the density variation dominated by the magnetite content (or hematite in the weathered
zone) (Gazley et al., 2016).

Resistivity
Wire-line logging of the ironstone unit in hole
HQ16 indicated a galvanic apparent resistivity of bwtween 5 and 10 ohm-m, in a host of
1000 ohm-m (Anderson & Logan, 1992).

GEOPHYSICAL EXPRESSION
The Osborne deposit was discovered through
drill-testing of a complex high intensity magnetic system, with 36 diamond drill holes and
80 reverse circulation holes drilled before
high-grade copper–gold mineralization was
intersected in the northern portion of the system (Adshead et al., 1998).



The geophysical signatures of both the Osborne and Kulthor deposits are shown in Figures 6.12 and 6.13.
The early geophysical work is well documented in Anderson and Logan (1992), from
which most of the following summary is taken.



Magnetic and Gravity Methods




The magnetic data clearly delineates a
high intensity anomaly, with Anderson &
Logan (1992) reporting the presence of
a peak 16,000nT anomaly that generated strong self-demagnetization effects
(Fig. 6.14). It is reported that the first
two holes drilled into the magnetic
anomaly failed to intersect the source
body due to demagnetization effects,
which was later understood following
the next two holes which interscted the
magnetite body.
Positive gravity anomalies correlate well
with the ironstone +/- mineralisation distribution, although Anderson & Logan
(1992) note that there is no discernable
expression of the higher grade mineralization in the gravity data. The discrete
gravity anomaly associated with the Osborne deposit is visible within both the
airborne Falcon survey and the 250m x
25m ground lines over the deposit (Fig.
6.12c,d), although the Osborne anomaly in the Falcon data is similar to many
others in the area.

lation between mineralisation and EM
response. (Anderon & Logan, 1992)

Electrical Methods





An extensive 100m dipole-dipole IP
survey defined a broadly anomalous
chargeable zone coincident with the
modelled sources determined from the
ground magnetic data. The survey was
reported as well suited to detecting
chargeable lithologies beneath the 3050 ohm-m Mesozooic overburden
(Gidley, 1988).
The deposit provides identifiable signatures in the data from various EM
survey methods (Anderson & Logan,
1992), including moving loop TEM
(Figure 6.15) and DHEM (Figure 6.17).
Gidley (1988) also reports that fixed
loop-roving receiver time domain EM
(300m x 600m fixed loops) with the
results indicating a moderately strong
conductor trending south and southeast with a good correlation to the
magnetic and IP chargeable zones.
Mise-á-la-masse surveys were conducted with transmitting electrodes in
high-grade intersections to test for
continuity of mineralization between
holes, with results generally indicating
a lack of electrical continuity. This was
interpreted as the higher grade mineralization being associated with silica
flooding at the expense of magnetite,
which possibly reduces the interconnection of conductive grain boundaries (Anderon & Logan, 1992)
Resistivity and petrophysical logging
established that conductivity variations
observed in the initial surface and
borehole EM data surveyed in the
south are due to the content and degree of magnetite recrystallization as
well as sulphide content within the
ironstone. There was not a clear corre-



Additional electrical methods confirmed
that conductivity is not directly related to
the mineralisation concentration, due to
the increase in silica at the expense of
magnetite in the high grade mineralisation.



The 1994 Questem survey suggests the
Osborne deposit is anomalous in the
mid-time channels (Ch 8-9 Fig 6.12e),
but not in the late-time channels (Ch 13,
Fig. 6.12f)

Other Methods


Limited drill hole Radio Imaging (RIM)
tests showed promise for defining continuity of mineralisation between holes.
Fig 6.18 shows the long section between holes HQ31 and HQ29, in which
there is a correlation between radio imaging absorption and elevated copper
grades (Anderson & Logan, 1992).



Magnetometric resistivity methods, like
EM methods, showed inconsistencies
between mineralisation concentrations
and level of geophysical anomalism,
and did not appear to provide an improvement over TEM methods.

EXPLORATION GEOCHEMISTRY
The Osborne deposit is hosted in Proterozoic
metasediments preserving a significant
weathering profile featuring siliceous gossans
and rounded fluvial pebbles/cobbles and less
common boulders marking the palaeosurface. Mesozoic marine sediments (30-60 m
thick) overlay the unconformity and consist of
a basal grit of the Longsight Sandstone and a
fine sandstone-mudstone-claystone se-
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Figure 6.8: East-west sections through the deposit outlining the spataila relationship between the ore and the ironstones and silica flooding. From Tullemans (2001) and Fisher (2007).
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1993).

quence of the Wilgunya Subgroup. Relatively
recent sub-aerial exposure of the Mesozoic
marine sequences has weathered and oxidised the upper Mesozoic, and aridity has
produced several generations of siliceous
and ferruginous duricrusts in the nearsurface, with links to palaeo- and present
drainage valleys (Rutherford et al. 2005,
DMQ, 2017a). A summary of the stratigraphy
at Osborne is presented in Table 6.5. The
history of surface geochemical exploration at
Osborne, including the trialing of various
techniques prior to mining, is presented by
Hannan et al (2018).

Rutherford et al (2005) report that reworking
of anomalous redox horizons and fractures
during duricrust formation, and subsequent
surface and sub-surface hydromorphic dispersion, are thought to account for a broad
secondary sub-surface halo in Cu and other
ore elements away from the pit area
(Rutherford, 2002a).
In some locations, ferruginous horizons associated with zones of active silcrete development along drainages contain low but distinctive partial leach (Regoleach) ore signatures (Cu, Hg, MO, T l,Ag). At one locality, I
km from the pit site, duricrust breccia beneath silcrete contains up to 140 ppm Cu.
Low pH groundwaters (pH 4.2) in the vicinity
of the mineralization may be contributing to
these processes (Johnston et al., 1993;
Lawrance, 1993; 1996; 1999).

Surface Geochemistry

Cover Drilling Geochemistry

Despite the intense weathering of the Mesozoic rocks and erosion and burial of the mineralization, Rutherford et al (2005) report a
distinct geochemical anomaly for a range of
elements (Cu, Bi, Cd, Ge, Hg, Se, Eu, Sm) in
soils directly over the open pit site. The most
distinctive anomalies were identified by a
cold 0.1M HCI leach and from pSirogas analysis (Figure 6.20). Rutherford et al (2005)
suggest the anomalies at surface and the
plume above the ore post-date formation of
the palaeo-redox front (see cover drilling discussion below).

Rutherford et al. (2005) reports interpreted
element dispersion patterns from 18 percussion holes across the Osborne ore zone
(Figure 6.19), which highlight the controls on
element distribution through the weathered
profile (Lawrance, 1996).
These show a distinct anomaly 'plume' directly above the ore for a range of elements,
the influence of palaeo-redox zones through
the Mesozoic profile, and the present active
redox zone at depth. There is a significant
enrichment in major ore elements in the top
5m of the profile, probably coincident with
ferruginous upper mottled zone and duricrust. The leached saprolite beneath is poor
in most elements, reflecting intense alteration during weathering.

The sections referenced in the table are in the thesis
of Adshead (1995) and provide significant further
detail. Soild lines indicate the phase is common,
dashed lines indicate the phase is a minor component, brackets indicate the phase is rare.

Methods such as BLEG, CHIM, EDTA, weak
nitric acid and total extracts, although producing anomalies for some elements, were less
effective, giving lower peak to background
ratios (Lawrance, 1993; Scott and Meyer,

Sampling through the profile in the pit walls
indicates the geochemical dispersion from
ore likely occurred preferentially through
discrete sub-vertical fractures (Rutherford,
2000). The best expressed palaeo-redox
zones within the Mesozoic are coincident
with thin beds (about 100mm) pf pyrite-rich
sediment within the sequence (Rutherford
et al., 2005).

Basement Drilling Geochemistry
DMQ 2017 (Murphy et al, 2017a) investigated the use of aircore drill data from the Osborne-Kulthor area as a method to delineate signatures of mineralization under thin
barren cover. The drill dataset comprised
information from 2,250 aircore holes drilled
to refusal over an area of approximately
15km x 20km, with a variable spacing of between approximately 100m and 800m. The
depth of the holes varied between 5m and
129m, with an average depth of 49m. The
review assessed the distribution of copper
and gold in the drill dataset utilizing serval
templates including: maximum of hole, end
of hole, and estimated top of Proterozoic
(TPT) unconformity.
The study concluded that of the templates
used, the end of hole or maximum of hole
performed better than the TPT in highlighting the mineralisation at Osborne and Kulthor. The lack of geological control on the
drilling, and particularly characterizing the
location of the unconformity were an impediment to creating a coherent dataset, with a
Chinova re-logging program indicating that
28% of the holes had in fact failed to intersect the Proterozoic basement.
However, it is clear that within the vicinity of
the Osborne and Kulthor deposits the air-
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Fig 6.9: Plot of magnetic susceptibility vs. density for samples from a selection of drill holes between OSB001 and
OSB042. From Figure 8 of Gazley et al. (2016).

Fig 6.10: Plot of density versus remanent magnetisation (J)
for Osborne samples. The solid black circles are the NRM
measurements and the hollow blue circles are the measurements made on the same samples after a liquid nitrogen
bath. From Figure 10 of Gazley et al. (2016).
Fig 6.11: (below) Drillhole TEM and wireline logging data
from HQ16, in the northern grid area. The hole intersected two main ironstone units which show reduced natural
gamma, increased magnetic susceptibility, and reduced
resistivity. From Figure 7 of Anderson & Logan (1992).
Figure 6.12 (right): Geophysical signature of the Osborne and Kulthor deposits in the following datasets
(images from DMQ 2017, Map Projection GDA94,
MGA54):
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A)

MIM 1991 open range aeromagnetic dataset—
TMI (QDEX Data survey 1122)

B)

Detailed 2010 aeromagnetic dataset—RTP

C)

2000 AGG Falcon Survey (QDEX Data survey
1178)

D)

Residual 2km bouguer gravity

E)

1994 Trough Tank Questem AEM Survey, time
constant Ch 8-9

F)

1994 Trough Tank Questem AEM Survey—Ch 13
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Fig 6.13: Plot of data from the 2000 Wilgunyah aeromagnetic and Falcon Gravity Gradiometer survey (QDEX Data
survey number 1178). A) Total Magnetic Intensity (TMI),
b) Fourier-derived vertical gravity (GD), c) Fourier-derived
vertical gravity gradient (GDD).

Fig 6.14: Ground magnetic profile from Section 21315N (mine grid),
showing the model results, second vertical gradient profiles and inferred vectors for induced, demagnetisation and resultant magnetic
components. From Figure 3 of Anderson & Logan 1992.
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Fig 6.15 (below left and right): a) Plan map of contours for the “late-time” moving loop TEM
response—Sirotem Channel 14 (delay time 11.6 ms), and b) Comparison of moving-loop TEM
responses for Sections 21360N and 21780N, showing the initial plate model used for testing the
conductive southern zone. From Figures 4&5 of Anderson & Logan (1992).
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Fig 6.16: Plan view diagram of a) ground EM (Sirotem channel 14—11.6ms) and b) ground magnetic survey data (Total Magnetic Intensity) over the Osborne deposit. The yellow outline is the pit and the beige units are the southeast plunging Orebodies 1 & 2. The red holes are those drilled in the early stages of exploration activity, prior to the high-grade discovery hole shown in blue (TTHQ029 - 32m @ 5.8% Cu, 3.2 g/t Au). Deposit-scale targeting was difficult because the high-grade copper was not directly spatially associated with the magnetite ironstones, which themselves demonstrated self-demagnetization effects associated with the high magnetite content. In addition the highest ground EM conductivities were
centred over the deeper portions of the orebody to the south. Both geophysical images are sourced from Anderson & Logan (1992). Drill data, pit shell and orebodies supplied by Chinova.
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Fig 6.17: Drill hole TEM response from holes HQ8 and HQ9, in the conductive
target zone in the southern portion of the Osborne grid. From Figure 6 of Anderson & Logan 1992.

Fig 6.18: Comparison of radio imaging absorption and copper mineralisation for long section between
holes HQ29 and HQ31. Results for hole HQ182 indicate the agreement between absorption and Cu grades
that can be inferred from the image. From Figure 8 of Anderson & Logan 1992.
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Fig 6.19: Distribution of Fe and selected elements
through the weathered profile above the Osborne deposit. These sections were compiled from an 18-hole
percussion drill traverse. From Figure 4 of Rutherford et
al (2005).

core drilling was effective, and in fact was the
discovery method for the Kulthor deposit.
The copper and gold end-of-hole (EOH) assays are plotted in Figures 6.21 and 6.22.

TIMING OF MINERALISATION
Relative Timing
Detailed work on the deposit has outlined the
following points regarding relative timing:


there is now a general consensus that
the mineralisation post-dates the formation of the banded ironstones.



Adshead (1998) concludes that the relative age of the mineralisation with respect to the different pegmatite types
has not been established.

Absolute Age
The published age dates from the Osborne
deposit are presented in Table 6.6.
The absolute age of mineralisation has been
the subject of debate, with two contrasting
absolute ages interpreted for mineralisation:


Re-Os molybdenite ages of 1600-1595
Ma reported from ore samples by
Gauthier et al. (2001) and interpreted
as representing an early syn-D2 copper
-gold mineralisation



Ar-Ar hornblende and biotite ages of ca
1540 Ma from alteration that is interpreted as predating the copper-gold are
repoted by Perkins & Wyborn (1998).

GENETIC MODEL
The interpretation of the ore genesis model
at Osborne has ranged widely from an early
exhalative model (Davidson et al, 1989) to a
broadly syn-peak metamorphic model
(Gauthier et al, 2001; Fisher & Kendrick,
2008), to a post-D2 model (Adshead, 1995;
Rubenach et al, 2001).
The exhalative model proposed early in the
history of the deposit discovery may be valid
for the formation of the ironstones (Adshead
et al, 1998), but it has now generally been
discounted as the genesis of the copper-gold
mineralisation. Most detailed studies have
concluded that mineralisation is structurally
controlled and epigenetic (Adshead, 1995;
Rubenach et al, 2001; Gauthier et al, 2001;
King, 2001; Fisher & Kendrick, 2008).
There are a range of views as to the types of
fluids involved with ore genesis including:
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Fig 6.20: pSirogas profiles across the open pit area from the 1992 survey. The mineralisation is centred beneath 11200
-11400mE (mine grid). The Mesozoic cover is approximately 30m thick. From Figure 3 of Rutherford et al (2005).

Table 6.5: Stratigraphic summary of the Osborne deposit from DMQ (2017a).
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(particularly halogen geochemistry) are
compatible with the involvement of metamorphic fluids that have interacted
with anatectic melts.


magmatic fluids: Adshead (1995) suggests the physicochemical characteristics of the fluids are more indicative of
magmatically sourced/driven hydrothermal activity, but with the caveat that the
role of retrograde metamorphism cannot be discounted. Rubenach et al,
(2001) notes that stabl isotope values
are consistent with the metasomatic
rocks being derived ultimately from
magmatic fluids, although this does not
necessarily include the copper-gold
mineralising phase.

Mineral

Date

Method

Notes

Reference

Hornblende

~1540

40

Paragenetically predates but is closely associated with the deposition of
copper-gold from a silica flooded
breccia. From the Eastern High Grade
Zone. Sample 93-1178

Perkins & Wyborn
(1998)

Actinolitic hornblende

~1590

40

Perkins & Wyborn
(1998)

Biotite

~1542

40

Biotite

1568±4

40

Pre-ore and defines a metamorphic
foliation, from the Eastern High
Grade Zone. Sample 93-1175
Associated with sulphides and crosscuts the foliation formed by the actinolitic hornblende in the same sample. From the Eastern High Grade
Zone. Sample 93-1175
Metamorphic biotite from Osborne
South. Sample 93-1137

Molybdenite

1595±5,
1600±6

Re-Os

Molybdenite from ore samples

Gauthier et al. (2001)

Titanite

1595±6

U-Pb

Hydrothermal U-rich titanite in equilibrium with the skarn-type alteration
halo around the ore.

Gauthier et al. (2001)

Ar-39Ar

Ar-39Ar

Ar-39Ar

Ar-39Ar

POST FORMATION MODIFICATION
The Osborne deposit was subjected to postmineralisation brittle faulting of unknown age,
evident from fault offsets of the mineralisation
visible in the open pit.
The deposit was also exposed at the preMesozoic unconformity, evident from the development of a weathering profile and significant copper oxide mineralisation present at
the unconformity.

Table 6.6: Summary of published geochronological data from the Osborne deposit.

Au, 230ppm Cu).


In 1985 Billiton & CSR formed a joint
venture to explore for Starra analogues, and drilled 11 RC holes, again
intersecting the ironstones but only low
grade copper-gold mineralisation.



The joint venture also completed additional airborne/ground magnetic surveying and IP surveying between 1985
and 1987 which outlined four distinct
magnetic anomalies within the area.
Fixed and moving loop EM surveying
was also completed.



Between 1985 and 1989 significant
drilling occurred (36 DD and 80RC
holes) still intersecting only subeconomic mineralisation. During this
period Placer acquired CSR and became manager of the JV.



In 1989 the “discovery” hole
(TTHQ029) was drilled and intersected
32m @ 5.8% Cu, 3.2 g/t Au. The deposit was renamed the Osborne deposit in honour of the project geologist
Robert Osborne who passed away at
about this time.



Step out and delineation drilling were
completed during the period 19901993, along with the development studies, and project approval was granted
in 1994.

EXPLORATION
Discovery Method
The discovery of the Osborne deposit occurred over a protracted period, and has
been well documented by Gidley (1988), Anderson & Logan (1992), Adshead et al,
(1998), and Tullemans et al, (2001), from
which the following summary is collectively
taken.
The three key steps of the successful exploration were:
1)

a focus on this shallowly covered zone
adjacent to outcropping areas with
known mineralisation (most notably
Pegmont and Starra),

2)

aeromagnetic surveying which delineated the discrete magnetic system, and,

3)

perseverance in drilling until the high
grade zone was intersected.

In more detail, the discovery history, taken
predominantly from Adshead et al, (1998), is
as follows:


Following discovery of the Pegmont PbZn-Ag deposit in 1971 renewed exploration interest brought explorers into the
district.



Airborne magnetic surveys were flown
in 1974 and the strong magnetic anomaly at Osborne (then termed Trough
Tank) was identified and tested with
seven percussion holes in 1976. The
banded ironstones were intersected,
but only low level gold-copper mineralisatin (best intersection of 2m @ 0.13 g/t
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Figure 6.21 (top) End-of-hole (EOH) copper values for the regional aircore basement drilling program. The grey objects represent the Osborne open-pit and Osborne and Kulthor
underground development. Data provided by Chinova.
Figure 6.22 (bottom) End-of-hole (EOH) gold values. Data provided by Chinova.
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CHARACTERISTIC ROCK TYPE EXAMPLES FROM THE CHINOVA REFERENCE ROCK SET DOCUMENTATION
(from Chinova Exploration Reference Rock Set documentation and Jungmann (2015)

Figure 6.23 (above): Osborne geology section OSB27 (looking to mine grid north) from Chinova Exploration Reference Rock Set documentation.

CALC-SILICATE ALTERATION
Figure 6.24 (left): Example of calc-silicate alteration, which can be can be massive or
streaky-patchy. The latter is common near the
margins of the massive pods.
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Figure 6.25 (below): Photos showing HW & FW lithologies and host rock and ore lithologies

HW and FW granofels migmatites:
HW: Predominantly granofels sample with minor non-recrystallised psammite (approx centre) and associated concordant pegmatite (top).
FW: Psammitic host rock (bottom) crosscut by pegmatitic and granitic segregational bands (top). Recrystallisation of psammite produces granofels in close proximity to the pegmatitic / granitic intrusions, and the development of Bi-Mg-Fe selvages.
Host Rocks: lower grade thrust-bound package of calcsilicate altered psammite/ pelite/ banded ironstone host rocks.
Host Top: Patchy calc-silicate alteration of Psammite resulting from remobilisation of elements during albitite alteration of amphibolites. The assemblage ranges from Carbonates + Chlorite + Pyrite (weak alteration) to Actinolite + Garnet + Pyroxene + Epidote +/- Magnetite + Pyrite (intense alteration).
Host Middle: Recrystallised pelite with granoblastic textures. S2 foliation evident by orientation of relic Biotite.
Host Bottom: Un-mineralised host ironstone to Cu mineralisation. Dark fine grained bands are partially silica flooded and lighter grey bands are recrystallised magnetite.
Orebodies: consist of predominantly silica-flooded chalcopyrite-pyrite-magnetite shear vein networks.
Ore Top: Brecciated and veined Amphibolite (upper right corner) infilled with mineralisation assemblage consisting of pyrrhotite (lhs) + chalcopyrite (center) + pyrite (minor
amounts within chalcopyrite and pyrrhotite) + silica. (massive pyrrhotite/chalcopyrite/pyrite in a sheared amphibolite).
Ore Middle: Completely silica flooded rock with Chalcopyrite + pyrite + pyrrhotite + magnetite veining. Coarse grained quartz indicative host was originally a massive quartz vein.
(silica-flooded variety of the chalcopyrite ore).
Ore Bottom: Partially silica flooded, folded Ironstone displaying crosscutting brecciation and veining associated with mineralisation. Infill assemblage consists of Silica + chalcopyrite + pyrite + magnetite +/- pyrrhotite, and +/- partial silica alteration (commonly termed silica flooding) of the Ironstone host and fragments. (folded/ brecciated/ partially silicaflooded ironstone).
From Chinova Exploration Reference Rock Set documentation.
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GRANOFELS—‘a medium or coarse grained granoblastic rock with little or no foliation’

Figure 6.26 : Examples of granofels rock types at Osborne.
A) Example of the streaky mylonite fabric (upper) and of the quartz rich recrystallised variant (lower),
B) he typical granofels texture at Osborne, interpreted as after a passamite
(upper) and pelite (lower).
C) the thin section picture shows that even the most streaky, fine grained looking rock is in fact granoblastic in thin section.
D) Rock interpreted as demonstrating that the granite veins originate by mobilisation, and granofels by progressive recrystallisation of the psammite host
From the Chinova Exploration Reference Rock Set documentation.
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MYLONITE
Figure 6.27 : Examples of mylonite rock types at Osborne.
A) Anthophyllite-rich rocks are common at the margins of the banded ironstones.
B) typical mylonite rock, showing QFHD alteration (mine nomenclature for
quartz-feldspar-hematite dusted (check this is correct XXX???). These rocks are
partly recrystallised but are common at the margins of the pip where they are
accompanied by mt-sx veins or anthophyllite veins.
From the Chinova Exploration Reference Rock Set documentation.

GNEISS

Figure 6.28 : Examples of a gneissic rock type at Osborne. The term gneiss is used at Osborne for rocks that are entirely granoblastic, medium to coarse grained ,and with a strong
foliation.

AMPHIBOLITE
Figure 6.29 : Examples of atheamphibolite rock type at
Osborne.
A) Quartz-albite and brown hornblende are the main components, which form segregation bands showing that the
AM has been migmatised.
B) A fine– to medium-grained amphibolite altered to
quartz and albite.
From the Chinova Exploration Reference Rock Set documentation.
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MIGMATITE
Figure 6.30 : Typical migmatite rock type from the Osborne district. Bands of light colored granofels (qz-ab),
dark colored recrystallised psammite (qz-ab-bt), gneiss
(centre right) and sillimanite replaced biotite in gneiss
(centre)
From the Chinova Exploration Reference Rock Set documentation.

PEGMATITE
Figure 6.31 : Examples of pegmatite rock types from
the Osborne district.
A)

Concordant pegmatites in migmatite have the
same texture as the discordant pegmatites in the
mine. Note that the granitic-looking bands are
granoblastic when they are finer grained, so
have the appearance of granofels.

B)

Foliation and pegmatite segregations (left) in
the psammite rock type (right)

C)

Concordant pegmatite bands in a partial migmatite.

From the Chinova Exploration Reference Rock Set documentation.
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KULTHOR
Mine Stratigraphy
DMQ 2017 consider the sequence as part of
the Starcross Formation, which it places within the Kuridala Timeslice.
Morrison & Orr (2002) suggest that Osborne
lies in the eastern limb and Kulthor lies in the
western limb of a fold nose within the Mt Norna Quartzite, but close to a core of Llewellyn
Creek Formation.
The Kulthor mineralised zone is between the
Western and Central Ironstones (Figure 6.32,
6.31) and in a fault-bound block of amphibolite and altered psammite presently interpreted as 4km long and about 400m wide
(Morrison & Orr, 2002).

Major Host Rock
The Kulthor mineralised zone is in a faultbound block of amphibolite and altered
psammite interpreted by Morrison & Orr
(2002) as 4km long and about 400m wide.
This zone hosts thick steeply-dipping quartzdolomite (± feldspar) veins, which themselves
host most of the economic mineralization
within a late brittle fracture system (Gunter,
2018).
The veins are a series of finger like projections localised along the Western and Eastern shears and centrally within the mineralised zone (Figure 6.34). The vein-rich domains are up to 80m wide but individual veins
rarely exceed 10m true width. The veins
overprint the amphibolite and psammite but
lie in shears that are sub-parallel to the older
foliation in both of these units.
The mineralisation comprises a series of upright, lenticular sulfide-rich shear and replacement lodes overprinting dolomite-quartz
-feldspar veins that are aligned parallel with
the mineralised zone.
The amphibolites are of variable thickness
and hard to correlate from hole to hole let
alone from section to section, but the measured contacts are parallel to other units. They
are commonly sheared, granoblastically recrystallised and altered, but locally have finegrained margins at contacts interpreted as
originally intrusive (Morrison & Orr, 2002).
Most of the mineralised zone is bound by
migmatite in the west and by amphibolitepsammite that overlies granofels-migmatite in
the east. The granofels-migmatite encloses
the northern end of the mineralised zone.
The Kulthor mineralized zone, like the Osborne mineralised zone is a narrow zone of
altered and partly recrystallised rocks surrounded by more strongly recrystallised and
partially melted rocks (i.e. granofels, migmatite and gneiss). (Morrison & Orr, 2002)
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sulphide dominant associations (‘IOCG’ vs
’ISCG’ respectively).

General Characteristics

At the deposit-scale Morrison & Orr (2002)
report that the block-bounding structures at
Kulthor are all pre-syn mineralisation brittle
shears, characterized by gouge, breccia and
peripheral stylolitic shears, locally with alteration and shear veins. The overall interpretation by Morrison & Orr (2002) is that veins
and mineralisation were emplaced during
brittle shearing along a structure in which
dolerite dikes were previously emplaced during ductile shear and metamorphism of the
psammite.

Minimal information has been published regarding the Kulthor deposit, however an unpublished 2002 study by Klondike Exploration (Morrison & Orr, 2002) and excerpts
from Hinman (2012) published in DMQ 2017
(Murphy et al, 2017) provide a detailed overview of the deposit, the styles of alteration
and mineralization, and structural controls.
The outline below is taken from Morrison &
Orr (2002).
The Kulthor deposit comprises a shear
bound block of altered psammite and amphibolite, within a broader zone of schist-rich
and granofels-rich migmatite.
The mineralization is a series of upright, lenticular sulfide-rich shear and replacement
lodes comprising a network of mineralised
sulfidic shears, stylolites, and bladed replacement and comb veins overprinting dolomite-quartz-feldspar veins that are aligned
parallel with the mineralised zone.
The sulphide-rich zones are zoned from chalcopyrite-dominant at shallow levels to pyriedominant centrally, and pyrrhotite-dominant
at depth.

Sparse mineralisation outside the main mineralisaed zone is localised in shears and is
almost exclusively in the form of cm-scale
dolomite veins with local quartz, pyrite, chalcopyrite, chlorite, and calcite overprint.

Structural Model for Mineralisation
Geological, grade, and alteration sections
through the Kulthor system are presented in
Figures 6.34-6.36. The geological section
location through the centre of the Kulthor
orebody is indicated on Figure 6.32. The following (DMQ 2017) highlights the essential
features of the Kulthor system and the implications for the control of the sulphidedominated ‘ISCG’ mineralisation at Kulthor.


The two major D2 Faults in the Kulthor
system (Figures 3.32 & 3.33) juxtapose
opposite facing Starcross packages in
the KM footwall and the ultimate hanging wall schistose metapelitic package.



The central block (between the two D2
Faults) includes a thick, finely-

METAMORPHISM
Metamorphic Grade
Given the proximity and similarity in
rock types with the Osborne deposit,
it is assumed that the regional metamorphism in the Kulthor deposit is
interpreted to have reached upper
amphibolite facies.

STRUCTURAL CHARACTERISTICS
Structural Setting
Kulthor mineralisation is controlled by
transpressive re-activation of two
converging D2 faults and the associated brittle behaviour of amenable
lithologies between them (DMQ
2017).
Figures 6.32 and 6.33 highlight the
association of both Osborne and
Kulthor with the unusual ‘SAM’ lithologies (pSammite-AmphiboliteMagnetite iron formation assemblages) that maintain brittle behaviour into
post-peak metamorphic times as well
as the starkly contrasting magnetic
signatures of the two systems that
reflects their Fe-oxide and Fe-

Figure 6.32 (top) Kulthor-Osborne geology zoom highlighting both
systems association with ’SAM’ assemblages comprising (±granoblastic)
psammites, siliceous (±pyritic) metasediments and amphibolites.
Figure 6.33 (bottom) DMQ structural interpretation over Chinova tmi
-rtp magnetics highlighting the contrasting ‘IOCG’ vs ‘ISCG’ affinities of
Osborne and Kulthor respectively.
Diagrams from DMQ (2017)
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Lithology LEGEND

Central
KC Lode

Main
KM Lode

Kulthor Section 8

Figure 6.34 Kulthor Section 8 geological model (looking NE) highlighting Cretaceous cover; coarsely crystalline dolomite within the earli er D2 faults; the
siliceous, sulphidic central unit and the location of Main (KM) and Central (KC) ‘Lode’ Cu-Au mineralisation. Facing in the HW and FW packages is also
shown. From Chapter 3 of DMQ (2017)
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Figure 6.35:

A) (left) Cross-section SUNQ033 from the Kulthor deposit (from
Figure 10 of Morrison & Orr, 2002) highlighting the copper equivalent grade distribution in the steeply east-dipping high-grade lodes
within a broader 0.1-0.5% ECu halo.
B) (below) Plan map of the copper equivalent grade distribution at
the Kulthor deposit (from Figure 9 of Morrison & Orr (2002).
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laminated, highly siliceous and sulphidic
(py-po), fine-grained meta-sandstonesiltstone (part of the ‘SAM’ package). It
is highlighted in the sectional view
(Figure 6.34) It displays significantly
brittle behaviour throughout its deformation history.






Both the D2 fault zones are filled with
mega-coarsely crystalline dolomite
which exhibits mega-breccia relationships with the KC lode hanging wall
central block ‘SAM’ lithologies (to the
SE). Subsequent 3D Analysis by DMQ
(Murphy et al, 2017 - Chapters 4 & 5)
suggests that STAVELEY packages are
present beneath the Kulthor system
(potentially within 1km, Figure 6.6) and
that during post D2 time (perhaps during D2b orogenic collapse) but certainly
prior to D4 brittle re-activation, dolomite
is remobilised from the high metamorphic grade STAVELEY package at
depth into the gaping D2 Faults at Kulthor.
Dolomite precipitation is demonstrably
post-peak metamorphism where it forms
schistosity-cross-cutting mega breccias
with the high grade metamorphics. The
mega-crystic dolomite only exhibits brittle fracture and breccia overprint deformation (no ductile deformation) in D4.
During ongoing D4 shortening (post dolomite), the brittle dolomite and ‘SAM’
package find themselves within a reactivating D2 fault network and a sea of
highly schistose interbedded metapelites and psammites. Brecciation and
fracturing along the re-activated footwall
dolomite contact produces the geometrically-planar, KM Main ’Lode’ and significantly more geometrically-complex,
breccia, fracture and replacement KC
Central mineralisation forms within the
thickest portions of the dolomite.



In both plan and section view, these
‘Lodes’ lie where the central brittle, sulphidic and siliceous ‘SAM’ package is
truncated against the re-activated D2
footwall Fault and the mega-crystic dolomite.



The abundant local supply of pyrite and
pyrrhotite within the central siliceous
metasedimentary package is hypothesised to control the Fe sulphiderichness of the Cu-Au Kulthor ore system.
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The geometry of steeply-dipping structure and slightly oblique, shallowlyconverging, steeply-dipping stratigraphy
produces a steeply-plunging ore system
(see stereoplot in Figure 6.34).
Significant post-mineral, moderately NE
-dipping reverse faulting dismembers
the steeply-plunging Kulthor system into
series of offset fault blocks (the chocolate block fault set).

Further work by Chinova geologists, documented in Gunter (2018), indicates that the
system hosts three separate, but interconnected, early quartz-dolomite veins with
slightly different orientations, and at least six
mineralised lodes. The thicker, higher-grade
mineralisation appears to be best developed
at intersections of the lode planes, forming
shallow NNE-plunging higher-grade shoots.

ALTERATION HALO
The following description of the alteration at
Kulthor is taken from Morrison & Orr (2002).
Recognisable alteration is best developed in
the least recrystallised rocks (i.e. the psammite and amphibolite), partially developed in
the partially recrystallised rocks (i.e. migmatites) and generally absent from the most recrystallised rocks (i.e. gneiss). There is also
a strong spatial association of alteration with
veins and discordant pegmatite dikes. The
overall spatial paragenetic relationships are
consistent with mineralisation; alteration and
veins being linked via the pegmatites to the
partial melt process.

Inner Halo




Biotite and quartz-feldspar alteration
are most evident in the psammites and
amphibolites of the mineralised zone
particularly in the vicinity of quartzbearing veins.
Near dolomite-dominated veins, sericitic alteration is more common, while in
most of the shear zones sericite is an
overprint on quartz-feldspar or biotite
alteration.



In the migmatites obvious alteration is
confined to the psammite component
as patchy bleach areas, but the associated granofels, granites and pegmatites
have only minor retrograde sericitic alteration.



In the migmatitic rocks there is alteration of porphyroblasts (cordierite?) and
metamorphic biotite to sillimanite and
muscovite. This is most evident in
shear zones, which are interpreted as
channelways for the acid hydrothermal
fluids.

leaching (sillimanite replacement of biotite),
then biotite, quartz-feldspar and quartz, followed by a retrograde overprint of sericite
associated with the main stage of mineralisation during cooling of the high-T fluid.

Sulphide Zonation
Morrison & Orr (2002) report that there is a
zoning of sulfide minerals in shear lodes, stylolites and comb veins in the sulfide overprint
phase. The general pattern is:


chalcopyrite-dominant shallow



pyrite-dominant



pyrrhotite-dominant deep

While chalcopyrite is present throughout the
vertical section, pyrite gives way to pyrrhotite
as the dominant phase at depth. The incoming of pyrrhotite roughly coincides with a
change from chlorite to biotite as a gangue
phase in the veins and the incoming of feldspar in the veins commonly coincides with a
dominance of pyrrhotite.
Ore may be present in all the zones but is
best developed in the pyrrhotite – dominant
zone, particularly the upper part of it where
pyrrhotite, pyrite and chalcopyrite coexist.

GEOPHYSICAL SIGNATURE
Images of the geophysical datasets from
over the Kulthor deposit are presented earlier
in this chapter with the Osborne data (Figure
6.12). In summary the Kulthor deposit:


does not have anomalous magnetic
susceptibility relative to the host rocks
and thus does not display a magnetic
anomaly.



Whilst the deposit is sulphide bearing,
the volume appears to be of insufficient
volume and density contrast to produce
an anomalous signature in the gravity
data.



The deposit does not appear to have a
recognisable signature in the airborne
electrical geophysical dataset (the 1994
Trough Tank Questem AEM Survey),
but could potentially be visible in more
modern airborne EM datasets.



No ground electrical geophysical datasets are available, but the deposit
would be expected to have recognisable signatures in both ground EM and
IP datasets.

Morrison & Orr (2002) present the following
summary of the gangue zonation vertically
downwards within the dolomite-quartzfeldspar veins and lodes (Figure 6.36):


dolomite



dolomite + quartz



quartz + dolomite



quartz-dominated



quartz + feldspar

GEOCHEMICAL SIGNATURE
Morrison & Orr (2002) report from multielement analysis (13-elements) of Kulthor
samples a correlation of copper with Fe, Ni,
As, Se & Te, some correlation of Cu with Co,
Au & Bi: and no obvious correlation with Ag,
Pb & Zn.

In terms of paragenesis Morrison & Orr
(2002) suggest that all the alteration is related to one protracted hydrothermal event. Initially there was shear- localised hydrolytic
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Figure 6.36 Kulthor Section SUNQ033 from Figure 7 of Morrison & Orr (2002). The section highlights the 2% ECu zone, the sulphide zonation and the
gangue alteration zonation in the vicinity of the orebody.
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EXPLORATION
Discovery Method
The first drill intersection of the Kulthor deposit occurred in 2001, following delineation
of a basement copper anomaly during an aircore and RAB program on the western ironstones (Figures 6.21 and 6.22). Whilst there
is no magnetic anomaly in the immediate area, the anomaly was followed up. Ultimately,
the follow-up drilling (480 aircore/RAB holes
plus 22 RC holes with 4 DD tails) produced a
3km long 100ppm Cu basement anomaly,
but with only sub-economic oxide copper in-



Morrison & Orr (2002) note that the
network of mineralised sulfidic shears,
stylolites, and bladed replacement and
comb veins overprint dolomite-quartzfeldspar veins.

Drilling continued until May 2002 when it
had defined a 250m long ore shoot with a
preliminary mineral resource estimate of
1.2Mt @ 3.08% Cu, 1.98 g/t Au. (Morrison
& Orr, 2002).



Taken together this points suggest
mineralisation was post-peak metamorphism.

TIMING OF MINERALISATION

There are no available age dates for the
Kulthor mineralisation.

tersections. A follow-up program in 2001
targeted deeper sulphide mineralisation
with a best intersection of 9m @ 5.57%
Cu, and 9.96 g/t Au.

Relative Timing


KULTHOR ROCK TYPES

Absolute Age

Hinman (2012) (referenced in DMQ
2017) notes that dolomite precipitation is demonstrably post-peak metamorphism.

GENETIC MODEL
DMQ 2017 (Murphy et al, 2017) suggest the
mineralisation is formed during post-

Figure 6.37 Representative geological cross-section of the Kulthor deposit showing the schematic distribution of the major rock types. From Morrison
(2012). The following photographs of representative rock types in drill core are all from Morrison (2012).
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dolomite on-going D4 shortening (see text
above), with a sulphur contribution from the
pyrite and pyrrhotite within the central siliceous metasedimentary package .
The overall genetic model presented by
Morrison & Orr (2002) is that the mineralisation and alteration are linked to the pegmatites, which are in turn linked to the migmatites as products of partial melting.

Figure 6.38 Common rock types that comprise
the host package at Kulthor.
A) Granofels-migmatite with concordant pegmatites and little to no psammite. N.B. texture
destructive patchy pink QF alteration patches.
SUNQ032-145m.
B) Examples of amphibolite which can be have a
texture from massive felted to granoblastic hnpl+/-px
C) Typical psammite with porphyroblastic bands
of cordierite (+/- alteration sillimanite). Common
as host in the mineralised zone and to the west.
All samples from Morrison (2012).
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Figure 6.39 Examples of alteration and mineralisation at Kulthor.

A-C (this page)
A) Massive dolomite vein, cut by cavities, stylolites, & infill/replacement sulfide
barren without the overprint SUNQ028-295m
B) Quartz-feldspar vein with chalcopyrite mineralisation
C) Chocolate brown biotite alteration, pervasive
in amphibolite cut by dolomite veins SUNQ031536m
D-F (next page)
D) Pervasive quartz-feldspar alteration
E) Chalcopyrite mineralisation in the Western
Vein in both pegmatites and psammites. Chalcopyrite appears to replace pyrrhotite in the pegmatite-hosted stylo-veins. Note also chalcopyrite and biotite(?) in foliation parallel shears and
in stylo-breccias within the altered psammites of
the Western Shear. Note also that the majority
of chalcopyrite stylo-veins in the pegmatite are
oriented sub-parallel to the steeply-dipping foliation in the psammites. SUNQ61 - 833.05836.55m
F) Shatter network of sulfide veinlets in silicified
psammite. Common in or immediately on the
west side of the mineralised zone. SUNQ030744m.

B

G) Chalcopyrite as patches related to stylolites in
partly stylo-sheared massive quartz-feldspardolomite vein. SUNQ030-683m.
All samples from Morrison (2012).

C
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Figure 6.40 Examples of copper-gold mineralisation at Kulthor.
A)

Quartz-dolomite vein hosting chalcopyrite-pyrite-pyrrhotite mineralisation
(from Gunter, 2018)

B)

Massive dolomite±quartz vein with chalcopyrite±pyrite mineralisation (hole SUNQ0215 307.3-311.5m—source NVCL).
TIMA image of mineralogy from sample
KAL020 shown, indicating the gangue
assemblage is dominated by dolomite
and the dominant sulphide is chalcopyrite (from Gazley et al, 2016). Field of
view = 21mm.

Sample KAL020
qtz

dol
cal

py

cpy
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and Old, unpublished presentation from
EGRU Cloncurry field trip, 2018.
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