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Mafic–ultramafic intrusions of the
Youanmi Terrane, Yilgarn Craton
by
TJ Ivanic

Abstract
Voluminous mafic–ultramafic magmatism dominates a large part of the Archean rock record of the Yilgarn Craton in Western
Australia. The Youanmi Terrane in the western part of the craton preserves a high proportion of these rocks as intrusive mafic–
ultramafic rocks, forming 40% of greenstone belt units. Recent mapping, integrated with geochronology, geochemistry, stable
isotope data and geophysical data, has provided the basis for categorization of these intrusions in terms of stratigraphic, temporal
and 3D geometry, chemical suites and mantle source characteristics. Four suites are identified at 2.81, 2.80, 2.79 and 2.72 Ga, the
Meeline, Boodanoo, Warriedar and Yalgowra suites, respectively. In particular, stable and radiogenic isotope work has allowed
for an assessment of the nature and extent of mantle vs crustal input into these magmas. Hence, it is now possible to assess
which mafic volcanic units are associated with these suites, and show how they relate to the geodynamic development of the
Youanmi Terrane. Furthermore, potential field data have been used in combination with surface mapping to model the geometry
of a few of the larger igneous complexes, showing that, for example, the Windimurra Igneous Complex is 26 000 km3 and 11 km
deep (the thickest documented layered intrusion on Earth). The geometric relationships within intrusions have augmented our
understanding of magma chamber processes. For example, the Windimurra Igneous Complex, part of the 2.81 Ga Meeline Suite,
is shown to be a multilobed and highly discordant body with a crosscutting upper zone sheet, having many similarities with
the Bushveld Complex. Documentation of the volume of magma involved has shown that the Meeline Suite is one of the most
voluminous suites of such rocks, fourth on Earth. Key Cr–Cu–Ni–PGE and V–Ti–Fe mineralized sections have been placed into
context within mineral zone stratigraphy of several intrusions.
KEYWORDS: Archean, geochronology, geodynamics, layered intrusions, PGE mineralization, Youanmi Terrane

Introduction

intrusive and extrusive. When these events generate hugely
voluminous melts (i.e. covering an area of >100 000 km2
and volumetrically >100 000 km3) they are termed large
igneous provinces (LIPs; Ernst and Buchan, 2001), which
typically have a mafic–ultramafic composition but in a
few instances have evolved to more silicic compositions.
Layered mafic intrusions are typically found as deeper-level
components of LIPs (Ernst and Buchan, 1997).

This Report presents the results of regional geological
mapping since 2008 in relation to four suites of mafic–
ultramafic intrusive rocks identified in the northern half of
the Youanmi Terrane, Yilgarn Craton (Figs 1, 2; Plate 1;
Ivanic et al., 2010). The preservation and voluminous
nature of these Archean mafic–ultramafic intrusive rocks
provides a unique window into Archean mantle melting,
magmatic systems and magma chamber processes,
unrivalled in other Archean cratons. What follows is some
background to these processes, before introducing the
intrusive suites themselves and their geological setting.

Many LIPs are interpreted to be the result of mantle plume
activity (e.g. Bryan, 2007; Barnes et al., 2010). Other
geodynamic settings involving dominantly horizontal
plate tectonics have also been proposed, such as ultrahot orogens and tectonically enhanced asthenospheric
upwellings (e.g. Smithies et al., 2013, 2015). Full
resolution of the geotectonic setting via isotope and
geochemical data remains problematic, due to the equivocal
nature of modelling multiple mixing scenarios. In any
case, the Archean record, as exemplified in this study at
c. 2.8 Ga, elucidates a period of Earth’s history when LIP
events formed an extremely high proportion of the global
rock record (cf. recalculated curve for preservation effects,
Campbell and Griffiths, 2014; Fig. 3).

Mantle melting, large igneous
provinces and magmatic systems
The primitive chemistry and internal magma chamber
processes permit large and dynamic mafic–ultramafic
intrusions to form economically significant ore deposits of
Cr–Cu–Ni–PGE (platinum group elements) and V–Ti–Fe–P
mineralization. This primitive chemical character is the
result of high degrees of mantle melting (i.e. melt fraction
>10%), which generates voluminous melts. As these hot and
buoyant melts channel their way upwards into the crust they
typically form a diverse range of magmatic features, both

Most mantle melts contain approximately 45–50 wt%
SiO2 and are therefore orders-of-magnitude less viscous
compared to silicic, polymerized and evolved felsic melts
(e.g. Sparks and Pinkerton, 1978 and references therein).
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Hence, in intrusive rocks in combination with slow cooling
rates, this characteristic permits crystal–liquid fractionation
and enhanced convective behaviour to dominate over in
situ nucleation, giving rise to the accumulation of layers
of crystals (cumulates and cumulate textures). Therefore,
many larger mafic–ultramafic intrusions exhibit welldeveloped igneous layering, whereas layering in granitic
plutons and mafic–felsic lavas is typically more cryptic
or less well-developed. The nature of these layers, in
terms of their constituent minerals and macro-scale
geometry, reveals igneous stratigraphic histories relating
to the relatively short geological histories of these magma
chambers (i.e. <1 Ma even for the largest intrusions such
as the Bushveld Complex, Zeh et al., 2015; or c. 1 Ma,
Mungall et al., 2016).

of related intrusions. Since many of these layering features
are typically under cover or at depth, geophysical and
drillhole data are crucial in providing quantitative estimates
of fundamental geometric parameters.
The following is a non-exhaustive list of potential
influences on the geometry, style, mineralogy and texture
of igneous layering in these intrusions, which may apply on
many scales (Namur, 2015, and various sources):
•

crystal–liquid fractionation

•

crystal settling/flotation

•

compaction (filter-pressing)

•

layer / raft settling / flotation

The Proterozoic Eon dominates the existing record
of renowned layered intrusions, features of which are
summarized in Table 1 (e.g. the c. 2055 Ma Bushveld
Complex, South Africa, Cawthorn and Walraven, 1998;
and the c. 1099 Ma Duluth Complex, US, Miller et al.,
2001). Several Phanerozoic examples are also particularly
voluminous (e.g. the Jurassic Dufek Intrusion, Antarctica;
Ford, 1990) or very well-studied (e.g. the Paleogene
Skaergaard Intrusion, Greenland; Wager and Deer, 1939).
Importantly, the smaller Skaergaard Intrusion serves as a
type example of a single magma pulse chamber and hence
is a natural laboratory for the testing of theories on magma
chamber dynamics and the origins for igneous layering
(e.g. Tegner et al., 2006).

•

chamber convection systems

•

double-diffusive convection

•

thermal erosion

•

thermal annealing or contact metamorphism

•

erosive currents

•

density currents

•

flow segregation

•

slumping

•

gravity driven perturbations (e.g. loading/load casts)

•

magma chamber recharge/replenishment

It has long been recognized that Archean cratons host
voluminous mafic–ultramafic lavas (Anhaeusser et al.,
1969; Viljoen and Viljoen, 1969); however, terranes within
these cratons vary significantly in their proportions of
intrusive vs extrusive rocks. In fact, the Archean Eon is
host to some of the most temporally and spatially extensive
and voluminous mafic intrusions compared to any other
geological time period (Table 1, upper section). The
Youanmi Terrane of the Yilgarn Craton (Fig. 1), Western
Australia, is globally significant in that it preserves an
abundance of such intrusive examples (Hockley, 1971;
Fig. 2; Table 1, upper section) comprising ~40% of
outcropping greenstones.

•

tectonic effects (synmagmatic, high-temperature
shearing/deformation)

•

wallrock interaction/assimilation

•

magma mingling

•

magma immiscibility

•

chemical gradients/diffusion (oxygen fugacity
fluctuations)

•

thermal gradients/conduction

•

nucleation rate fluctuations

•

crystal-mush rheology

•

pressure change/seismic activity

•

degassing

•

postmagmatic fluid infiltration

•

postmagmatic, medium-temperature deformation

•

refining/ripening of crystal textures.

Layered intrusions and magma
chamber processes
The concentration of metals in the parental liquids of
the intrusions is variable and highly dependent on the
mantle source characteristics (Arndt, 2013). However,
once emplaced into the crust, the deposition of layers
of crystals (and ore bodies) is essentially controlled
by magma chamber processes and their shape and size
influenced, in particular, by cumulate layering geometries
(e.g. Parsons, 1987; Namur, 2015 and references therein).
Due to a variety of igneous processes, such as chamber
recharge, convective behavior, erosive behavior or simple
crystal–liquid fractionation, minerals and ores can be
distributed into different zones within these massive
magmatic bodies with significantly varying thickness
and geometry. It is therefore essential to understand the
large-scale, primary 3D geometry in combination with the
behavior of magma chamber processes in order to assess
the nature of ore deposit formation and the prospectivity

Layered intrusion nomenclature,
morphologies and setting
A typical stratiform, layered mafic–ultramafic intrusion
is formed by multiple pulses of magma injection from
the mantle into the crust, and a generalized igneous
stratigraphy is illustrated in Figure 4. The shape of a
pluton that is developed by a single pulse of magma
typically has a markedly lower width-to-height ratio
(e.g. Skaergaard Intrusion, East Greenland) and results in
orders-of-magnitude smaller intrusions by volume and a
variety of potential forms (e.g. Barnes et al., 2016). On a
4
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Table 1.

Mafic–ultramafic intrusions of the Youanmi Terrane, Yilgarn Craton

List of the largest mafic–ultramafic intrusions globally and their principal statistics by estimated volume. Intrusions/
provinces from the Youanmi Terrane are highlighted red

Intrusion/Complex/
Province name

Country/
region

Long
dimension
(approx. km)

Stratigraphic
thickness
(approx. km)

Size
(approx.
km2)

Estimated
volume
(approx.
km3)

Age
(Ma)

Source

Intrusion
1

Bushveld

South
Africa

400

8

66 000

450 000

2050

Cawthorn and
Walraven (1998)

2

Dufek

Antarctica

90

9

50,000

33 150

184

Ford (1990)

3

Molopo Farms

South
Africa

180

3

12 000

30 000

2050

Kaavera et al. (2017)

4

Windimurra

Australia

78

11

2500

26 000

2813

This study

5

Duluth

US

120

8

4715

24 842

1100

Miller and Ripley
(1996)

6

Sept Iles

Canada

80

6

5000

19 500

564

Namur et al. (2010)

7

Great Dyke

Zimbabwe

450

3

3500

17 500

2450

Wilson et al. (1989)

8

Mantamuru

Australia

66

10

1000

6500

1070

Maier et al. (2014)

9

Narndee

Australia

29

5

470

2350

2799

This study

10

Youanmi

Australia

35

5

325

1700

2819

This study

Province/Suite
1

Bushveld–Molopo
Farms

South
Africa

500

480 000

2050

-

2

Meeline Suite

Australia

300

38 000

2813

This study

3

Ferrar Suite

Antarctica

90

36 000

184

Ford (1990)

4

Giles Suite

Australia

250

25 000

1070

Maier et al. (2014)

5

NAIP intrusions

North
Atlantic

–

9000

500

-

6

Ring of Fire

Canada

250

8000

2735

Metsaranta and
Houlé (2016)

7

Nain Plutonic Suite

Canada

100

6500

1330

Ryan and James
(2004)

8

Boodanoo Suite

Australia

50

5000

2799

This study

smaller scale, a sandwich horizon may develop in singlepulsed intrusions (Wager and Deer, 1939; Latypov, 2009),
whereby early crystallization is promoted against the
chilled roof region. As this top-down crystallization occurs,
the layered basal sequence crystallizes from the bottom up
(cf. Namur et al., 2015).

plume activity (Ernst and Buchan, 1997; Ernst and Jowitt,
2013) or at least ‘significant mantle upwelling events’
(Smithies et al., 2015). In this scenario, melts are thought
to underplate the lithosphere, which may be locally thinned
(as shown in Fig. 4b), rise into the lower ductile crust as
diapirs and then intrude as dykes into the brittle upper crust
(Williams and McBirney, 1979; Neumann et al., 2011)
forming staging chambers. These chambers are able to feed
upper crustal intrusive bodies and also provide a plumbing
system for flood basalt provinces. Lateral transport of
magma has also been demonstrated up to 1300 km away
from a mantle plume centre, channelled along horizontally
layered strata (Buchan et al., 1998; Ernst and Jowitt, 2013).

Figure 4b shows the larger lithospheric section envisaged
for high-volume and multipulsed magmatic events and
related suites of intrusions, whereby asthenospheric melts
rise and impinge upon the continental lithospheric mantle.
This process, and the formation of large igneous provinces
(LIPs) in general, has been correlated to an overall
extensional tectonic setting and, in many cases, to mantle
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Figure 4.

11.09.19

Generalized section through layered mafic–ultramafic intrusions: a) details of typical layered series and other
components of the plumbing system relative to crustal lithologies. White arrows indicate the direction of melt
migration through the lower crust; b) deep geometry and peripheral features of the emplacement of the wider
large igneous province within a lithospheric setting. Black arrows indicate directions of tectonic movement.
Red box shows the location of a)
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Layered mafic–ultramafic intrusions may be divided into
the following styles based on key features:
1.

continental layered mafic–ultramafic intrusions (as
discussed above)

2.

Alaskan-style intrusions

3.

layered ophiolitic gabbros

4.

differentiated sills, sheets and dykes

5.

Proterozoic anorthosite complexes

6.

chonolith-style intrusions.

a doleritic border zone (or ‘chilled margin’, or ‘marginal
series’), which may be split as the intrusive vessel
inflates, and this zone ends up mantling the final form of
the intrusion. Fractionated products then fill the vessel,
which may become conical in form (as shown in Fig. 4a);
however, many intrusions are tabular, spheroidal, dyke-like
or hybrids (e.g. Barnes et al., 2016). They typically divide
lithologically from ultramafic, through lower, middle and
upper zones — the so-called layered series (Irvine, 1982).
An exception is the Bushveld Complex, where the lower
zone is dominantly ultramafic in lithology. The zones of the
layered series are characterized by sequentially more felsic
rocks at higher levels resulting from the fractionation of
parental liquids by cumulus settling behavior (Vantongeren
et al., 2010). At the top of the intrusions, granophyric
gabbroic rocks of the roof zone represent an evolved
product of magma chamber processes, where liquids
have been undercooled and locally may exhibit harrisitic
textures. Roof pendants of country rock may be present
adjacent to roof zone rocks.

Style 2, the Alaskan-style intrusions (also known as
‘zoned intrusions’) are moderately voluminous intrusions
associated with supra-subduction zones, and are distinctive
from the continental layered mafic–ultramafic intrusions
of Figure 4a. Individual plutons are typically <10 km in
diameter, spherically zoned, single or multipulsed, undergo
early crystallization of magnetite and are very hornblende
rich (Irvine, 1963; Irvine, 1967; Taylor, 1967). It is not
known how these would present in the Archean rock
record, with possible influence from potentially higher
mantle temperatures and non-uniformitarian geodynamics.
With failed subduction (e.g. Smithies et al., 2018) and local
mantle metasomatism (e.g. Ivanic et al., 2015) identified
in this time interval of the Archean, it may be possible that
hybrid styles of layered intrusions between Alaskan and
Continental styles exist.

Pressure estimates derived from pelitic country rock
xenoliths close to the base and top of layered intrusions
yield estimates varying from very low (i.e. <2 kbar,
Pitra and De Waal, 2001) to moderate (i.e. 4–7 kbar;
e.g. Nell, 1985). Excursion from vertically channeled
flow (in the feeder zone) to horizontal inflation and
lopolith–sill formation is indicated in numerous studies
immediately above the brittle–ductile transition (Williams
and McBirney, 1979; Brown, 2007; Brown, 2013). This
process leads to the majority of these intrusions having
a vertical thickness between 3 and 8 km and a horizontal
circular extent with a diameter between 5 and 50 km
(Fig. 4a). The layered series is composed of curviplanar
horizons with an overall basinal form, producing concentric
layered geometry in typically horizontally exposed sections
with characteristic arcuate outcrop patterns. The Bushveld
Complex, which also shows arcuate outcrop patterns, is a
major exception geometrically, due to its horizontal floor
and an aspect ratio of 40:1.

Layered gabbros in ophiolites are the third style of layered
mafic–ultramafic intrusions. These chambers typically
reside beneath the sheeted-dyke zone and above the
harzburgite zone, and essentially define the petrological
Moho with the appearance of plagioclase into the
lithospheric section. They are typically strongly layered
and stratified on a large scale from ultramafic to dioritic
compositions and host the well-known ‘podiform chromite’
deposits. Owing to their oceanic setting, layered ophiolitic
gabbros are typically associated with sheared serpentinites
in thrust sheets, which has been described as an ‘Alpine
Complex’ (Taylor, 1967).

The form of intrusions, their broad zonal subdivision and
their layering features are complicated by local effects such
as structure and rheological contrasts in the local upper
crust, which provide strong controls on the distribution of
feeders and intrusions. Sulfur concentration along these
pathways plays a crucial role in the location of associated
mineral deposits (Barnes et al., 2016). In addition, the
multipulsed nature of the larger layered intrusions allows
for multiple overprinting effects to occur.

Differentiated sills, sheets and dykes (style 4) are typically
smaller volume vessels representing a single pulse of
magma that takes on a variety of forms (e.g. plug, dyke,
lopolith or laccolith). However, giant dykes and sills
(e.g. the Great Dyke of Zimbabwe, Jimberlana dyke) may
also contain complex cyclical layering and may be locally
funnel-shaped in cross-section.

In terms of chronology (i.e. emplacement history), even
the largest layered intrusion on Earth, the Bushveld
Complex, is estimated to have been emplaced in only
75 000 years (Cawthorn and Walraven, 1998; Buick et al.,
2001; Cawthorn and Webb, 2013); though estimates vary
up to c. 1 Ma (Zeh et al., 2015; Mungall et al., 2016). It is
likely that the emplacement histories of smaller intrusions
may also be geologically very shortlived events, though
examples of prolonged cooling histories exist (Nomade
et al., 2004; Nebel and Mezger, 2008).

Proterozoic anorthosite complexes (style 5) are mainly
confined to the Proterozoic Eon, during which anorthosite
lithologies dominate. A plagioclase crystal-mush intrusion
mechanism was proposed to explain the dominance of
anorthosite (e.g. Ashval, 1993).
Chonolith-style intrusions (style 6) are small, tubular
bodies, such as Norilsk and Nebo-Babel intrusions, which
are thought to represent high-flux feeder pipes within
larger magmatic systems (e.g. Barnes et al., 2016), and are
commonly mineralized.

Further detailed geochronology of rocks adjacent to
the Bushveld Complex, such as overlying voluminous
rhyodacitic lavas of the Rooiberg Group ‘felsites’, indicates
that the age of a large volume of peripheral rocks (its
marginal mafic sills, felsic volcanic and sedimentary rocks)

Focusing on style 1 (Fig. 4a), a feeder and root zone form
from parental melts, likely channeled by a regional-scale
structural feature in basement rocks (Pitcher, 1979). The
first melts intruded to higher levels are quenched to form
7
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are within uncertainty of the emplacement age for the
layered series (Scoates and Friedman, 2008). Furthermore,
interpretation of a gabbro-clast conglomerate within the
Rooiberg Group that contains parts of the layered series
of the complex indicates that the layered series had been
uplifted, eroded and redeposited during this short episode.

Therefore, it is commonly difficult to directly determine
the composition of the parental melts or characterize the
mantle source, and inferences are typically limited.
In the Youanmi Terrane, recent isotope measurements on
the freshest possible rocks from the Windimurra Igneous
Complex (e.g. Nebel et al., 2013a) and the 10 Ma-younger
Narndee Igneous Complex (Ivanic et al., 2015) have
indicated diverse source characteristics over relatively short
time scales in magmas that are relatively uncontaminated
by crustal material. These studies into mantle sources
invoke an ultradepleted (more depleted than the DM model
composition) Hadean component at Windimurra (with
respect to Hf isotope composition) and variably hydrated
mantle at Narndee (with respect to D [deuterium] and O
isotope composition).

Mineral exploration drilling has revealed 3D geometric
detail for parts of magmatic plumbing systems relating
to Ni deposits (e.g. Barnes et al., 2016). However, until
recently, little has been known of the 3D geometry of large
layered intrusions. Such knowledge is very important
because discordant geometry on multiple scales has been
strongly correlated to horizons of mineralization within
magma chambers (e.g. Munni Munni, Pilbara Craton,
Barnes, 1993; Merensky Reef, Bushveld Complex,
Cawthorn, 1999; Carr et al., 1999; Cawthorn et al., 2010;
Latypov et al., 2017). Software capabilities have only
recently allowed modelling and reconstruction of the
original form of the Skaergaard intrusion (Svennevig and
Guarnieri, 2012). With increased resolution of geophysical
data, further geometric constraints are now possible in
regions of poor exposure around particular intrusions
(Cole et al., 2013; Finn et al., 2015). Volume estimates
for these intrusions are therefore becoming more reliable
and their magmatic histories are becoming more detailed
compared with knowledge obtained solely from surface
observations (e.g. Duke Island, Irvine, 1963; c.f. table 1
of Namur, 2015; Ivanic, 2016 and Table 1 in this Report).
Good coverage of seismic, gravity and magnetic data has
recently been used to model the regional-scale 3D form of
the Windimurra Igneous Complex (Ivanic and Brett, 2015)
in order to elucidate its geometry and particular aspects of
the formation of its components. These findings resulted
in a possible genetic model for its emplacement history,
indicative of highly discordant zone geometry. Preliminary
investigations of neighbouring intrusions augment
inferences on orthomagmatic ore-forming processes in the
wider Youanmi Terrane.

Stratigraphic setting
The Youanmi Terrane occupies most of the western half of
the approximately 1 million km2 Archean Yilgarn Craton
(Fig. 1). To the east it is bounded by the Eastern Goldfields
Superterrane, separated by the Ida Fault. To the northwest,
the poorly defined boundary with the Narryer Terrane is
overprinted by voluminous granitic plutons. The southern
boundary with the South West Terrane is also poorly
defined. The exposed Youanmi Terrane comprises about
60% granitic plutons and 40% greenstone belts, which
themselves are locally dominated by large mafic–ultramafic
intrusions.
Based on contact relationships, geochronology,
geochemistry and lithology, three autochthonous
volcanosedimentary groups and three older
volcanosedimentary formations have been defined for
the Murchison Supergroup in the northwestern Youanmi
Terrane (Fig. 5, Van Kranendonk et al., 2013). The
distribution of contemporaneous and younger suites of
granitic rocks is shown in Figure 6. The oldest known
formations of the Murchison Supergroup are the Mount
Gibson, Gossan Hill and Madoonga Formations, dated
at c. 2935, 2960 and 2975 Ma, respectively (Yeats et al.,
1996; Wingate et al., 2015c; Wingate et al., 2015d; Fig. 5;
all isotopic dates are based on sensitive high-resolution ion
microprobe [SHRIMP] U–Pb analysis of zircon and quoted
with 95% uncertainties, unless stated otherwise).

Isotopic characterization
Advances in microanalysis and isotopic techniques have
allowed significant improvement in the characterization
of melt sources associated with layered intrusions. Hence
they have enhanced the way that layered intrusions can
offer windows into mantle source regions, magmatic
plumbing systems, geotectonic processes and hydrothermal
circulation over time. The cumulates of the Muskox
intrusion, for example, have been known, from Nd and
Hf isotope data, to represent a relatively uncontaminated
magma (Mackie et al., 2009). These data show radiogenic
isotope compositions mainly between chondritic
uniform reservoir (CHUR) and depleted mantle (DM).
Hydrothermal alteration has also been extensively
documented in the Skaergaard Intrusion (Taylor and
Forester, 1979). Strontium and Nd isotope variations at
higher levels in the stratigraphy of the Bushveld Complex
(e.g. Kruger and Marsh, 1982; Maier et al., 2000) have
enabled identification of significant magma contamination
events during chamber formation.

These older units are poorly preserved in that they are
dissected by several generations of mafic–ultramafic and
intermediate–felsic intrusions. Hence, their stratigraphy is
only partially preserved and the nature of their basal contacts
is unknown. The Norie Group consists of a stratigraphy
several kilometres thick with a lowermost formation, the
Singleton Formation, of interbedded Ti-rich, Al-depleted
komatiites and komatiitic volcaniclastic rocks (Barley
et al., 2000) and a thick succession of pillowed and massive
tholeiitic basalt. Conformably overlying the Singleton
Formation is the Yaloginda Formation, which consists of
rhyolite, fine- to medium-grained felsic volcaniclastic rocks,
and interbedded units of ferruginous shale and banded ironformation dated between 2814 ± 3 and 2806 ± 4 Ma (Van
Kranendonk and Ivanic, 2009). Norie Group volcanism was
accompanied at c. 2813 Ma by the emplacement of very
large, layered mafic–ultramafic igneous complexes of the
Meeline Suite (Ivanic et al., 2010).

In Archean intrusions (including those in the Youanmi
Terrane), the poor preservation of quenched parental melts
is due to poor exposure, shearing and metamorphism.
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Figure 5.

Stratigraphic framework for the Murchison Supergroup showing stratigraphic nomenclature and contemporaneous
felsic and mafic intrusive suites. Age spectra columns (central columns) are derived from GSWA volcanic, plutonic
and detrital zircon data. Significant mineralization events are summarized in the last column. Abbreviations: BIF,
banded iron-formation; MG, Mougooderra; RV, Ryansville
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The 2800–2735 Ma Polelle Group conformably overlies the
Norie Group. It consists of four conformable formations:
the thin, basal, siliciclastic Coodardy Formation; the
lower Meekatharra Formation of dominantly tholeiitic
basalt, komatiitic basalt, komatiite and thin interflow
felsic volcaniclastic sedimentary rocks (2800– 2760 Ma);
the intermediate Greensleeves Formation of andesitic
to rhyolitic volcanic and volcaniclastic rocks
(2760– 2735 Ma); and interbedded banded iron-formation,
shale, and felsic volcaniclastic rocks of the Wilgie Mia
Formation (2760–2735 Ma). Mafic volcanism was
accompanied by emplacement of the mafic–ultramafic
Boodanoo and Warriedar Suites, mainly into upper Norie
and basal Polelle Group stratigraphy. The Gnanagooragoo
Igneous Complex of the Warriedar Suite — a thick,
differentiated mafic–ultramafic intrusion — was emplaced
below and within the banded iron-formation of the Wilgie
Mia Formation in the Weld Range at some time between
c. 2752 Ma, the age of a plagioclase-phyric tuffaceous unit,
and 2740 Ma, the age of a crosscutting granitic intrusion,
respectively (Wang, 1998; Van Kranendonk et al., 2010).
The absolute thicknesses of the Polelle Group and its
constituent formations is difficult to determine due to
deformation. However, they appear to total at least 5 km.
Deposition of the lower Polelle Group was accompanied by
the emplacement of voluminous layered mafic–ultramafic
igneous complexes of the Boodanoo Suite and smaller
bodies belonging to the Warriedar Suite (Ivanic, 2016).

to Paleoarchean history of juvenile mantle input events is
evident from zircon Hf isotope data (Ivanic et al., 2012).
This includes the oldest mafic–ultramafic intrusion in the
world, the c. 3730 Ma Manfred Complex (Kinny et al.,
1988), within the Narryer Terrane to the northwest.
The Meeline Suite consists of six large, layered mafic–
ultramafic complexes, which together form the second
most voluminous suite recognized worldwide after the
Bushveld–Molopo Farms occurrences in South Africa
(Table 1, lower section). The Meeline Suite igneous
complexes are >3 km thick, have tholeiitic affinity and are
nearly entirely anhydrous in mineralogy. They all contain
similar magmatic features including igneous layering
styles that range in composition from dunite through to
anorthosite with thick layers of magnetitite. The largest
intrusion of the suite is the Windimurra Igneous Complex,
which is estimated as the thickest and the fourth most
voluminous layered intrusion worldwide (Table 1, lower
section).
The Boodanoo Suite consists of two complexes, the
largest being the Narndee Igneous Complex, which is
located to the south of the Windimurra Igneous Complex
(Fig. 2). The Narndee Igneous Complex is compositionally
distinctive in that it contains a large volume of hornblende
gabbro, a larger proportion of ultramafic rocks, and
lacks the characteristic magnetitite layers of the Meeline
Suite intrusive complexes. It is thus considered to have
been derived from a different parent magma to that of
the Windimurra Igneous Complex (Scowen, 1991). As
with the Meeline Suite, the Narndee Igneous Complex
was emplaced into the Norie Group at shallow crustal
levels of between 3 and 9 km, estimated from pyroxene
geobarometry (Scowen, 1991). A SHRIMP U–Pb zircon
and baddeleyite crystallization age of 2799 ± 7 Ma from
a gabbronorite (GSWA 191056, Wingate et al., 2010b,
Ivanic et al., 2010) is consistent with a Sm–Nd whole-rock
– mineral isochron for the Narndee Igneous Complex of
2824 ± 80 Ma (Scowen, 1991). The Fields Find Igneous
Complex (Fig. 2) also contains significant primary igneous
hornblende in several lithologies.

The 2735–2710 Ma Glen Group, which unconformably
overlies the Polelle Group (Van Kranendonk and Ivanic,
2009), consists of the lower Ryansville Formation of
clastic sedimentary rocks and the conformably overlying
Wattagee Formation of komatiitic basalt and subordinate
rhyolite. Deposition of the Glen Group was coeval with
emplacement of differentiated gabbro sills of the Yalgowra
Suite in the northwestern Youanmi Terrane, which intruded
mainly into the upper part of the Polelle Group; in
particular, the Greensleeves Formation. Because the upper
contact of the group is not exposed, a thickness of 2 km is
a minimum estimate.
If intrusive suites can be chemically correlated with the
volcanic stratigraphy, there is potential to address the
problem of determining the age of mafic–ultramafic lavas
within the above-mentioned stratigraphy. For example,
fractionated sills are likely to contain zircon or baddeleyite,
whereas equivalent liquids that form basic lavas may not
have fractionated to the same extent and hence do not
typically crystallize these dateable minerals. Therefore,
sill tops may add important geochronological constraints
(at least minimum ages within the local stratigraphy) when
interpreting a wider stratigraphic or magmatic framework.

The Warriedar Suite consists of a multitude of mafic–
ultramafic sills primarily within the Yalgoo–Singleton
greenstone belt, that is to the west of rocks of the Meeline
and Boodanoo Suites (Fig. 2). These sills are typically
<1 km thick and several kilometres along strike and also
lack the characteristic magnetitite layers of the Meeline
Suite intrusive complexes. This suite is considered to
have been derived from a different parent magma to that
of the Meeline and Boodanoo Suites. The Warriedar
Suite was emplaced into the uppermost Norie Group at
shallow crustal levels. The largest intrusion of this suite
is the Gnanagooragoo Igneous Complex (Fig. 2), a ~5 km
thick, 70 km diameter, differentiated mafic–ultramafic
intrusion that was emplaced below and within the banded
iron-formations of the Wilgie Mia Formation in the Weld
Range. At lower stratigraphic levels, the complex consists
of a funnel-shaped intrusion of ultramafic cumulate
rocks that have been explored for PGE–Cr–Au and
Ni–Co mineralization (Parks, 1998). At stratigraphically
higher levels, thick, sheeted sills of homogeneous gabbro
and dolerite split apart felsic volcaniclastic rocks and
interbedded banded iron-formations.

Overview: suites of the
Youanmi Terrane
Four suites of mafic–ultramafic intrusive rocks have been
identified in the northern part of the Youanmi Terrane
(Fig. 2; Ivanic et al., 2010): the c. 2810 Ma Meeline
Suite, the c. 2800 Ma Boodanoo Suite, the c. 2795 Ma
Warriedar Suite and the c. 2720 Ma Yalgowra Suite (Ivanic
et al., 2010; Table 2). Furthermore, a cryptic Eoarchean
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Simplified geological map showing granitic intrusive suites of the northern Youanmi Terrane. Modified
from Ivanic et al. (2012)

Differentiated mafic–ultramafic sills of the Yalgowra
Suite (Fig. 2) range from 0.5 to 40 km in length and 0.1 to
4 km in thickness and are associated with the komatiitic
basalts of the Wattagee Formation, Glen Group (Van
Kranendonk et al., 2013). Zircon and baddeleyite from
harrisitic leucogabbro at the top contacts of these sills
have yielded magmatic crystallization ages between
c. 2735 and 2711 Ma (Ivanic et al., 2010). These sills are
predominantly hosted in felsic volcaniclastic rocks of the
Greensleeves Formation (Polelle Group) but are absent
from the Glen Group.

geotectonic and stratigraphic framework (Fig. 5; Van
Kranendonk et al., 2013). Geophysical data (in particular
seismic and gravity data) have been utilized to elucidate the
internal geometry and to infer particular magma chamber
histories for some of these intrusions, with emphasis on the
thickest mafic–ultramafic intrusion identified globally, the
c. 2813 Ma Windimurra Igneous Complex. Together, these
suites formed from punctuated and voluminous juvenile
magmatic events, which formed and transferred mantle
melts to the crust over approximately 100 Ma. With varying
primary metal contents and magma chamber processes,
these suites are discussed in terms of their orthomagmatic
mineralization potential.

Recent mapping and geochronology on and around these
intrusions in the Youanmi Terrane has provided a precise
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Suite descriptions

Pre-2900 Ma mafic intrusions
A cryptic history of pre-2900 Ma juvenile mantle input into
the Youanmi Terrane crust is revealed by radiogenic zircon
Hf isotope data (Ivanic et al., 2012) at c. 3730, 3350, 3100,
3040 and 2950 Ma. In the Narryer Terrane to the northwest,
an Eoarchean metagabbro within the Manfred Complex has
been dated at c. 3730 Ma (Kinny et al., 1988; Fig. 7). Also
within the Narryer Terrane, intermediate to felsic metaigneous rocks have been dated at c. 3670 and 3360 Ma
(Sylvester et al., 1993). In addition, the Narryer Terrane
hosts several undated ultramafic intrusions such as the
Milly and Byro East intrusions (Athena Resources, 2018).
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The following section contains lithological, petrological,
structural and geochronological descriptions of the mafic–
ultramafic intrusive rock units of the Youanmi Terrane.
Their relationships to associated units and details of their
microscopic to macroscopic features are also documented,
as are summaries of previous studies into the mineral
chemistry of parts of the larger igneous complexes. For
more detailed descriptions of individual components
of the intrusive rocks (e.g. individual igneous layers
mapped at 1:100 000 scale), refer to the online reports
from the Geological Survey of Western Australia (GSWA)
Explanatory Notes System at <www.dmp.wa.gov.au/ens>.

11.09.19

Time–space plot of dated mafic intrusive events (uncertainties shown as 2σ) across the Yilgarn Craton,
showing relation to episodes of volcanic activity and the record of global large igneous provinces (LIPs)
(1Ernst et al., 2005). Ages from the following sources: 2GSWA 191056, 185922, 185927 (Ivanic et al., 2010);
3
Pidgeon and Hallberg (2000); 3Liu et al. (2002); 4Wang (1998); 5Claoué–Long et al. (1988); 6Woods (1997);
7
Carey (1994); 8Kent and MacDougall (1995); 9GSWA 185970 (Wingate et al., 2011d); 10GSWA 185976 (Wingate
et al., 2011e); 11GSWA 185968 (Wingate et al., 2011c); 12Kinny et al. (1988); 13GSWA 184990 (Riganti et al., 2010);
14
GSWA 198228, 198210, 198209 (Wingate et al., 2013a; Wingate et al., 2015a; Wingate et al., 2015b); 15Gill (2011);
16
GSWA 194751 (Wingate et al., 2012e); 17GSWA 194747 (Wingate et al., 2012c); 18GSWA 194749 (Wingate et al.,
2012d); 19GSWA 198299, 198294 (Lu et al., 2016b; Wingate et al., 2018). Abbreviations: IC, igneous complex;
LAIC, Lady Alma Igneous Complex; MI, Meeline Suite; Sgp, supergroup; other abbreviations as per Figure 1
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Within the far western Youanmi Terrane and the northern
South West Terrane, older greenstone units are present
(e.g. at Wongan Hills, dated at c. 3010 Ma by Pidgeon
and Wilde, 1990). Crosscutting these greenstone units are
several unnamed mafic–ultramafic intrusions that have a
maximum age of c. 3000 Ma. Furthermore, in the western
and southern Youanmi Terrane, numerous greenstone belts
contain thick volcanic units, that have had felsic lavas
dated between 2920 and 2990 Ma. These lavas are typically
interlayered with mafic–ultramafic intrusive rocks and
cut by c. 2980–2920 Ma TTGs (tonalite–trondjhemite–
granodiorite). Thus, undefined mafic–ultramafic intrusive
suites are present within this part of the Youanmi Terrane
and are the subject of further work (see undefined mafic
suite indicated at c. 2950 Ma in Fig. 5).

that thick, layered ultramafic sequences underlie the
Windimurra and Youanmi Igneous Complexes (Ivanic and
Brett, 2015). Locally, dolerite is preserved at the margins
of the complexes, and is interpreted to represent a chilled
marginal facies (i.e. the border zones).
The primary mineralogy of the suite is typically gabbroic
and nearly entirely anhydrous. It is distinguished from the
younger Boodanoo Suite by having no primary hydrous
minerals. However, a single amphibole-bearing, 2 m-thick
layer is present within the upper part of the Youanmi
Igneous Complex (Ivanic, 2014). Textures of the suite
range from ophitic orthocumulate to adcumulate with local
porphyritic and finer-grained phases. The more evolved
upper zones of the complexes are characteristically ironrich, and are host to magnetitite horizons. These form a
multitude of targets for V–Ti–Fe exploration and mining.
The suite is also associated with lesser orthomagmatic
Ni–Cu–Cr–PGE and peripheral Cu–Pb–Zn and Cu–Au
mineralization.

The ages of magmatic events outlined above coincide with
several of the detrital zircon age peaks from the central
Youanmi Terrane (Fig. 8). Furthermore, identification of
seismic similarities between surficial Narryer Terrane crust
and the Yarraquin seismic province of the Youanmi Terrane
middle crust (Romano et al., 2014), indicates the possibility
that post-3.0 Ga magmatism of the Youanmi Terrane has
been emplaced through a Narryer Terrane-like middle crust
(cf. Ivanic et al., 2012). Hence, Eoarchean mafic–ultramafic
intrusive rocks, though not exposed at the surface, are
likely present at depth within the Youanmi Terrane.

Suite characteristics
Distribution
Several of the complexes are located along shear zones that
define the Murchison – Southern Cross domain boundary.
The Meeline Suite has not been documented east of the
Barrambie Igneous Complex and hence is not prevalent
in the Southern Cross Domain. The undated Buddadoo
Gabbro, though not yet fully mapped, is the westernmost
complex assigned to the suite, and is located approximately
50 km southwest of Yalgoo. Geophysical modelling
suggests that the igneous complexes are 3–11 km thick
(Ivanic and Brett, 2015; Figs 10–12). Hence, the suite
likely has an additional but significant, deeper component
located at middle to lower crustal levels within the Youanmi
Terrane. The complexes were emplaced into and locally
juxtaposed against Norie Group volcanic and sedimentary
rocks, and form very high density regions as shown on
images of Bouguer anomaly data (Figs 13, 14).

Meeline Suite
The Meeline Suite consists of six large, anhydrous,
tholeiitic, layered, mafic–ultramafic complexes (Figs 2, 9).
The complexes range from 3 to 11 km thick (Figs 10, 11),
12 to 85 km in diameter and contain similar features,
including igneous layering that ranges in composition
from dunite through to anorthosite and, in particular, thick
layers of magnetitite (Fig. 10). The ages of these intrusions
are within uncertainty of c. 2813 Ma and mafic–ultramafic
intrusions of similar age in the Eastern Goldfields
Superterrane have led to this event being correlated across
the craton (Ivanic et al., 2010; Fig. 7).

This suite has broadly been referred to as the ‘Layered
Stratiform Intrusions of the Yilgarn Block’ (Hockley,
1971). The type section is across the lower to middle to
upper zones of the eastern lobe of the Windimurra Igneous
Complex, which shows the main lithologies and their
relationships on many scales.

The igneous complexes of the Meeline Suite are, in order
of size, the Windimurra, Youanmi, Barrambie, Atley, Lady
Alma Igneous Complexes (Ivanic et al., 2010) and the
Buddadoo Gabbro. The focal region for these complexes
is a 220 x 120 km region within the central Youanmi
Terrane, which is also the focus for Norie Group extrusive
magmatism. The complexes intrude the Norie Group and
are broadly contemporaneous with intrusion of granitic
rocks of the Mount Kenneth Suite and c. 2810 Ma felsic
volcanic members within the Yaloginda Formation of the
Norie Group.

Lithology
Rocks of the Meeline Suite dominantly comprise modally
layered gabbroic and minor ultramafic cumulates. Layering
within each lithological unit typically varies from a
centimetre to a decametre scale and can be gradational or
sharp. Graded layering (i.e. involving grain size gradation)
is present but is typically not discernible or distinct. On
a larger scale, repetitive megacyclical layering from a
melagabbro-pyroxenitic base to an anorthositic top over
a ~200 m vertical scale forms the majority of rocks in the
suite. Textures are dominantly cumulate with lesser ophitic
and pegmatitic units. Orthocumulate texture is the most
abundant in gabbroic units and meso-adcumulate is the
most abundant in ultramafic units.

Rocks of this suite are typically modally layered gabbroic
and ultramafic cumulates. Layering of each lithology
varies from centimetre to decametre scale and also up to
hectometre scale (megacyclic), typically from a pyroxenitic
base to a leucogabbro top. Lower zones of the complexes
contain more abundant layers of ultramafic rocks and the
upper zones are dominantly composed of magnetite gabbro
and anorthosite. Ultramafic zones of these complexes are
typically unexposed or detached from the main bodies
along shear zones. However, geophysical data indicate
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Dolerites at the chilled margins (border zones) of the
igneous complexes are present in the Windimurra,
Youanmi and Atley Igneous Complexes, though these are
not extensively preserved and are typically deformed and
metamorphosed. The ultramafic zones at the bases of these
igneous complexes are typically unexposed or detached
from the main body of the complex along adjacent shear
zones (Ivanic et al., 2010). However, recent deep seismic
reflection data has shown that the Windimurra Igneous
Complex likely has a thick, subsurface ultramafic zone
contiguous with the lower zone of the eastern lobe
(Ivanic and Brett, 2015). From the few examples thought
to represent ultramafic zone material at the surface
(e.g. Muleryon Hill adjacent to the contiguous Windimurra
Igneous Complex at Zone 50, MGA 636080E 6833448N),
olivine pyroxenite with lesser peridotite and dunite are the
main lithologies with disseminated chromite also locally
abundant; in addition there are minor gabbroic rocks
interlayered with ultramafic rocks on a decametre scale.
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zone
minerals

upper
zone

11

9

middle zone
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The lower zones of the igneous complexes are primarily
composed of gabbro–leucogabbro. Olivine gabbro – olivine
gabbronorite – gabbronorite – norite are also locally
dominant, with lesser pyroxenite, anorthosite and troctolite.
The lower zones contain more abundant layers of ultramafic
rocks than middle or upper zones. The middle zones of the
Meeline Suite intrusions largely comprise intercumulus
magnetite-bearing gabbro, leucogabbro, gabbronorite,
anorthosite and troctolite. Cumulus olivine is absent towards
the upper parts of the middle zones. The upper zones are
defined by the presence of thick magnetitite cumulate
units, which are interlayered with magnetite gabbro
and leucogabbro. At the Windimurra and Atley Igneous
Complexes, towards the top of the magnetitite units, olivine
re-emerges as fayalitic olivine. Quartz-bearing lithologies
are not observed in the layered series of the Meeline Suite
igneous complexes. A definable roof zone is only preserved
in the Windimurra Igneous Complex.
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Figure 13. Bouguer gravity anomaly image of the Yilgarn Craton showing the outline of the Youanmi Terrane and the subsurface
extent of the craton

Significant discordant layering features in the Meeline
Suite are notably present in the Windimurra Igneous
Complex. In both the Windimurra and Youanmi Igneous
Complexes, igneous layering dips moderately in the lower
zone, becoming progressively shallower-dipping in the
middle and upper zones. Their geometry is bowl-shaped
to inverted cone-shaped. Most complexes show examples
of small-scale, angular discordances or minor igneous
unconformities. The Windimurra Igneous Complex
hosts the widest array of these structures, for example
the decametre-scale erosional channel structures (e.g. at
the base of the upper zone magnetitites of the western
lobe) and depositional features such as boulder horizons
(Ahmat, 1986). The largest example of discordance is
in the ‘Shephards Discordant Zone’ of the Windimurra

Igneous Complex, where igneous stratigraphy is offset by
several kilometres, dividing the complex into an eastern
and western lobe (Ivanic and Brett, 2015).
All complexes in this suite show evidence for variable
metamorphism under greenschist to amphibolite facies
conditions. Proximity to shear zones and granitic
bodies correlates with the degree of recrystallization
and hydration of the nominally anhydrous gabbroic
and ultramafic rocks. Metamorphic assemblages are
typically chlorite±actinolite±tremolite±epidote±talc±
serpentine and hornblende±epidote±actinolite, the latter
assemblages being restricted to higher-grade regions of
larger shear zones.
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Figure 14. Gravity and aeromagnetic images of the centralYouanmi Terrane: a) Bouguer gravity anomaly image with first vertical
derivative magnetic overlay (greyscale). Gravity highs (white) correspond to the upper zone of the Windimurra
Igneous Complex and the majority of the Narndee Igneous Complex. Roads are shown in red, Youanmi seismic
lines and CDP points are shown in white; b) first vertical derivative aeromagnetic image over the intrusions shown
in Figure 9

Contact relationships

The geochemical and age similarities of the complexes of
the Meeline Suite, along with their proximity to each other,
indicates that they may be comagmatic and possibly that
they represent multiple lobes of a much larger intrusion(s).
For example, 10 km-scale Bald Rock Supersuite granitic
intrusions are present where contacts would be between
the Youanmi, Atley and Windimurra Igneous Complexes;
hence, the possibility remains that, together, they represent
a four-lobed intrusion. The steeply dipping Lady Alma
and Barrambie Igneous Complexes, are west and east
facing, respectively, and they are separated by later granitic
intrusions. Lenses of metagabbros from the Barrambie
Igneous Complex are attenuated to the north of the main
body of the complex, and are proximal to metagabbros in
the easternmost parts of the Lady Alma Igneous Complex.
Therefore, prior to granitic intrusion and shearing, it is
likely that these complexes were connected in some way,
and it is possible that they were one continuous intrusion.

The contact between the Meeline Suite and host rocks
of the Norie Group is observed at several localities.
The roof zone of the Windimurra Igneous Complex is
thought to represent the chilled upper contact with the
Kantie Murdana Volcanics Member. For example, at site
TJIWIN090427* (Zone 50, MGA 645322E 6886149N)
a harrisitic gabbro of the Windimurra Igneous Complex
is in contact with a feldspar-phyric rhyodacite of the
Kantie Murdana Volcanics Member. The border zone of
the Youanmi Igneous Complex has been the focus of Cu–
Pb–Zn exploration as these rocks have been significantly
altered during hydrothermal activity. For example, at site
TJIYOU100071 (Zone 50, MGA 664341E 6817887N) the
border zone dolerites of the Youanmi Igneous Complex
have hydrothermal, vein-hosted copper mineralization at
the contact with quartzite and banded iron-formation of the
Youangarra Volcanics Member.

There are many examples of younger rock units truncating
or crosscutting the Meeline Suite. Currently undated
granitic rocks of the Mount Kenneth Suite intrude into the
northern part of the Windimurra Igneous Complex (e.g. at
site TJIWIN090453, Zone 50, MGA 646680E 6905407N).
These may be contemporaneous with the development of

* WAROX is GSWA’s field observation and sample database. WAROX
site IDs have the format ‘ABCXXXnnnnnnSS’, where ABC =
geologist username, XXX = project or map code, nnnnnn = 6 digit site
number, and SS = optional alphabetic suffix (maximum 2 characters)
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the roof zone of the complex or with the deposition of parts
of the Kantie Murdana Volcanics Member. The Big Bell and
Tuckanarra Suite metamonzogranites are in sheared contact
with parts of the Windimurra, Youanmi, Atley, Barrambie
and Lady Alma Igneous Complexes, truncating many of
the igneous layers. These layers are locally deformed into
parallelism with shear zones and the metamonzogranitic
units, for example in the Challa Shear Zone.

which is 2668 ± 8 Ma (Wang, 1998) for an intrusion that
crosscuts the Windimurra Igneous Complex. In the absence
of younger age constraints, the total duration of Meeline
Suite magmatism is thought to have been about 1–5 Ma,
the result of a shortlived but voluminous mantle plume
event (Ivanic et al., 2010).
Details of, and relationships between, dated samples from
individual complexes are described below.

In addition, post-tectonic granitic rocks of the Walganna
Suite (e.g. the Walgoo Monzogranite) intrude across the
southern part of the Windimurra Igneous Complex and the
western part of the Youanmi Igneous Complex, where they
are interpreted to cut across layering as well as local shear
zones. Here, the contact zones within the complexes are
inundated with Li-rich pegmatites, which crosscut layers
of the lower zone of the Windimurra Igneous Complex
(e.g. at site TJIWIN090040, Zone 50, MGA 652796E
68 44034N) and also the border zone of the Youanmi
Igneous Complex (at site TJIYOU100074, Zone 50, MGA
663693E 6818485N).

Windimurra Igneous Complex
A late-stage, gabbroic pegmatite has been dated from
middle zone rocks of the eastern lobe in the Windimurra
Hills area. The pegmatite intrudes a magnetite-bearing
gabbro of the middle zone (unit A-ANwm-oglj), and
yielded a crystallization age of 2813 ± 3 Ma (GSWA
194747, Wingate et al., 2012c). This pegmatite is
interpreted to represent late-stage segregations of trapped
melt, which are therefore envisaged to have crystallized
within the time frame of crystallization of the magma
chamber as a whole.
The upper zone has not been directly dated and the age of
crystallization of this zone is taken to be within uncertainty
of the c. 2813 ± 3 Ma age interpreted for the Windimurra
Igneous Complex as a whole. A unimodal age component
at 2802 ± 19 Ma was determined for xenocrystic zircons,
likely incorporated from Norie Group host rocks, within
the upper zone of the western lobe (GSWA 194749,
Wingate et al., 2012d).

Geochronology
Gabbroic rocks from the Meeline Suite have yielded
very few zircons. Two samples have been directly dated
with good precision, the first being a late-stage pegmatite
from the Windimurra Igneous Complex, zircon from
which yielded a crystallization age of 2813 ± 3 Ma
(GSWA 194747, Wingate et al., 2012c). Mafic–ultramafic
magmatism of the suite is interpreted to have been
shortlived (i.e. <1 Ma, as estimated for the Bushveld
Complex, Zeh et al., 2015), thus this date is likely within
uncertainty of the crystallization age of the rest of the
Windimurra Igneous Complex and the suite as a whole.
The second crystallization age was obtained from zircons
in a sample from a conformable layer of dolerite from
the Barrambie Igneous Complex, which yielded a date of
2814 ± 4 Ma (GSWA 194755, unpublished data). Other
zircon dates obtained from samples of these intrusions
either have large uncertainties or are interpreted to
represent zircon xenocrysts incorporated from the host
Norie Group sedimentary rocks (Ivanic et al., 2010).

At 2813 ± 3 Ma (GSWA 169003, Nelson, 2001), the Kantie
Murdana Volcanics Member provides a maximum age
constraint for the Windimurra Igneous Complex, because
it is interpreted as a roof pendant to the complex. Similarly,
adjacent to the Youanmi Igneous Complex, felsic volcanic
rocks of the Youangarra Volcanics Member have been dated
at 2814 ± 14 Ma (GSWA 169067: Nelson, 2002a). The
crystallization of these volcanic rocks are within analytical
uncertainty of the age crystallization of the Youanmi
Igneous Complex at 2819 ± 10 Ma (Gill, 2011).
Unimodal xenocrystic zircon ages from the igneous
complexes of the Meeline Suite provide additional
maximum age constraints. The Lady Alma Igneous
Complex yields a unimodal age component at 2821 ± 5 Ma
(Wang, 1998), the Youanmi Igneous Complex yields a
single component at 2825 ± 7 Ma (GSWA 194751, Wingate
et al., 2012e) and the Windimurra Igneous Complex
yields a single component at 2802 ± 19 Ma (GSWA
194749, Wingate et al., 2012d). These ages for xenocrystic
components are either within uncertainty of, or a few
million years older than, the crystallization ages inferred
for these igneous complexes and are consistent with
derivation of the zircon xenocrysts from felsic volcanic
host rocks of the Norie Group, possibly within the lower
Yaloginda Formation (Ivanic et al., 2010).

Undated components of the Meeline Suite intrusions
(e.g. ultramafic, border and lower zones of most intrusions)
are interpreted to be within uncertainty of the 2813 ± 3 Ma
age of the suite as a whole.
A few samples adjacent to the Meeline Suite intrusions
have been dated, which yield a variety of ages. For
example, zircons from a felsic gneiss within the
Challa Shear Zone, interpreted to represent sheared
granitic rocks of the Mount Kenneth Suite, yielded a
protolith crystallization age of 2809 ± 2 Ma (GSWA
198210, Wingate et al., 2015b). A syndeformational
metamonzogranite of the Tuckanarra Suite within the
Challa Shear Zone yielded an age of 2668 ± 8 Ma
(Wang, 1998).

Youanmi Igneous Complex
A gabbro from the upper zone of the Youanmi Igneous
Complex yielded a crystallization age of 2819 ± 10 Ma
(Gill, 2011), similar to the interpreted 2813 ± 3 Ma
crystallization age of the Windimurra Igneous Complex,
and consistent with the Meeline Suite representing a
shortlived magmatic episode. A unimodal, xenocrystic

Granitic rocks of the Mount Kenneth Suite have been dated
adjacent to, but not specifically crosscutting, the Youanmi
Igneous Complex, for example the Courlbarloo Tonalite
at 2813 ± 5 Ma (Fletcher and McNaughton, 2002). Other
younger, crosscutting granitic rocks of the Tuckanarra
Suite have also been dated in the region, the oldest of
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Windimurra Igneous Complex

zircon age component from a sample from the border zone
of the Youanmi Igneous Complex has been interpreted to
reflect the age of Norie Group host rock contaminants at
c. 2825 Ma (GSWA 194751, Wingate et al., 2012e). In this
sample, zircon inclusions in plagioclase are interpreted to
predate igneous crystallization (Fig. 15).

The Windimurra Igneous Complex (Fig. 9), located in
the east–central Youanmi Terrane (Fig. 1), is the largest
relatively intact and exposed mafic–ultramafic intrusion in
Australia (Ivanic et al., 2010) and the thickest worldwide
(Ivanic et al., 2017). The complex has been directly dated
at 2813 ± 3 Ma (GSWA 194747, Wingate et al., 2012c).
Primary igneous layering features are well-preserved and
the layering is typically concentric and inward dipping.
Geochemically, this complex is anhydrous and tholeiitic
(Ivanic et al., 2010). Several economic V deposits are
hosted within the magnetitites of the upper zone.

Barrambie, Atley and Lady Alma
Igneous Complexes
A dolerite of the Barrambie Igneous Complex has been
directly dated at 2814 ± 3 Ma (GSWA 194755, unpublished
data), interpreted to be the age of magmatic crystallization.
This age is indistinguishable from the 2813 ± 3 Ma
crystallization age of the Windimurra Igneous Complex.
The Barrambie Igneous Complex is cut in the north by a
granitic rock with an interpreted magmatic crystallization
age of c. 2700 Ma (Geoscience Australia [GA] sample
98969045, Fletcher and McNaughton, 2002), providing a
minimum age constraint.

The central–northern part of the complex is overlain by the
rhyolitic 2813 ± 3 Ma Kantie Murdana Volcanics Member.
The coherent main body of the complex extends for 85 km
north–south and 37 km east–west, and covers an area
of about 2440 km2. Additional regions of intrusive rock
associated with the complex are metamorphosed and occur
as sheared lenses to the south and east of the main body,
east of the Challa Shear Zone. Based on aeromagnetic
images, these features are up to 25 km long (north–south)
and 5 km wide (east–west).

Rocks of the Atley Igneous Complex are not dated, and
its crystallization age is inferred to be within analytical
uncertainty of the 2813 ± 3 Ma Meeline Suite. Although
there are no other local age constraints, about 30 km
northeast along the Youanmi Shear Zone a metagranitic
rock (which is part of a pluton mapped extending and
crosscutting the complex) has been dated at 2667 ± 8 Ma
(GSWA 169069, Nelson, 2002b), providing a minimum
age constraint.

There is an overall progression from more mafic rocks
in the lower zone to leucocratic rocks in the middle
and upper zones (Figs 10, 11). Within these zones,
megacyclicity on an approximately 200 m-scale can be
related to at least 13 reversals in the chemostratigraphy
(Ahmat, 1986). The exposed complex has an extremely
felsic overall composition (55% SiO2) compared to other
layered intrusions worldwide (~45–50% SiO2). However,
it is likely, according to Ivanic and Brett (2015), that it
has a more typical composition due to a large volume of
ultramafic zone material at depth. Recent 3D modelling
utilizing surface and seismic data (Ivanic and Brett, 2015),
indicates a discordant zone and two-lobed geometry
(Figs 11, 16).

The Lady Alma Igneous Complex has not been directly
dated and its age of magmatic crystallization is interpreted
to be within analytical uncertainty of the 2813 ± 3 Ma age
interpreted for the Meeline Suite as a whole. A leucogabbro
sample yielding a unimodal zircon age component of
2821 ± 5 Ma (sample 96631, Wang, 1998) is consistent
with incorporation of xenocrystic zircons from adjacent
Norie Group host rocks. A crosscutting granite four
kilometres west of Gabanintha mine (immediately west of
the complex), provides a local minimum age constraint of
2759 ± 7 Ma (sample 96129, Wang, 1998).

Igneous stratigraphy
Understanding the stratigraphic relationships of the various
zones of the Windimurra Igneous Complex is essential for
reconstructing its geometry. This stratigraphy represents
the primary magmatic control on the igneous sequence
onto which crosscutting and deformational features
are superimposed. Furthermore, an appreciation of the
variation in lithological composition within these zones
allows for a realistic representation of the complicated
density and magnetic structure.

194751

The stratigraphy of the Windimurra Igneous Complex
(Figs 10, 11) has features comparable to many other large,
stratiform layered mafic–ultramafic intrusions such as the
Bushveld Complex (Cawthorn and Walraven, 1998) and
others in the Youanmi Terrane. These intrusions share
certain aspects of their stratigraphy, namely an ultramafic
lower portion, thick gabbroic central portions, and dioriticto magnetite-gabbroic upper portions.

Zrn

Pl
200 µm
TJI228b

30.07.19

In summary, from base to the top, the complex is divided
into eight parts (Fig. 11):

Figure 15. Cross-polarized light image of dolerite sample
GSWA 194751 from the border zone showing a 30 μm
zircon grain within a plagioclase aggregate. Note,
several 40 μm long apatite grains also included in
plagioclase

1.
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A doleritic border zone (equivalent to the ‘Border
Group’ of Ahmat, 1986). This zone is typically about
30 m thick and occurs along the boundary between
sheared supracrustal rocks and the lower zone gabbroic
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rocks. It is thought to represent the chilled tholeiitic
primitive primary magma; however, the geochemical
analyses are partially compromised by metasomatism
and recrystallization at amphibolite facies conditions.
Examples of granulite facies contact metamorphism
of pelitic xenoliths and wallrocks (likely supracrustal
rocks of the Norie Group) are preserved in a few
locations at the margins of the complex.
2.

The ultramafic zone, which is only exposed in small
outcrops close to Muleryon Hill (Fig. 9), adjacent to
the Challa Shear Zone, occurs as a lens detached from
the main body of the Windimurra Igneous Complex.
It is characterized by abundant dunitic–pyroxenitic
assemblages with common accessory disseminated
chromite. Though dissected by multiple shear zones,
this lens represents up to 1 km of igneous stratigraphy,
whereas 3 km of strongly layered units are evident
under the lower zone in seismic reflection data (Ivanic
et al., 2017).

3.

The lower zone contains olivine-rich gabbros and
gabbronorites, which grade upwards into more
leucocratic gabbroic rocks, typically without Fe– Ti
oxides. These rocks are modally layered on a
centimetre to metre scale, and the rock types are
repeated on an approximately 200 m scale. Several
kilometres of the lower zone are apparently repeated
in the western lobe, west of the Shephards Discordant
Zone. This zone is in excess of 4 km thick.

4.

The middle zone is composed of troctolitic rocks with
intercumulus magnetite, which are again layered on
a centimetre to 200 m scale. This zone appears to be
repeated in the western lobe, west of the Shephards
Discordant Zone. The marked difference between the
lower and middle zones is the occurrence of interstitial
Fe–Ti oxides in the middle zone. This zone is in excess
of 1.5 km thick.

5.

The upper zone is marked by the incoming of
significant thicknesses of rocks containing cumulus
magnetite and, at an intermediate position, the
disappearance of forsteritic olivine (Fig. 11). The zone
is >1 km thick. Within a few hundred metres of the
base of the upper zone, fayalite-rich olivine appears
as a cumulus phase with magnetite, which is a similar
feature to other layered intrusions (e.g. Van Tongeren
et al., 2010). The majority of rocks in this zone are
composed of magnetite-bearing gabbroic leuconorite
and anorthosite (containing magnetite up to 50%),
with magnetitite locally abundant (up to 95%). The
upper zone of the eastern lobe is truncated by the
Shephards Discordant Zone, whereas the upper zone
of the western lobe appears to have been emplaced as
a single sheet with a discordant magmatic erosional
horizon, separating it from the middle zone of the
western lobe (Nebel et al., 2013b). Although this zone
appears thicker and more developed in the western
lobe, it is less well exposed in the eastern lobe. There
are several economic V deposits focused within the
lowermost magnetitites of the upper zone of both lobes
(Fig. 17).

6.

which intrude the middle and lower zones of the
western lobe (and possibly the lower zone of the
eastern lobe). This phase may be consanguineous
with the magmatic rocks forming the main lobes of
the Windimurra Igneous Complex, but evidence is
inconclusive.
7.

The roof zone of the Windimurra Igneous Complex
comprises kilometre-scale tabular plutons of massive
dolerite and porphyritic dolerite and gabbro. The basal
contact with layered gabbros of the lower/middle
zone is not exposed, but the upper contact locally
has spinifex-textured gabbros in direct contact with
rhyolites of the c. 2813 Ma Kantie Murdana Volcanics
Member. Aeromagnetic data suggest that the roof
zone also appears to truncate layered rocks on either
side of the Shephards Discordant Zone. This zone is
interpreted to represent a final phase of shallow-level
mafic plutonism, with an upper contact that chilled
against, and intruded into overlying rocks, separating
them from the layered sequence below. The magma
may not have been consanguineous with other parts
of the Windimurra Igneous Complex. Tonalitic rocks
of the c. 2813 Ma Mount Kenneth Suite immediately
overlie the roof zone. These rocks, as well as the
Kantie Murdana Volcanics Member, are intruded by
5–50 m-scale apophyses of roof zone dolerite.

8.

Unassigned units of the complex occur in several
locations along the Challa Shear Zone. They are
detached from any known stratigraphy and do not have
distinctive compositions, most being metagabbros with
variable preservation of igneous textures. These units
are commonly poorly exposed due to the overlying
Challa salt lake system, and so little is known about
them. In addition, metagranitic rocks within an
approximately 50 km radius around the Windimurra
Igneous Complex contain numerous amphibolitic
xenoliths up to 300 m in size. It is possible that they
were derived from the complex.

Further to the eight parts described above, it is possible that
the Youanmi and the Atley Igneous Complex (Figs 2, 9)
could have been part of the Windimurra Igneous Complex
as separate ‘lobes’, now separated by 12–32 km of granitic
plutons. In addition, significant thicknesses of portions of
the complex were likely lost through shearing, granitic
intrusions and prolonged periods of erosion.
Discordance
Discordance and its relationship to mineralization in many
intrusions worldwide has been well documented in the
literature (e.g. Muskox Intrusion, Irvine, 1980; Munni
Munni Complex, Barnes et al., 1992; Bushveld Complex
Critical Zone, Kruger and Marsh, 1982; Bushveld Complex
Upper Zone, Van Tongeren et al., 2010). A discordant
zone within a layered magmatic body is a plane of
‘unconformity’ between two layered packages whereby
one package either onlaps, or truncates, the layers of the
underlying package. This is different from a fault or shear
zone because there is little or no associated deformation
owing to the inferred liquid-present accommodation of
any movements.

The Corner Well Gabbro Member is a late phase of
peridotitic–gabbroic pipes, 0.3 – 2 km in diameter,
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Figure 16. View of the Windimurra 3D model in Geoscience ANALYST software (GSWA, 2015) highlighting the main
discordant horizons.The model is clipped in approximately north-northeast- and west-northwest-trending
vertical sections outlined by dashed white lines

The cumulative thickness of the exposed layers of gabbroic
and ultramafic rocks in the Windimurra Igneous Complex
is 13 km (Ahmat, 1986). However, individual layers as well
as entire zones exhibit significant erosional bases, resulting
in many examples of lateral aggradation or offlap geometry
(Fig. 18; Ahmat, 1986). Thus, the true thickness estimate,
as derived from surface constraints (in lieu of the addition
of several kilometres thickness at the base inferred from
seismic constraints), is about 6 km (Ivanic et al., 2010).

lobe within more primitive lower zone rocks of the western
lobe. The subsurface extent of the Shephards Discordant
Zone underneath the Kantie Murdana Volcanics Member,
and to the west, is not clear.
Another significant discordant feature is located at the
base of the upper zone magnetitites in the vicinity of
the Canegrass V–Fe resource in the western lobe of the
complex (diamond drillholes 1–4, Fig. 17). Here, the upper
zone has an undulatory basal contact that appears to have
scoured into underlying middle zone rocks, creating a ‘base
breccia’ identified in drillcore (Nebel et al., 2013b). The
relationship of this feature with the Shephards Discordant
Zone is not evident from surface observations. The
differences between the upper zones of the western and
eastern lobes are that the western lobe:

The Shephards Discordant Zone, which is at least 20 km
long, represents a significant break of several kilometres in
the igneous stratigraphy, separating the complex into two
main parts: an eastern lobe and a transgressive western
lobe, both of which contain similar lower, middle and
upper zones (see Figs 11, 17). However, the precise origin
of this feature is not fully understood, since arguments
for both structural and magmatic processes have been
postulated (Ahmat, 1986; Bunting, 2004). Where observed
in the field, the discordant zone is inconspicuous as
magnetitites and magnetite leucogabbro of the upper zone
of the eastern lobe are adjacent to gabbro and magnetite
gabbro of the lower and middle zones of the western lobe.
In a few instances, pegmatitic gabbro and dolerite are
noted at this contact (e.g. TJIWIN180034, Zone 50, MGA
651403E 6853669N), which may represent the variable
grain size expected for a contact zone with new magma
being emplaced to the west (i.e. the western lobe). In the
southern part of the Shephards Discordant Zone, abundant
pyroxenites are present between rare magnetitites, which
may represent rafting of upper zone rocks of the eastern
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•

discordantly cuts down into the middle zone, whereas
the upper zone of the eastern lobe conformably overlies
the middle zone of the eastern lobe in planar contact

•

contains a thicker stratigraphy and more magnetitite
horizons

•

has distinct olivine-rich magnetitites as a 100 m-thick
interval

•

has thick overlying anorthositic units

•

dips more shallowly (~10–20°, compared to 40°)

•

has an uneven base with channel/pothole features

•

has a V:Ti ratio that varies continuously up
stratigraphy
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•

has less well-developed plagioclase preferred
orientation

•

has examples of magnetitite with interstitial plagioclase.

of the Yarraquin Seismic Province (see below; Wyche
et al., 2014). In addition, as part of the feeder system to
the complex, an ultramafic cumulate ‘root zone’ may be
present at depth in contact with basement gneisses.
The lower zone of the eastern lobe of the complex is in
sheared contact with dominantly metasedimentary host
rocks of the Norie Group in several places around its
northwestern, northern and eastern sides. In these areas,
some xenoliths of supracrustal country rocks are preserved,
which suggest that the complex intruded laterally into
Norie Group host rocks. The border zone is postulated to
have formed by the chilling of magma along these contacts
(e.g. Ahmat, 1986) immediately prior to the accumulation
of the layered series of zones.

Contact relationships and structural overprint
Many of the contact relationships between the Windimurra
Igneous Complex and younger rocks and structures are
uncertain because many of the contacts are at depth, but
also, at the surface, contacts and faults are recessively
weathered and concealed by thin Cenozoic regolith
cover. The 3D model (illustrated in Fig. 16) shows the
interpretation of many of these contacts at depth, which are
largely inferred from seismic reflection data.

The roof zone consists of multiple bodies of late-stage
intrusive gabbroic rocks, which were chilled locally at their
upper contact with the Kantie Murdana Volcanics Member.

Little is known about the basal contact of the Windimurra
Igneous Complex as it is unexposed. It is inferred from
seismic reflection data to be predominantly intruded by
later granitic rocks but within 2 km of basement gneisses
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Figure 18. Photographs of discordant features in the Windimurra Igneous Complex from metre to kilometre scale:
a) and b) outcrops in the Windimurra Hills (Ahmat, 1986); c) annotated aerial photograph of the northern
Windimurra Hills. Abbreviations: horizontal distance; v, estimated stratigraphic height

The resulting contact metamorphism is also thought to have
recrystallized the rhyolitic country rocks. Also forming
roof pendants to the complex and intruding into the Kantie
Murdana Volcanics Member are granodioritic plutons of
the Mount Kenneth Suite (Ivanic et al., 2012, Figs 4a, 9).

Rock Supersuite crosscut layers of the lower zone. Seismic
reflection data (Wyche et al., 2014) suggest it is likely that
granitic rocks belonging to these suites intrude the basal
contact of the complex at considerable depth, possibly
obscuring many of the original emplacement contacts.

Large lensoid plutons of metamonzogranite of the
c. 2700 Ma Big Bell and c. 2680 Ma Tuckanarra Suites
are in sheared contact with the lower, middle, upper and
border zones of the complex, where on aeromagnetic
images, it is evident that they truncate macroscopic
igneous layers. These layers are locally deformed into
parallelism with shear zones and the sheared contacts
with the metamonzogranites. Ovoid plutons of Bald Rock
Supersuite granitic rocks intrude across the southern part of
the complex, where they truncate sheared igneous layering
of the complex. In addition, Li-rich pegmatites of the Bald

There are several shear zones along the western, northern
and eastern margins of the Windimurra Igneous Complex
where metagranitic rocks are in contact with sheared
supracrustal rocks (Fig. 9). The Yarloo Shear Zone (Fig. 9),
which deforms metagranitic rocks along the northwest
side of the complex, appears from aeromagnetic data to
be crosscut in the south by the Challa Shear Zone. The
Challa Shear Zone (Figs 9, 17) is the most significant
structure to affect the Windimurra Igneous Complex, as
it is responsible for sinistral displacement of lenses up to,
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and possibly farther than, 30 km away from the core of the
body. However, there are locally abundant, dextral shearsense indicators along this shear zone, indicating subsequent
dextral reactivation at c. 2680 Ma, the age of syntectonic
Tuckanarra Suite plutons in the region (Wang, 1998).

the border zone, in particular along the Wyemandoo Shear
Zone on southwesternmost Windimurra.
This zone is named according to its location at the
margins of the complex but has previously been termed
the 'Border Group' (Ahmat, 1986). The type locality is at
site TJIWIN000313 (Zone 50, MGA 653876E 6911966N),
where amphibolitized metadolerite is in moderately sheared
contact with metamorphosed, subparallel horizons of
banded iron-formation, metarhyolite and metasiliciclastic
rocks of the Norie Group as well as metagranitic rocks of
the Big Bell Suite. At the type locality, it also forms a layer
that is parallel (to possibly slightly subparallel) to igneous
layering of the lower zone of the complex.

The Wyemandoo Shear Zone (Fig. 17), on the southeast
side of the Windimurra Igneous Complex, displaces
igneous layering and the Shephards Discordant Zone.
This shear zone juxtaposes lenses of metamorphosed
supracrustal rocks and amphibolitized gabbro lenses with
less-sheared gabbroic rocks of the complex on either side.
Another minor shear zone with similar characteristics on
the northwestern side of the complex (the Mingyngura Hill
area; Fig. 9) brings supracrustal rocks into contact with the
internal parts of the complex.

Metagabbro, dolerite, gabbro and metadolerite are the
dominant lithologies in this unit, with metamorphosed rocks
dominant in more strongly sheared portions. Texturally, the
rocks are similar in all units, forming ophitic to subophitic
rocks where 2–5 mm plagioclase laths are partly enclosed
by clinopyroxene (Fig. 19). Minor oxide phases are also

Tight folding on a 50 m scale is evident in the Kantie
Murdana Volcanics Member and supracrustal rocks
immediately to the north of the complex. These locations
are both in the region of tightest curvature in the large-scale
layering of the complex. Axial planes are typically steep
and northerly trending with an associated, moderately
north-plunging lineation. This is consistent with an overall
east–west shortening along a north–south axis, possibly
accompanied by downwarping of the complex.

a) 211181

Abundant, northerly trending, steeply dipping brittle faults
in the central part of the Windimurra Igneous Complex
offset contacts between the various zones described
(Fig. 11). Although the displacement cannot be measured
directly, the mechanism is consistent with normal faulting
(including antithetic faults) with 50–500 m offset based
on outcrop distribution. A set of northeasterly trending
brittle faults in the south of the main body of the complex
dextrally offset the Wyemandoo Shear Zone with a strikeslip displacement component of up to 1000 m. Another
set of brittle faults in the northeastern part of the complex
trends northwest and dextrally offsets igneous layering in
the border zone and lateral shear zones around the complex
by between 50 and 3000 m.
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Border zone
The border zone of the Windimurra Igneous Complex
(Ivanic et al., 2010) is the outermost zone of the complex,
mantling it as a steeply dipping layer of metagabbro that
grades into dolerite. It is preserved only on its eastern
margin, where it is in igneous contact with the easternmost
rocks of the lower zone and in sheared contact with banded
iron-formation and metasedimentary rocks of the Norie
Group to the east. Around the rest of the complex, this
marginal facies has been intruded by granitic rocks or
truncated by shearing. This unit is thought to represent the
first phase of chilled primary magma of the complex. It
consists of metagabbro with a grain size of 2–5 mm and
amphibole pseudomorphs after pyroxene.

500 µm
TJI214
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Figure 19. Photomicrographs of metadolerite (GSWA 211181)
from the border zone of the Windimurra Igneous
Complex: a) plane-polarized light; b) cross-polarized
light. Abbreviations for all petrographic images: Ab,
albite; Act, actinolite; Bt, biotite; Chl, chlorite; Chr,
chromite; Cpx, clinopyroxene; Cpy, chalcopyrite; Crd,
cordierite; Crn, corundum; Ep, epidote; Fa, fayalite;
Fe-ox, iron oxides; Hbl, hornblende; Ilm, ilmenite;
Mag, magnetite; Ms, muscovite; Ol, olivine; Opx,
orthopyroxene; Phl, phlogopite; Pl, plagioclase; Px,
pyroxene; Py, pyrite; Qtz, quartz; Srp, serpentine;
Sul, sulfides; Tr, tremolite, Zrn, zircon

Rocks of this zone form a 45 km-long, discontinuous belt
that is rarely >100 m wide. It outcrops principally on the
western part of the Windimurra 1:100 000 Geological
Series map (capitalized names refer to standard 1:100 000
map sheets, unless otherwise indicated) and less significant
outcrops are found a few km to the north and south of this
sheet on Woodley and Youanmi. It is possible that some
of the unassigned, dismembered units of the complex
(A-ANwi-og and A-ANwi-mog) may have belonged to
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present. These rocks form a continuum from weakly
recrystallized (i.e. minor chlorite present) to moderately
recrystallized, up to amphibolitic metagabbro to metadolerite
adjacent to shear zones. However, in these metamorphosed
rocks, relict igneous texture is commonly preserved.

heteradcumulate in texture and contains up to 50%
disseminated chromite as interstitial grains <1 mm size
(Fig. 20). Olivine and pyroxene are typically altered to
serpentine and tremolite–actinolite, respectively. Their
pseudomorphs are typically tabular and up to 8 mm in
diameter and locally show an igneous lamination. Minor
gabbronorite and anorthosite are also present as metre- to
decametre-thick layers within metaperidotite.

Owing to poor exposure of the contact with the lower zone,
an intrusive relationship has not been observed between
the two zones; however, the geometry and aeromagnetic
pattern indicates some subtle incursions of the lower zone
into the border zone.

At site TJIWIN000657 (Zone 50, MGA 6 35831E
68 33237N), there are small exposures of multiple,
50 mm-thick oxide horizons within serpentinite, which
are traceable over several metres. These show a coarser
grain size of approximately 5 mm with an equigranular,
recrystallized texture, thus they are likely to be altered
chromitite layers.

As a chilled marginal contact of the Windimurra Igneous
Complex, the rocks of the border zone represent the first
magma batch to crystallize during the formation of the
complex.
Ultramafic zone
The ultramafic zone of the Windimurra Igneous Complex
(Ivanic et al., 2010) is not exposed as part of the contiguous
complex, with only a few small outcrops present in a
lens along the Challa Shear Zone. Rocks of this zone
consist of chromite-bearing metaperidotite interlayered
with metamorphosed pyroxenite, gabbro and anorthosite.
Gravity modelling suggests that there is a dense region
underneath the central part of the complex, which could
contain a significant thickness of ultramafic rocks in
a conical root zone (Ivanic and Brett, 2015). This is
consistent with the 2010 Youanmi deep seismic reflection
data, which show strong subhorizontal reflectors in a region
approximately 3 km thick underlying the central parts
of the complex, tapering off to <1 km thick close to the
perimeter of the northern and eastern parts of the eastern
lobe of the complex (Ivanic et al., 2014). It is unknown
whether the western lobe also has an ultramafic zone
beneath its lower zone rocks.

a) 211194

Around the exposed parts of the ultramafic zone,
aeromagnetic data indicates an interlayering of north–
south trending, strongly magnetic and weakly magnetic
rocks. This unit forms a 20 × 8 km lens on the western
side of the Challa Shear Zone; however, the rest of the
lens is covered by the Challa salt lake system. Unlike the
majority of the Windimurra Igneous Complex, layering is
steeply dipping (>40°) and a higher proportion of rocks are
strongly sheared.

b) 190993

c)
Srp

Srp

Chr
Chr

The ultramafic zone of the Windimurra Igneous Complex
is named based on its lithological association, which
mainly comprises ultramafic rocks. Previously this unit
was referred to as the 'Ultramafic Zone' of the 'Windimurra
Complex' (Ahmat, 1986).
The type section occurs at Muleryon Hill (at site
TJIWIN000017, Zone 50, MGA 636080E 6833448N)
where metaperidotite and serpentinite can be found with
up to 50% disseminated chromite (Fig. 20). Also at site
TJIWIN000658 (Zone 50, MGA 635718E 6834612N),
metaperidotites are interlayered with 1–2 m-thick
gabbronorite and anorthosite, with moderately to steeply
dipping igneous layering.

10 mm
TJI215

21.08.19

Figure 20. Photographs and thin section photomicrographs
of chromite-bearing ultramafic rocks from the
ultramafic zone of the Windimurra Igneous Complex:
a) distribution of disseminated chromite in hand
specimen GSWA 211194; b) plane-polarized light
image of whole thin section of GSWA 190993
chromitite; c) plane-polarized light image of whole
thin section GSWA 190993a showing dusty magnetite
in serpentine and few fresh olivine grains

The exposed parts of the ultramafic zone at Muleryon
Hill are composed primarily of metaperidotite. This
includes abundant serpentinite, metadunite and minor
metapyroxenite. Each of these units is adcumulate to
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The ultramafic zone does not have any exposed contacts
with other lithological units. From aeromagnetic
interpretation in the vicinity of Muleryon Hill, the marginal
contacts of the ultramafic zone are mapped to be in sheared
contact with several deformed rock units within the Challa
Shear Zone. In sheared contact to the north of the lens
of ultramafic zone rocks are deformed upper zone rocks
and unassigned metagabbro of the Windimurra Igneous
Complex. To the west are sheared contacts with deformed
metagranitic rocks of the Mount Kenneth and Tuckanarra
Suites and metasedimentary rocks of the Norie Group. To
the south, the ultramafic zone is crosscut by undeformed
monzogranite of the Walganna Suite (Ivanic, 2011).

middle zone of the western lobe and to the west by
sheared gabbros within the Challa Shear Zone. Similar
to the eastern lobe, the lower zone of the western lobe
is modelled in 3D to underlie the middle zone with a
lopolithic large-scale geometry. This lopolithic unit may
once have extended far out to the west but it is now cut by
the moderately east-dipping Challa Shear Zone.
The lower zone of the Windimurra Igneous Complex was
named based on its location in the igneous stratigraphy,
that is above a postulated ultramafic zone and below the
middle zone. The appearance of intercumulus magnetite
defines the upper limit of this zone, and though unexposed,
the appearance of plagioclase would define its basal contact
with the ultramafic zone. Previously, the majority of the
units for the lower zone had been referred to as the 'Lower
Zone' of the 'Windimurra Complex' (Ahmat, 1986).

According to the seismic reflection data, gravity modelling
and 3D modelling (Ivanic and Brett, 2015; Ivanic et al.,
2017), it is postulated that the ultramafic zone is in direct
contact with the lower zone, and this contact lies at a
minimum of 300 m below the surface (i.e. directly beneath
the lower zone). The contact with the overlying lower
zone is interpreted to be a conformable cumulate igneous
contact, that has no clear incision of lower zone rocks into
the uppermost layers of the ultramafic zone.

The type section for the lower zone is included in the
formal lithostratigraphic narrative for the Windimurra
Igneous Complex as a whole at the Windimurra Hills area
(Ivanic, 2019). An additional section at the Mingyngura
Hill area shows many exceptional features between sites
TJIWIN000019 (Zone 50, MGA 608798E 6801288N) and
TJIWIN090134 (Zone 50, MGA 633947E 6901099N).
Here there is a sequence of olivine gabbronorite
interspersed with layers of ultra coarse pegmatitic gabbro
(Fig. 21a,b). Locally, the pegmatitic gabbro hosts at least
two decametre-thick layers, which are rich in xenolithic,
rounded pegmatitic anorthosite 'boulders' (Fig. 21a). One
hundred metres vertically up section, there are 10 m-thick
layers of clinopyroxenite, lherzolite and peridotite. At
the base of one peridotite layer there is a thin chromitite
horizon (Figs 21c, 22) that contains PGE sulphides (Ivanic,
2016, locality 4.1). Figure 22 shows microscale textures
of these sulfides in reflected light (Fig. 22a–c) and hand
specimen examples of gravitationally mobile portions
of this horizon where it overlies leucogabbronorite–
anorthosite (Fig. 22d).

The ultramafic zone is the second component of the
complex to have formed, immediately after the border zone
had crystallized and immediately before the first cumulate
layers of the lower zone were deposited.
Lower zone
The lower zone is the thickest zone of the Windimurra
Igneous Complex and is composed of layered gabbroic and
minor ultramafic rocks (dominantly pyroxenite). From field
traverses, its cumulative thickness is approximately 9 km;
however, due to discordant features within the layering, this
translates to a vertical thickness of approximately 6 km as
estimated from seismic reflection data (Ivanic et al., 2017;
Ivanic and Brett, 2015). Its lowermost contact with the
ultramafic zone is unexposed and its uppermost contact
with the middle zone is moderately discordant, with the
overlying middle zone horizons cutting into lower zone
cumulate layering at a shallow angle.

This zone (following Ahmat, 1986) comprises layered
cycles of predominantly gabbroic lithologies, each
approximately 25 m in vertical thickness, but varying from
1 cm to 200 m. These features are also present in the lower
zone of the western lobe, which hosts a similar thickness
of igneous stratigraphy to that of the eastern lobe. Good
exposures of the lower zone of the western lobe occur in a
region west of the Shephards Discordant Zone, 1 km west
of the Windimurra Homestead (southwest Windimurra) in
the Boulder Well area.

The lower zone of the eastern lobe forms a part-oval,
arcuate outcrop pattern that surrounds the middle and
upper zones on all but the western side. Layering is
inward dipping at an average of 30°. This zone contains a
chromitite horizon and abundant igneous features, such as
a xenolithic ‘boulder anorthosite’ unit, pegmatitic horizons
and cross-bedded units. This zone is interpreted to have
crystallized within uncertainty of 2813 ± 3 Ma (GSWA
194747, Wingate et al., 2012c), the age of the middle zone.

The majority of rock units belonging to the lower zone
are stratiform layers that are part of megacyclical units
(large-scale stratification up to 200 m vertical scale;
megacycles) in which ultramafic–mafic lithologies show
differentiation upwards towards more felsic lithologies.
These megacycles follow a general pattern from:
1) pyroxenitic to melanocratic olivine gabbronorite
base; 2) gabbronorite; 3) leucogabbro to leucotroctolite;
4) leucogabbro to anorthosite. Many examples of stages
2) to 3) exist without the more extreme mineralogy of
1) and 4).

This zone occurs on the Wynyangoo, Woodley, Challa,
Windimurra, Coolamaninu and Youanmi. The extent of
the lower zone of the eastern lobe is 85 km north–south and
32 km east–west, and it occupies the northern and eastern
limit of the Windimurra Igneous Complex. From seismic
interpretation (Ivanic et al., 2014), this part of the lower
zone likely extends all the way underneath outcrops of
the middle, upper and roof zones and the Kantie Murdana
Volcanics Member in a basin-like (lopolithic) form.

On a smaller scale, within decametre-scale layers of these
megacycles, cyclical modal layering is typically present
(Figs 21d, 23a,b). Variations in modal abundance of
pyroxene and plagioclase account for most examples of
this, but olivine and chromite are also involved locally.

The lower zone of the western lobe outcrops over
approximately 28 x 19 km and is bounded to the south
by Walganna Suite monzogranitic rocks, to the east
by the Shephards Discordant Zone, to the north by the
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Figure 21. Field photographs of rocks from Mingyngura Hill and Windimurra Hills: a) very coarse pegmatitic gabbro from
Mingyngura Hill (hammer for scale) in the lower zone of the Windimurra Igneous Complex; b) ‘boulder anorthosite’
(locality 4.1 in Ivanic, 2016) in the Mingyngura Hill area, compass for scale. Note the subrounded 10–20 cm anorthosite
‘boulders’ with approximately 3 cm grain size set in interstitial pegmatitic gabbro matrix; c) 5–20 mm thick chromitite
horizon in norite (top) and anorthosite (bottom), Mingyngura Hill; d) modal layering of pyroxene and plagioclase in
a gabbro boulder from the eastern part of the Windimurra Hills, lower zone of the eastern lobe of the Windimurra
Igneous Complex; e) pyroxene oikocrysts in leucogabbro from the central part of the Windimurra Hills, lower zone
of the eastern lobe of the Windimurra Igneous Complex
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Figure 23. Photomicrographs of anorthosite from the lower
zone of the Windimurra Igneous Complex: a) planepolarized light image of a 12 mm thick, adcumulate
anorthosite layer in gabbroic mesocumulate in
GSWA 191043, showing the whole thin section;
b) as for a) but under cross-polarized light; c) crosspolarized light image of anorthosite GSWA 191009
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Figure 22. Chromitite from Mingyngura Hill, sample GSWA 191100:
a) plan view reflected light photomicrograph of octahedral
chromitite crystals enclosed in plagioclase; b) as for a)
but higher magnification to illustrate globular silicate
inclusions in chromite grains; c) as for a) but higher
magnification to illustrate sulfide crystals on the margins
of (and linking) chromite grains; d) photographs of
macro-scale layer undulations in nearby chromitite hand
specimens, note upper left specimen with anorthosite
dome and chromitite keel geometry
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For example, within a ~30 m-thick gabbronorite unit
(A-ANwl- om) there are typically orthopyroxenite–
pyroxenite layers 1–5 cm thick interlayered with
leucogabbronorite and olivine gabbronorite. On a metre
scale, there may be a multitude of centimetre-thick layers
(e.g. at site TJIWIN090407, Zone 50, MGA 653756E
6868900N).

Overlying the lower zone of the eastern and western
lobes are layered gabbroic rocks of the middle zone of
the Windimurra Igneous Complex. This contact can be
traced between sites TJIWIN000103 (Zone 50, MGA
646186E 6860173N) and TJIWIN000104 (Zone 50, MGA
646017E 6860402N) and also between sites TJIWIN000071
(Zone 50, MGA 652856E 6869517N) and TJIWIN000955
(Zone 50, MGA 652621E 6869621N). This relationship is
a low-angle igneous unconformity where the middle zone
magma eroded into the underlying stratigraphy of the lower
zone. The lower zone is also in contact with the complex's
roof zone rocks. Although this latter contact is not exposed,
aeromagnetic and seismic reflection data suggest that
gabbroic plutons of the roof zone cut across layering in the
lower zone.

Discordant features are present at all scales from
decimetre-scale examples of cross-lamination and
truncations to metre-scale excursions into underlying layers
(Fig. 18a,b). Deca- and hectometre truncations are visible
on air photographs and in aeromagnetic images (Fig. 18c).
Additionally, there are isolated occurrences of pegmatitic
gabbro, which are present as thick lens-shaped regions
and also as crosscutting, irregular sheets. Because they
are fractionated (locally quartz bearing), these pegmatitic
rocks are interpreted to be late-stage segregations of
trapped melt (rather than much later intrusions), which
either crystallized in situ or injected a small distance into
neighbouring layered rocks.

To the west, the Challa Shear Zone juxtaposes ultramafic
zone rocks and unassigned Windimurra Igneous Complex
units against the lower zone in sheared contacts. To the
southeast, the Wyemandoo Shear Zone juxtaposes Norie
Group metasedimentary rocks against the lower zone, again
as sheared contacts. North–south trending, steeply dipping
normal faults offset and juxtapose rocks of the lower zone
against middle and upper zones in the central part of the
complex. Few northeast–southwesterly trending strikeslip faults in the south of the complex also offset rocks of
this zone.

The lower zone hosts a diverse array of cumulate textures
including orthocumulate, mesocumulate, adcumulate
and heteradcumulate textures (with crystal sizes from
5 to 800 mm). Apart from the ultramafic lithologies,
which typically show examples of nearly monomineralic
adcumulates of olivine or pyroxene crystals, the majority
of gabbroic lithologies in the lower zone exhibit
orthocumulate or heteradcumulate textures. These
typically comprise chadacrysts of lath-shaped plagioclase
10 mm in length with oikocrysts of clinopyroxene (local
inverted pigeonite) and orthopyroxene 20 mm across
(Fig. 24). Where these are observed to meet, oikocrysts
form ~120° triple junctions. There are many layers of
rock within the lower zone which contain pyroxene
oikocrysts with cores of altered olivine crystals (Fig. 24a),
yielding a crystallization sequence of plagioclase–
olivine–orthopyroxene–clinopyroxene. Mesocumulate
textures are common in more felsic rocks, which have
plagioclase cumulate crystals with interstitial pyroxene
crystals (Fig. 23a,b) and these locally vary to adcumulate
anorthosite (Fig. 23c).

In several locations, the lower zone is crosscut by
metagranitic rocks of the Tuckanarra Suite (e.g. at site
TJIWIN000275, Zone 50, MGA 635417E 6909998N)
a) 191012
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Mineral zonation is rarely evident optically within
orthocumulate rock textures. However, meso- and
adcumulate rocks do occasionally show oscillatory
zonation in plagioclase and normal zonation in pyroxenes.
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Ahmat (1986) analysed chemical variation of olivine,
pyroxene and plagioclase for the lower zone. From base to
top, olivine compositions vary from approximately 75 to 64
(Forsterite [Fo] mol%). The variation for orthopyroxene is
78 to 67 Mg# (expressed as atomic % relative to Ca + FeT).
The variation for clinopyroxene is 80 to 71 Mg# (expressed
as atomic % relative to Ca + FeT). The variation for
plagioclase is 82 to 72 (Anorthosite [An] mol%).
In the east of the complex, the lower zone is in sheared
contact with Norie Group metasedimentary rocks (e.g. at
sites TJIWIN090606, Zone 50, MGA 654943 6909358N
and TJIWIN000310, Zone 50, MGA 653652E 6912546N).
Locally, in between these two units, are dolerites of the
border zone, which are themselves in igneous contact with
the lower zone whereby igneous layering is subparallel to
the contact (e.g. at site TJIWIN090606).

TJI217

30.07.19

Figure 24. Photomicrograph of olivine gabbro GSWA 191012,
showing olivine mantled by pyroxene: a) planepolarized light; b) cross-polarized light
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and granitic rocks of the Walganna Suite (e.g. at sites
TJIWIN090042, Zone 50, MGA 653392E 6844384N and
TJIWIN090043, Zone 50, MGA 653521E 6844437N). In
addition, fluorite- and lepidolite-bearing pegmatites of the
Walganna Suite crosscut layering in the southeastern part
of the lower zone.

These megacycles follow a general pattern from:
1) pyroxenitic to melanocratic olivine gabbronorite base;
2) magnetite-bearing gabbronorite to troctolite;
3) magnetite-bearing leucogabbro to leucotroctolite;
4) magnetite-bearing leucogabbro to anorthosite. It is more
common to find layers 2 to 3 without 1 and 4.

The lower zone is interpreted to have formed after the
border zone and ultramafic zone. The lower zone of the
western lobe is thought to have formed immediately
after the upper zone of the eastern lobe and thus after the
crystallization, but not necessarily cooling, of the eastern
lobe as a whole.

On a smaller scale, within individual mapped units
(decametre-thick layers within these megacycles) cyclical
modal layering is typically present. Variations in modal
abundance of pyroxene and plagioclase account for
most examples of this, but olivine and magnetite are
also involved locally. For example within approximately
30 m-thick magnetite leucogabbro units (A-ANwm-oglj)
there are often magnetite-gabbronorite layers 1–5 cm thick
interlayered with magnetite-leucogabbronorite.

Middle zone
The middle zone of the Windimurra Igneous Complex is
located in central to southwestern parts of the complex
on Challa and Windimurra. It consists of modally
layered gabbro grading into leucogabbro interlayered with
gabbronorite, leucogabbronorite and minor pyroxenite.
This zone is bounded by lower and upper zones at its lower
and upper contacts, respectively. Two principal outcrops
are: 1) a narrow, north–south trending band to the east of
the Shephards Discordant Zone, which corresponds to the
middle zone of the eastern lobe; 2) a region to the west
of the Windimurra Homestead, which corresponds to the
middle zone of the western lobe. The base of the middle
zone in both eastern and western lobes is defined by the
appearance of intercumulus magnetite, which directly
overlies rocks of the lower zone. The zone is primarily
composed of magnetite-bearing leuconorite, leucotroctolite,
leucogabbro, gabbronorite and minor pyroxenite. Close
to the top of the middle zone a few cumulus magnetite
layers are present. The zone is of variable thickness and is
absent at the surface in the northern to northwestern parts
of the complex and large portions of it are covered by the
upper zone of the western lobe. The middle zone of the
eastern lobe is approximately 1 km thick, whereas in the
western lobe, the middle zone has a maximum thickness
of approximately 2 km but it is cut by the overlying,
erosive base of the upper zone until it is nearly entirely
excised to the southwest (Fig. 17; Plate 1). A pegmatitic
gabbro from this zone yielded a U–Pb crystallization age
of 2813 ± 3 Ma (GSWA 194747, Wingate et al., 2012c).

A few discordant features are observed in the field, with
metre-scale excursions into basal layers being most
common, especially at the base of magnetite-rich gabbro
horizons where magmatic erosion may have played a role
(e.g. at site TJIWIN000423, Zone 50, MGA 647449E,
6867214N). Additionally, there are isolated occurrences
of pegmatitic gabbro, which are present as crosscutting,
irregular sheets (one of which was dated; GSWA 194747,
Wingate et al., 2012c, see below). Owing to their
fractionated gabbroic compositions, these are interpreted
to be late-stage segregations of trapped melt rather than
much later intrusions, which were injected a small distance
relative to neighbouring layered gabbroic rocks of the
middle zone.
Petrographically, the middle zone exhibits orthocumulate,
mesocumulate and minor adcumulate to heteradcumulate
textures, which have been observed in the field with
crystal sizes from 5–250 cm. The characteristic feature of
the middle zone is that it hosts intercumulus magnetite.
Figure 25 shows an example of an intercumulus magnetitebearing harzburgite with adcumulate-textured olivine
from the lower part of the middle zone. Apart from
the few ultramafic lithologies, which typically show
examples of nearly monomineralic adcumulates, the
majority of gabbroic lithologies in the middle zone exhibit
an orthocumulate or heteradcumulate texture. These
typically comprise chadacrysts of lath-shaped plagioclase
10 mm in length with oikocrysts of clinopyroxene (local
inverted pigeonite) and orthopyroxene 20 mm across. The
typical crystallization sequence is plagioclase(±olivine)–
orthopyroxene–clinopyroxene–magnetite. Mesocumulate
textures are common in more felsic rocks that have
abundant plagioclase cumulate crystals and interstitial
pyroxene and magnetite crystals. Mineral zonation is not
commonly observed optically in rocks of this zone.

The middle zone of the Windimurra Igneous Complex is
defined by lithological associations and zone minerals.
Previously some units from this zone have been referred
to as the upper part of the 'Lower Zone' (Ahmat, 1986).
The middle zone replaces a previous usage of the 'Main
Zone' (Ivanic et al., 2010, after Ahmat, 1986). For further
information on zone nomenclature refer to description
of the complex as a whole (A-ANwi-xony-am, above).
A traverse through the middle zone at its type locality
is described in the section on the Windimurra Igneous
Complex as a whole (A-ANwi-xony-am).

Ahmat (1986) analysed chemical variation of olivine,
pyroxene and plagioclase for the middle zone; however,
due to the relocation of this zone (e.g. Ivanic, 2012) the
following data are interpolated from Ahmat's field transects
and do not correspond exactly to values quoted for the
'Middle Zone'. From base to top, olivine compositions vary
from approximately 64 to 58 (Fo mol%). The variation
in orthopyroxene is 67–60 Mg# (expressed as atomic %
relative to Ca + FeT). The variation in clinopyroxene is
72–68 Mg# (expressed as atomic % relative to Ca + FeT).
The variation in plagioclase composition is from 72 to 69
(An mol%).

The middle zone of the eastern lobe comprises cycles of
predominantly magnetite-bearing gabbroic lithologies, each
approximately 15 m in vertical thickness, but varying from
3 cm to approximately 150 m.
The majority of the rock units of the middle zone are
part of megacyclical layers up to ~150 m thick, in
which mafic–ultramafic lithologies at the bases show
differentiation upwards towards more felsic lithologies.
35
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zone are unconformably overlain by more steeply dipping,
magnetite-rich gabbros of the upper zone.

a) 191070

The unexposed contact between the Kantie Murdana
Volcanics Member and the middle zone of the eastern
lobe of the Windimurra Igneous Complex is located at
the southern extent of the member. Here, the flat-lying
geometry of the member determined from geophysical data
(e.g. Ivanic et al., 2017) overlies more steeply dipping
layered igneous rocks of the middle zone rocks.

Mag

To the west, the Challa Shear Zone juxtaposes ultramafic
zone rocks and unassigned Windimurra Igneous Complex
units against the middle zone along sheared contacts. To
the southeast, the Wyemandoo Shear Zone juxtaposes
Norie Group metasedimentary rocks against the middle
zone, also along sheared contacts (Plate 1). North–south
trending, steeply dipping normal faults offset and juxtapose
rocks of the middle zone against lower and upper zones in
the central part of the complex. Few northeast–southwest
trending strike-slip faults also offset rocks of this zone.

5 mm

b)

Srp

Px

The middle zone is interpreted to have crystallized
immediately after the lower zone and immediately before
the upper zone. This sequence of events occurred initially
in the eastern lobe and later in the transgressive (but
undated) western lobe.

c)

Upper zone
pyroxenite

10 cm
TJI219

The upper zone of the Windimurra Igneous Complex
(Ivanic et al., 2010) is located stratigraphically above
the middle zone. It is approximately 1.5 km in vertical
thickness and is composed of three principal sequences
of layered gabbroic rocks based upon cumulate indicator
minerals. The base (UZa) comprises thick magnetitite
units, which are interlayered on a metre-scale with
magnetite-bearing gabbro and leucogabbro. Above this,
subzone UZb is defined by the appearance of abundant
cumulus fayalitic olivine into magnetite-rich gabbro.
The upper parts of the upper zone (UZc) are dominated
by leuconorite and anorthosite, which locally contains
accessory apatite and ilmenite. The base of the upper zone
is host to significant thicknesses of V-rich magnetitite
which is currently the focus of exploration and mining
activity in the Windimurra Igneous Complex.

leucogabbro
30.07.19

Figure 25. Photomicrographs and field photograph of middle
zone rocks: a) whole thin section photomicrograph
showing intercumulus magnetite in harzburgite
GSWA 191070 from the middle zone, in planepolarized light; b) as for a) but in cross-polarized
light; c) field photograph of flat-lying pyroxenite layer
above magnetite leucogabbro from the middle zone
of the western lobe

This zone is located in the central and western part of the
Windimurra Igneous Complex and dips at an average of
10° to the northwest, west and southwest in an arcuate
shape above middle zone rocks. Locally, such as in the
Canegrass area, igneous layering dips at 30°, where it is
thought to be represent a channel or pothole feature, which
magmatically eroded into the underlying middle zone
cumulate pile (Nebel et al., 2013b).

On an outcrop scale, the cumulate base of the middle zone
conformably overlies the cumulate rocks of the lower zone.
This contact can be traced between sites TJIWIN000103
(Zone 50, MGA 646186E 6860173N) and TJIWIN000104
(Zone 50, MGA 646017E 6860402N) and also between sites
TJIWIN000071 (Zone 50, MGA 652856E 6869517N) and
TJIWIN000955 (Zone 50, MGA 652621E 6869621N). On
a large scale however, in the western lobe especially, this
relationship is transgressive with middle zone rocks cutting
down into layers of the lower zone.

The main outcrops of upper zone rocks are in the western
lobe of the Windimurra Igneous complex on Challa,
which represents the majority of the upper zone by volume.
In addition to this, an approximately 40 km-long, 1 kmthick belt of upper zone rocks (representing about 500 m
stratigraphic thickness) is present to the west of middle
zone rocks of the eastern lobe, primarily on westernmost
Windimurra. This belt extends south onto Youanmi.

In the eastern lobe, the upper zone overlies the moderately
west-dipping middle zone with a conformable igneous
layering also dipping moderately to the west. Whereas
in the western lobe, the contact between the middle
zone and the upper zone (as observed between sites
TJIWIN000474, Zone 50, MGA 638490E 6860772N and
TJIWIN000481, Zone 50, MGA 637957E 6861558N) is
conspicuous, where shallow-dipping layers of the middle

The upper zone is named due to its location above the
middle zone of the Windimurra Igneous Complex (Ivanic
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et al., 2010). Rocks of the upper zone are included
in the 'Middle Zone' and 'Upper Zone' definitions of
Ahmat (1986). The type section for the upper zone is in
the Windimurra V pit at site TJIWIN000124 (Zone 50,
MGA 650233E 6869373N). The pit walls host about 60 m
thickness of igneous stratigraphy, which shows lateral
variations within the lowermost part of the upper zone.
The pit shows many igneous layering features but for more
detail see locality 3.2 of Van Kranendonk et al. (2010). In
addition, Maximus Resources Limited diamond drillholes
MNDD004 and MNDD002 act as a type section for the
upper zone because they intersect the majority of the upper
zone stratigraphy of the western lobe (Nebel et al., 2013b).

top of the middle zone directly beneath these magnetitites
indicative of an erosive basal contact (Nebel et al., 2013b).
Lithologically, the basal upper zone is characterised
by interlayered magnetitite (Fig. 26a) and magnetite
leucogabbro with minor gabbro, anorthosite and pyroxenite
(olivine is absent). Approximately 500 m from the base of
the upper zone of the western lobe (evident in MNDD002),
olivine re-appears into the igneous stratigraphy as more
Fe-rich fayalitic olivine, which forms cumulate crystals
typically within magnetitite. In this interval, olivine occurs
alongside plagioclase (Fig. 26a–c) or as high density
Fe-dunite layers up to 10 m thick. A field photo from
this interval (Fig. 26d) shows large annealed grains of
magnetite in a magnetitite with grain size up to 50 mm.
In surface outcrops, olivine is totally serpentinized. In
the upper part of the upper zone of the western lobe
(~1200 m vertically from the base) there is a reduction in
the abundance of magnetitite, and leuconorite–anorthosite

Chemically, the upper zone of the Windimurra Igneous
Complex is more Fe- and Si-Al rich than the middle, lower
and ultramafic zones. Its base is marked by the appearance
of thick (up to 2 m) and laterally extensive magnetitites.
Drillcore (MNDD0004) reveals magmatic breccia at the

a) MNDD004-55m

b) GSWA 191074

Mag

c) MNDD002-114m

Srp

magnetitite

Mag
leucogabbro

Fa
5 mm

5 mm

d)

TJI220

05.08.19
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Figure 26. Photomicrographs and field
photograph of upper zone
rocks: a) whole thin section
cross-polarized light image
of MNDD0 04-55 showing
a thin magnetitite layer in
anorthosite; b) cross-polarized
light image of GSWA 191074
showing cumulus and
interstitial magnetite with
~50% cumulus pyroxene
and plagioclase as altered,
pseudomorphed crystals;
c) cross-polarized light image
of MNDD0 02-114 showing
4 mm cumulus fayalitic olivine
crystals set in interstitial
magnetite–ilmenite grains; d)
field photograph of a block of
recrystallized magnetitite from
the Canegrass prospect, upper
zone, western lobe,Windimurra
Igneous Complex

Ivanic

dominates. Up to 10% sulfides are present in the four
Maximus Resources drillholes with a typical modal
proportion of about 1%. Most primary sulfide is pyrrhotite
and chalcopyrite, and rare bornite. Secondary sulfide
is typically foliated and comprises pyrite or pyrrhotite.
Magnetitite alteration to martite, goethite, ilmenite and
rutile is prevalent adjacent to laterites.

Few layers are composed of laminated plagioclase
cumulate crystals within a magnetite and clinopyroxene
matrix. Chlorite-rich shear zones are present with a strike
similar to the igneous layering (approximately north–south)
although the foliation is steeper (65° compared to 30°).
Igneous layering is deformed into parallelism adjacent
to these shear zones. Metre-scale reverse faulting is also
evident in the western pit wall.

In the eastern lobe, the Windimurra V pit (e.g. at site
TJIWIN000124, Zone 50, MGA 650233E 6869373N)
shows several large-scale igneous layering features within
the basal 500 m of the upper zone (Fig. 27a,b). Metre-scale
xenoliths of anorthosite are entrained within leucogabbro
(Fig. 27c), magnetitite horizons form decametre-scale
channel features and megacycles 30 m thick are present.

In the western lobe at the Canegrass prospect, the basal
upper zone magnetitites show 16 cycles, which are
recorded in terms of progressively increasing Ti/V ratios
with stratigraphic height (unpublished data). These form
arcuate and cuspate aeromagnetic trend lines on a kilometre
scale (cf. Fig. 17), with the thickest magnetitites focused
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Figure 27. Field photographs of the Windimurra V pit: a) field photo looking south. Note the moderately
west-dipping layers of contrasting magnetitite and leucogabbro interlayered on a 0.5 – 5 m scale;
b) photograph looking south, showing moderately west-dipping layers of magnetitite (dark layers)
hosted in magnetite-bearing leucogabbro (pale layers) of the upper zone of the eastern lobe. The pit
wall is 30 m high. Note the multiscale cyclicity of mafic and felsic layers creating a very heterogeneous
rock volume on a centimetre to decametre scale; c) field photograph looking west. An anorthosite
xenolith can be seen in direct contact with a thin-pinched part of a magnetitite horizon. This is
interpreted by Nebel et al. (2013b) to have settled as a result of a density inversion whereby the
residual liquid became less dense than the anorthosite block
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towards the hinges of these arcs, which are interpreted
to be synformal (or possibly pothole) structures. At the
margins of these synforms, magnetitite horizons are fewer
and thinner and incision into the middle zone is restricted.
This is indicative of large-scale channel or pothole features,
produced by density currents, thermally eroding into the
cumulate pile of the middle zone.

Within the framework of the other components of the
complex, the upper zone of the eastern lobe postdates the
crystallization of the middle zone of the eastern lobe and
predates the formation of the western lobe. The upper zone
of the western lobe postdates the crystallization of the
middle zone of the western lobe and predates the formation
of the roof zone.

Ahmat (1986) analysed the chemical variation of olivine,
pyroxene and plagioclase from the upper zone. From base
to top, olivine compositions vary from approximately
35 to 33 (Fo mol%). The variation for clinopyroxene is
58 to 54 Mg# (expressed as atomic % relative to Ca + FeT).
The composition of plagioclase was estimated to be
57 (An mol%).

Roof zone
The roof zone of the Windimurra Igneous Complex
overlies the lower zone and intrudes into the basal part of
the Kantie Murdana Volcanics Member and intermediate
intrusive rocks of the Mount Kenneth Suite. It is not part
of the ‘layered series’ of the complex and has not been
directly dated. The roof zone comprises multiple plutons
(each several kilometres in diameter) of porphyritic
gabbro, dolerite and porphyritic dolerite and locally these
lithologies grade into each other. The overall form of the
roof zone, interpreted from geophysical data, is sill-like
(to slightly lopolithic) and broadly synformal beneath the
Kantie Murdana Volcanics Member (Ivanic et al., 2017).
Figure 29 shows typical exposures of the member with
metavolcaniclastic rocks (Fig. 29a) and banded chert
(Fig. 29b). Its porphyritic nature and xenolith content

Maximus Resources drillcore (MNDD0004) reveals
disrupted layers at the top of the middle zone directly
beneath the lowermost magnetitites of the upper zone,
which are coincident with elevated Cr contents (Nebel
et al., 2013b; Fig. 28). Therefore, the formation of the
upper zone of the western lobe started with injection of
a new magma pulse that thermally eroded into the basal
contact with the middle zone. The contact itself is not
exposed and has therefore been extrapolated laterally based
solely on aeromagnetic data.
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Figure 28. Four Maximus Resources
Ltd drillholes showing
stratigraphic position and
chromium (Cr) content (in
wt% Cr 2 O 3 ) analysed by
handheld X-ray fluorescence
(XRF) by Maximus Resources.
Correlation is made based
upon individual magnetitite
0
1
2
horizons. Primitive Crrich magma is indicative
of fresh magma pulses
from the mantle. The entire
sequence of all four drillcores
shows continuously low
Cr contents on the order
of detection limit of the
hand-held XRF instrument
(i.e. ~100 ppm), except for
the base of the upper zone.
One sample from this area
analysed by conventional
XRF (MNDD003-534) reveals a
similarly high concentration.
From Nebel et al. (2013b).
Abbreviations: MZ, middle
MNDD004
zone; UZ, upper zone
11.09.19
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Figure 29. Field photographs of the Kantie Murdana Volcanics Member: a) volcaniclastic rhyolite near Kantie Murdana Hill;
b) hydrothermally altered banded chert near Carron Hill

indicates derivation through the cumulate pile beneath,
and its finer grain size implies faster cooling as the unit is
chilled against overlying country rocks.

a) 193983

The roof zone is located centrally in the northern part
of the Windimurra Igneous Complex, primarily on the
northeastern part of Challa. Its outcrop surrounds the
Kantie Murdana Volcanics Member, which is also located
in the central–north part of the complex.

Qtz

The roof zone is named as it occurs at the highest structural
level of the Windimurra Igneous Complex, in contact with
roof pendants (Ivanic et al., 2010). Previously, these rocks
were referred to as 'unassigned gabbroids' (Ahmat, 1986).
The type locality is at site TJIWIN090408 (Zone 50, MGA
646486E 6893080N), where an apophasis of porphyritic
gabbro intrudes into overlying metarhyolitic rocks of the
Kantie Murdana Volcanics Member. There are many other
localities that demonstrate intrusive relationships, such
as TJIWIN090423 (Zone 50, MGA 644787E 6885905N),
which shows chilled granophyric-textured diorite (sample
193983; Fig. 30) with graphic intergrowths and abundant
chlorite after pyroxene in contact with metarhyolitic rocks.
Additionally, at site TJIWIN100004 (Zone 50, MGA
638663E 6887497N), xenoliths of lower zone rocks are
present within plagioclase-phyric gabbro of the roof zone.
At this locality, plagioclase-phyric gabbro grades into a
finer-grained and phenocryst-free pluton of dolerite. At
site TJIWIN090451 (Zone 50, MGA 646358E 6905902N),
plagioclase-phyric gabbro of the roof zone is in contact
with granodiorite of the Mount Kenneth Suite. Here there
are many quartz veins and comb-textured hornblendite
dykes (Fig. 31), as well as rafts of baked pelitic rocks.
Figure 32a–f shows aluminous, blue corundum-rich
assemblages in a baked pelite raft in this vicinity.

intergrowth
Chl
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Mag
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Figure 30. Photomicrographs of diorite sample GSWA 193983
from the roof zone showing granophyric intergrowths
in: a) plane-polarized light; b) cross-polarized light

Lithologically, this zone comprises porphyritic gabbro,
dolerite and porphyritic dolerite and locally these
lithologies grade into each other. No extensive geochemical
data exist on the zone; however, these rocks appear to
show tholeiitic affinity and are basaltic in composition.
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(Ahmat, 1986). In the largest of the pipe-like bodies (e.g. at
site TJIWIN000675, Zone 50, MGA 613902E 6810899N;
TJIWIN090408, Zone 50, MGA 646486E 6893080N)
clinopyroxene and orthopyroxene cumulate layers are
distinct in comparison to the relatively homogeneous
leucogabbro of the lower zone host rocks.
The type section is at site TJIWIN000673–662 (the
first site located at Zone 50, MGA 644917E 6842922N),
where melanocratic olivine gabbro and peridotitic layers
fractionate upwards (to the west) to gabbronorite and
anorthosite. At the south of the intrusion is a layer of
plagioclase peridotite and to the northwest are drillholes
yielding lherzolite and dunite. The ultramafic layers are
host to disseminated chromite and trace quantities of PGE.
Three hundred metres west-northwest are more felsic
gabbronorite to leucogabbro to anorthosite lithologies at
progressively higher stratigraphic levels, which dip inward
at ~40°. Lithological layering on a scale of 50 m is the
dominant layering style.

2 cm
TJI224

11.09.18

Figure 31. Photograph of hornblendite dyke hand sample GSWA
193986 from the roof zone

Quartz-bearing gabbroic to dioritic lithologies in this zone
indicate a moderate extent of fractionation from a gabbroic
precursor.

Intrusions of the Corner Well Gabbro Member comprise
modally layered olivine gabbro grading into olivine
gabbronorite (Fig. 33), interlayered with lherzolite, dunite,
pyroxenite and minor anorthosite. Igneous layering
within this unit occurs on a 5 cm to 100 m scale and
principally comprises modally layered gabbros with
variable abundances of olivine, pyroxene and plagioclase.
Plagioclase crystals typically show a magmatic foliation
parallel to decametre-scale igneous layering. About a
quarter of the rocks are ultramafic cumulates, which
are lherzolitic to pyroxenitic in composition and are
typically plagioclase-bearing. Gabbroic textures range
from orthocumulate to mesocumulate, whereas textures in
ultramafic rocks are typically adcumulate to mesocumulate.
Cumulus crystals range from 4 to 15 mm and oikocrysts
range from 8 to 20 mm.

Crystallization of the roof zone is likely to have followed
shortly after crystallization of the upper zone and may be
close to the timing of crystallization of the Corner Well
Gabbro Member.
Corner Well Gabbro Member
The Corner Well Gabbro Member of the Windimurra
Igneous Complex manifests itself as late-stage,
approximately vertical, pipe-like bodies that intrude into
the lower and middle zones of the western lobe of the
complex. These pipes are undated, but are interpreted
to have crystallized with about 1 Ma of crystallization
of the other zones of the complex. This unit consists of
concentrically layered gabbros and ultramafic cumulate
rocks with a similar mineralogy to the lower zone of the
Windimurra Igneous Complex. The approximately 2 kmdiameter intrusion close to the locality of Corner Well,
represents the vast majority of this phase that is currently
identified.

The contact between the Corner Well Gabbro Member and
layered host rocks of the western lobe of the complex is
not exposed. The trace of the contacts is interpreted from
differences in the orientation of layering and, in the case
of the southerly intrusion, it is also interpolated using
aeromagnetic data.

Two recognized intrusions of this member outcrop on
the eastern parts of the Challa and Coolamaninu map
sheets. There were likely more intrusions of the member
which have not been recognized owing to Cenozoic cover
and/or because their intrusion level did not intersect the
present land surface.

Due to the tholeiitic composition of its intrusions, the
Corner Well Gabbro Member is thought to have been a
consanguineous late-stage magma associated with the
Windimurra Igneous Complex. The large grain size (and
absence of a chilled margin) indicates slow cooling, and
possibly also that the host rocks of the western lobe had
not cooled completely as the Corner Well Gabbro Member
intruded.

The largest intrusion of Corner Well Gabbro Member is
circular in outcrop, and intrudes into the southernmost part
of the western lobe of the Windimurra Igneous Complex
in its lower zone. This is located approximately 3 km eastnortheast of Corner Well at the northeastern corner of the
Coolamaninu map sheet. A smaller intrusive body occurs
on the eastern edge of Challa (3 km northwest of the
Windimurra Homestead) at site TJIWIN000432 (Zone 50,
MGA 646937E 6866391N). This unit is approximately
100 m long and 50 m wide with steep contacts, and has a
more irregular outer contact than the larger unit close to
Corner Well, but both are envisioned to be pipe-like in form.

Youanmi Igneous Complex
The Youanmi Igneous Complex is the second largest
intrusion of the Meeline Suite, and has been dated at
2819 ± 10 Ma (Gill, 2011). It has an ovoid outcrop
29 × 17 km (~325 km2), and is located about 20 km to the
southeast of the Windimurra Igneous Complex (Plate 1).
Only about 5% of the complex is exposed. It comprises
five zones, which are characterized by zone minerals
and distinct lithological constituents, many with welldeveloped igneous layering: the border, ultramafic, lower,
middle and upper zones, the latter of which is host to

The Corner Well Gabbro Member is named after Corner
Well (Zone 50, MGA 642000E 6841000N). Previously, this
unit was referred to informally as the Corner Well intrusion
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Figure 32. Photomicrographs of baked pelites within the Windimurra Igneous Complex: a) plane-polarized light image
of sample GSWA 211158 from the roof zone, with large blue corundum porphyroblasts; b) as for a) but in
cross-polarized light; c) plane-polarized light image of sample GSWA 211163 from a xenolith within the lower
zone (Windimurra Hills area) with granoblastic pyroxene and quartz; d) as for c) but in cross-polarized light;
e) plane-polarized light image of sample GSWA 211162 from a xenolith within the lower zone (Windimurra
Hills area) with granoblastic orthopyroxene and quartz with 120° triple junctions; f) as for e) but in crosspolarized light
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start of the type section, many granitic intrusions associated
with the Walganna Monzogranite are also present.
The complex consists of layered mafic–ultramafic rocks
that broadly fractionate to more felsic lithologies up
section. The border zone is composed of dolerite with
coarser gabbroic regions, and it is interpreted as a chilled,
marginal facies (Ivanic et al., 2010). The unexposed
ultramafic zone, geophysically modelled with a density
of about 3 g/cm3 (Ivanic et al., 2017), is interpreted to be
composed of peridotitic to pyroxenitic cumulate rocks,
likely with subordinate chromitite. The lower zone is
formed primarily of gabbroic rocks with a large fraction of
pyroxenitic and peridotitic lithologies. The middle zone,
marked by the appearance of intercumulus magnetite
into the zone stratigraphy, is also formed primarily of
gabbroic rocks but with fewer ultramafic rocks and a
higher proportion of leucocratic gabbroic rocks. The
upper zone is marked by the appearance of substantial
magnetitite horizons (i.e. with cumulus magnetite), which
are interlayered with magnetite-bearing leucogabbro
(Fig. 35a). Ilmenite and Fe-rich olivine have not been
recorded in outcrop but due to analogy with other Meeline
Suite intrusions, are interpreted be present at higher
levels within the upper zone. Hornblende gabbro is found
at one interval within the upper zone (Figs 35b,c, 36).
Geochemically, the complex is tholeiitic and largely
anhydrous, except for one identified layer of hornblendeoikocrystic gabbro (Fig. 35b,c). No detailed study of the
chemical variation across the complex has been conducted;
however, Gill (2011) provides some mineral chemistry
for the northern part of the upper zone (A-ANyz-xamogl). Greenschist to amphibolite facies metamorphism
affects portions of all the zones of the complex and is
particularly pervasive adjacent to shear zones and
crosscutting granitic rocks.
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Figure 33. Photomicrograph of gabbronorite sample GSWA
191091 from Corner Well in cross-polarized light

vanadiferous magnetitite horizons. The border zone is the
only zone where layering is absent and the ultramafic zone
is not exposed at the surface, being only inferred from
geophysical modelling (Ivanic et al., 2017). Layering is
broadly bowl-shaped, forming a concentric distribution
of lithologies, with moderately dipping outer parts (~35°)
and shallow-dipping central parts (~10°). The Youanmi
Shear Zone truncates the eastern part of the complex and
several northwest-trending brittle faults transect layering
in the central and northwestern part (Fig. 9). Geophysical
modelling indicates that the complex is approximately
4.5 km thick (Ivanic et al., 2017; Fig. 34). Geochemically,
the complex is tholeiitic and largely anhydrous, although
one layer of hornblende gabbro is present in the
upper zone.

The border zone of the complex is in sheared contact
with Norie Group host rocks (e.g. A-NOyg-mtqs) to the
southwest (e.g. at site TJIYOU100075, Zone 50, MGA
6 63400E 68 18514N). Multiple zones of the complex
are overlain by moderately east-dipping rocks of the
Youangarra Volcanics Member (A-NOyg-xmd-mfs), which
lie to the east of the complex. This volcanic member is
host to the Pincher Well volcanogenic massive sulfide
(VMS) deposit, of which the basal rocks are interpreted
as roof pendants to the complex (i.e. they are intruded
by the complex). In addition, the complex is crosscut by
Tuckanarra Suite metamonzogranites (A-TU-mgn-gp) to
the east along the Youanmi Shear Zone, and by undeformed
monzogranite plutons (A-BRGwa-gm) and pegmatites of
the Walganna Suite to the south and west.

This complex is located in the central part of the Youanmi
map sheet, lying primarily to the west of the Youanmi
Shear Zone, but also as sheared lenses within and to the
east of this shear zone. It is separated from the southeastern
part of the Windimurra Igneous Complex by about 20 km
width of granitic rocks of the Walgoo Monzogranite of the
Walganna Suite.
Previously, the Youanmi Igneous Complex was known as
the Youanmi Complex (Mathison and Ahmat, 1996) and
informally in other studies. The type section is located
at Freddie Well (site TJIYOU100075, Zone 50, MGA
663400E 6818514N to site TJIYOU100054, Zone 50,
MGA 667218E 6819043N). Here, quartzite-dominated
metasedimentary rocks of the Norie Group are intruded
by dolerite of the border zone. To the northeast (at site
TJIYOU100063, Zone 50, MGA 664526E 6818428N),
there is an igneous contact between dolerite of the border
zone and melanocratic pegmatitic gabbro/pyroxenite of the
middle zone to the east. Farther to the northeast, layered
gabbroic rocks of the middle zone of the complex are
present and at site TJIYOU100054, magnetitite-bearing
rocks of the upper zone overlie the middle zone. At the

Border zone
The border zone of the Youanmi Igneous Complex (Ivanic
et al., 2010) consists of dolerite and metadolerite, which
locally grades into gabbro and metagabbro. These units
occur as arcuate to irregular outcrops to the southwest
and north of the complex. The border zone forms steeply
dipping sheet-like bodies about 5–10 km long and
0.5 – 2 km wide. Due to its location at the periphery of
the complex and its relatively fine grain size, the zone is
interpreted to be a chilled marginal facies of the complex.
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The border zone forms two main outcrops on Youanmi.
The main outcrop is 11.5 km long and up to 1 km wide
in the southwest of the Youanmi Igneous Complex, in
relatively planar igneous contact with the middle zone. In
the north of the complex, dolerite of the border zone is in
undulatory igneous contact with the upper zone.

The lower zone outcrops in a triangular region to the
southeast of the complex approximately 10 km across
on southern Youanmi. This area is in an approximately
5 km radius of Curran Well. The type area is located at
site TJIYOU110211 (Zone 50, MGA 674855E 6809722N),
where good examples of modal layering may be observed.
In a series of small exposures around this site, pyroxenite
grades into layered gabbro. Several small exposures of
sheared metaperidotite are also present.

The border zone comprises massive dolerite with 1–3 mm
grain size and subophitic texture. Accessory apatite, Fe–
Ti oxides and rare zircon are also present. There is little
variation in primary igneous mineralogy and texture across
rocks of this zone. Elevated Zr is recorded in these rocks
(up to 220 ppm), which is likely due to the incorporation
of zircon crystal contaminants from host rocks of the Norie
Group. Large portions of the unit are metamorphosed at
greenschist to amphibolite facies with distinct areas of
amphibole-porphyroblastic texture. Minor shearing is
present in millimetre- to metre-scale shear zones, typically
with chlorite-dominated schistosity.

The principal lithologies of this zone are gabbro, olivine
gabbronorite, melagabbro, pyroxenite and peridotite. Modal
layering occurs in these rocks on a decimeter to decametre
scale, primarily with gradational variation in proportions
of plagioclase and pyroxene. Gabbroic rocks have
orthocumulate to heteradcumulate textures and ultramafic
rocks have mesocumulate to adcumulate textures. The grain
size is typically 4–10 mm, comprising cumulate crystals
with locally abundant 6–20 mm oikocrysts (typically
pyroxene). Igneous layers containing minor Fe–Cu sulfides
are present locally. No extensive geochemical data exist
on the zone. Metamorphic recrystallization has affected
the south and east of the outcrop of the lower zone, where
amphibolite facies assemblages are present. The resultant
metamorphic rocks are epidote–actinolite–chlorite schists
and hornblende-porphyroblastic schists, which preserve
relict cumulate texture.

This unit is typically in weakly sheared contact with
adjacent units. The intrusive contacts are therefore inferred
with Norie Group host rocks and layered igneous rocks of
the middle zone.
Ultramafic zone
The ultramafic zone of the Youanmi Igneous Complex
does not outcrop, and is inferred from geophysical data
alone (Ivanic, 2014; Ivanic et al., 2017). The extent of this
zone is not fully known but it is estimated to extend under
the majority of the central parts of the complex, that is
<10 km in diameter, and at 3–5 km depth. It occurs under
the central part of the Youanmi map sheet.

This zone is truncated by the Youanmi Shear Zone to the
east, where portions of it form lenses elongate parallel to
the strike of the shear zone. Locally, the zone is intruded
by metamonzogranites of the Tuckanarra Suite. A pluton
of Walganna Suite monzogranite intrudes this zone to the
southwest. The Youangarra Volcanics Member overlies this
zone to the north; however, the contact is not exposed.

The density of this unit is estimated at 3 g/cm3, hence it is
likely to comprise a high proportion of ultramafic rocks.
Based on interpretation of this zone as the basal, ultramafic
cumulate portion of this layered intrusion, the lithologies
present are estimated to be peridotitic to pyroxenitic
cumulates with subordinate chromite-bearing horizons.

The lower zone likely crystallized prior to formation of the
middle zone and immediately after crystallization of the
ultramafic zone.
Middle zone

To the west, the ultramafic zone is truncated by plutons
of the Walgoo Monzogranite at about 3 km depth (Ivanic
et al., 2017). To the east this zone is truncated by the
north–south trending Youanmi Shear Zone and is in sheared
contact with metamonzogranites of the Tuckanarra Suite
and lenses of Norie Group rocks farther east. The nature of
the basal contact is inferred to be in intrusive contact with
unexposed gneissic basement of the Youanmi Terrane.

The middle zone of the Youanmi Igneous Complex is
composed of layered gabbroic rocks, which outcrop in an
arcuate region 30 km north–south and 15 km east–west
on the western side of the complex. Igneous layering dips
30–45° towards the centre of the complex. Dips are steeper
in regions close to sheared zones.
The middle zone lies to the west and north of upper zone
rocks of the Youanmi Igneous Complex. Its outcrops are
a maximum of 6 km wide and they taper out to the south.
These occur 5–15 km west and southwest of the Youanmi
townsite.

This zone is thought to have crystallized after the initial
emplacement of the border zone and prior to formation of
the lower zone.

The type area is along the type section described for
the complex as a whole (A-ANyo-xony-am), at site
TJIYOU100060 (Zone 50, MGA 665288E 6818827N).
Here, a 1 m-thick anorthosite layer occurs between layers
of oikocrystic leucogabbro. To the west, modal gradation
from leucogabbro to melanocratic gabbro indicates an
easterly way-up. These lithologies are intercumulus
magnetite-bearing, typical of the mineralogy of the
middle zone.

Lower zone
The lower zone of the Youanmi Igneous Complex is
composed of modally layered mafic–ultramafic intrusive
rocks, principally gabbro, pyroxenite and peridotite. The
details of the igneous stratigraphy of this zone is unclear
due to the effects of deformation and limited exposure. This
zone is geophysically modelled to underlie the majority of
the complex at approximately 2–4 km depth (Ivanic et al.,
2017), and it is estimated to be 2–3 km thick.

The middle zone consists of modally layered gabbro,
leucogabbro, gabbronorite with lesser horizons of
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pyroxenite, anorthosite and metagabbro. These lithologies
are most typically intercumulus magnetite-bearing
with 20 mm oikocrysts of clinopyroxene. Gill (2011)
reports major element mineral compositional variation
within the northern part of the complex as follows:
plagioclase (An61-68), clinopyroxene (Mg# 74–78), with
single analyses of orthopyroxene (Mg# 70) and olivine
(Fo65). However, these samples also include some upper
zone material. Metagabbro is dominant in the northerly
outcrops of the middle zone, especially within 1 km of
the contact with metamonzogranites of the Tuckanarra
Suite. The metamorphic assemblage is dominantly
epidote+actinolite+albite and these rocks have a weak
schistosity, preserving relict igneous textures.

epidote+actinolite+albite+titanite with a weakly schistose
texture, preserving relict igneous textures. Gill (2011)
reports major element mineral compositional variation
within the northern part of the complex as follows:
plagioclase (An61–68), clinopyroxene (Mg# 74–78), with
single analyses of orthopyroxene (Mg# 70) and olivine
(Fo65). However, these samples may also include some
middle zone material. Magnetitites are typically altered to
martite, hematite, goethite and rutile, especially adjacent to
laterites (e.g. in the vicinity of Fig. 35d).
The upper zone is in unexposed igneous contact with the
middle zone to the west. Its contact with the Youangarra
Volcanics Member to the east is not exposed. It is inferred
from gravity data (Ivanic et al., 2017) that this zone (~1 km
thick) is sandwiched between the middle zone and the
Youangarra Volcanics Member, and is truncated at depth by
the Youanmi Shear Zone to the east (Ivanic, 2014).

The middle zone is inferred to be in igneous contact with
the border zone in the southwest and the upper zone in
the northeast, although the contacts themselves are not
exposed. It is inferred from gravity data that about 1 km
thickness of the middle zone is sandwiched between the
lower and upper zones, and extends in the subsurface until
it is crosscut by the Youanmi Shear Zone to the east (Ivanic,
2014; Ivanic et al., 2017).

The upper zone crystallized immediately after formation
of the middle zone and is the last recognized phase of the
complex.

Atley Igneous Complex

The middle zone crystallized prior to formation of the
upper zone and immediately after crystallization of the
lower zone.

The lens-shaped outcrop of the Atley Igneous Complex
(Ivanic et al., 2010) is 36 km long and 5 km wide
(~110 km2), located along the western side of the Youanmi
Shear Zone (Plate 1). It is the second smallest intrusion
of the Meeline Suite, is undated and contains a higher
proportion of dolerite compared to other intrusions of the
suite. The complex has a high lithological affinity with
the Barrambie Igneous Complex, which lies 80 km to the
north. The Atley Igneous Complex is located 20 km to
the northeast of the Youanmi Igneous Complex and less
than 5% of the complex is exposed. It is subdivided into
three zones with a total thickness of about 3.5 km (Ivanic
et al., 2010) and has way-up to the east. The zones are
defined by layering style and the presence or absence of
magnetite as a cumulus or intercumulus zone mineral.
The border zone lacks stratiform layering, whereas the
middle and upper zones are composed of modally layered

Upper zone
The upper zone outcrops in an ovoid region about 20 km
north–south and 10 km east–west on the eastern side of
the Youanmi Igneous Complex. It consists of magnetitebearing, layered gabbroic rocks and magnetitite, the latter
hosting vanadiferous horizons (e.g. Ivanic et al., 2010).
Igneous layering generally dips 20–35° towards the centre
of the complex.
The upper zone lies within an arcuate outcrop of the middle
zone of the Youanmi Igneous Complex and to the west of
the Youangarra Volcanics Member. The main outcrop of the
upper zone is located approximately 10 km southwest of
the Youanmi townsite.
The type area is along the type section for the Youanmi
Igneous Complex as a whole (A-ANyo-xony-am), at site
TJIYOU100054 (Zone 50, MGA 667218E 6819043N).
Here, the basal magnetitite horizon is in contact with
a layer of magnetite gabbro, and these are overlain by
magnetite leucogabbro. This lithological sequence is
repeated several times (cyclical layering) to the northeast
over about 1 km.

198216

The upper zone consists of modally layered magnetitite,
magnetite-bearing gabbro, leucogabbro and gabbronorite,
with lesser horizons of anorthosite and metagabbro. These
gabbroic lithologies are typically cumulus magnetite (or
ilmenite) bearing with 20 mm oikocrystic clinopyroxene.
Gabbroic rocks typically have 5–9 mm plagioclase
cumulate crystals and 8–20 mm pyroxene oikocrysts.
One horizon of hornblende-oikocrystic gabbro, 2 m thick,
occurs towards the top of this zone (Fig. 36). Though
magnetitites with fayalitic olivine have not been mapped,
magnetite-dunite may be present as unexposed horizons
in this zone, through analogy with other intrusions of the
Meeline Suite. Metagabbro derived from upper zone rocks
is a minor lithology with a metamorphic assemblage of
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Figure 36. Plane-polarized light image of hornblende gabbro
sample GSWA 198216 from the upper zone of the
Youanmi Igneous Complex
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gabbroic rocks, the latter of which is host to vanadiferous
magnetitite horizons. It is possible that an ultramafic zone
and a lower zone are present at depth, but these zones are
not defined for this complex. Igneous layering within the
middle and upper zones is steeply dipping (~70°) and
slightly arcuate, indicating that the complex was tilted
from an originally flat-lying and broadly bowl-shaped
intrusion. Geochemically, this complex is interpreted to be
anhydrous and tholeiitic (Ivanic et al., 2010), though few
data exist. The north-northeast trending Youanmi Shear
Zone truncates the eastern part of the complex, and a few
northwest-trending brittle faults transect layering in the
centre of its outcrop as interpreted from aeromagnetic data.

The border zone forms outcrops on Windimurra, which
are located 1 km east of Southern Cross Bore. Units of this
zone are 1–2 km long and about 100 m wide, situated in the
western portion of the Atley Igneous Complex.
The type area for the border zone is at the start of the type
section for the complex as a whole (A-ANat-xony-am). It
is located 1–2 km southwest of Southern Cross Bore (site
TJIYOU100116, Zone 50, MGA 689394E 6864448N).
Here, border zone dolerites outcrop and locally form
subangular xenoliths of metadolerite within gabbroic rocks
of the middle zone (Fig. 37b).
Lithologically, the border zone comprises massive dolerite
with 1–3 mm grain size, subophitic texture and accessory
apatite and Fe–Ti oxides. Little variation is noted in
primary igneous mineralogy and texture across rocks
of this zone. Portions of the unit are metamorphosed
at amphibolite facies and this is especially prevalent at
the contact with metamonzogranites to the west. Minor
shearing is present in millimetre to metre-scale shear zones,
typically comprising chlorite-rich schists.

This complex is located in the southeastern part of
Windimurra and westernmost Atley. It is separated from
the Youanmi Igneous Complex to the southwest by about
20 km of metagranitic rocks of the Tuckanarra Suite.
Previously, the Atley Igneous Complex was known as
the Atley Complex (Mathison and Ahmat, 1996) and
informally in other studies. The type section is located at
Southern Cross Bore (site TJIYOU100116, Zone 50, MGA
689394E 6864448N to site TJIYOU100129, Zone 50, MGA
693248E 6867125N). Here there are good exposures of
dolerite of the border zone, which is chaotically crosscut
by layered rocks of the middle zone to the northeast.
Poor exposures of cyclically layered, magnetitite-bearing
gabbroic rocks of the upper zone are located at the end of
the type section.

Middle zone
The middle zone of the Atley Igneous Complex, comprises
layered gabbroic rocks, which outcrop in an elongate
region 30 km long and 4 km wide on the western side of
the complex. Igneous layering is typically steeply eastdipping, indicating that the complex as a whole has been
tilted.

The complex consists of layered mafic–ultramafic
rocks, which fractionate to more felsic rocks at higher
stratigraphic levels. The border zone is primarily dolerite,
which is interpreted to be a chilled marginal facies
(Ivanic et al., 2010). The middle zone has intercumulus
magnetite and is primarily composed of oikocrystic
gabbro–leucogabbro (Fig. 37a) with distinct anorthosite
horizons. The upper zone is marked by the presence of
0.5 – 2 m-thick magnetitite horizons (i.e. with cumulus
magnetite), which are interlayered with magnetite-bearing
leucogabbro. Serpentinite sheared along the eastern margin
of the complex may have been part of a contiguous lower
or ultramafic zone prior to deformation. Gabbroic rocks
typically have 5–9 mm plagioclase cumulate crystals and
8–20 mm pyroxene oikocrysts. There has been no detailed
study into the chemical variation across the complex.
Greenschist to amphibolite facies metamorphism affects
portions of all the zones of the complex and is particularly
pervasive adjacent to shear zones and crosscutting granitic
rocks.

The middle zone lies to the west of upper zone rocks of
the Atley Igneous Complex and outcrops are a maximum
of 4 km wide, tapering out to the south. The outcrop forms
a belt centred around Perseverance Bore, dominantly on
Windimurra but extending into westernmost Atley.
The type area is along the type section for the
Atley Igneous Complex (A-ANat-xony-am), at site
TJIYOU100116 (Zone 50, MGA 689394E 6864448N).
Here are layered gabbroic orthocumulate lithologies often
with coarse pyroxene oikocrysts. Locally the rocks of the
middle zone host xenoliths of metadolerite of the border
zone.
The middle zone consists of modally layered gabbro,
leucogabbro, gabbronorite with lesser horizons of
pyroxenite, anorthosite, pegmatitic gabbro and metagabbro
(Fig. 37c–f). These lithologies are intercumulus magnetite
bearing and it is common for rocks to have approximately
20 mm oikocrystic clinopyroxene. Metagabbro is more
abundant in the marginal parts of this zone in proximity
to metamonzogranites of the Tuckanarra Suite. The
metamorphic mineralogy is dominantly epidote–actinolite
and the texture is weakly schistose, preserving relict
igneous textures.

To the northeast of the Atley Igneous Complex, folded
metasedimentary rocks assigned to the Norie Group are
in sheared contact with upper zone rocks and unassigned
gabbroic rocks of the complex. The complex is crosscut by
Tuckanarra Suite metamonzogranites to the west, and to the
east along the Youanmi Shear Zone.

The middle zone is conformably overlain by igneous layers
of the upper zone along its eastern contact. To the west
there is an undulating, sheared contact with crosscutting
metamonzogranite schist and gneiss of the Tuckanarra
Suite.

Border zone
Dolerite of the border zone outcrops in two narrow regions
to the west of the Atley Igneous Complex. The outcrops
are north–south trending, 1–2 km long and about 100 m
wide. Igneous contacts are steeply dipping (~70–80°) and
this zone is interpreted to be a chilled, marginal facies of
the complex (Ivanic et al., 2010).

The middle zone crystallized immediately prior to
formation of the upper zone and after intrusion of the
border zone.
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Figure 37. Photographs of selected outcrops in the Atley Igneous Complex showing: a) oikocrystic texture; b) raft of metadolerite
in metagabbro; c) lensoid layering of metagabbro and anorthosite; d) planar-layered gabbro; e) amphibolepseudomorphed coarse pyroxene oikocrysts; f) pegmatitic gabbro vein in leucogabbro
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Upper zone

Barrambie Igneous Complex

The upper zone is composed of magnetite-bearing, layered
gabbroic rocks and it outcrops in a narrow wedge-shaped
region about 15 km long and 2.5 km at its widest. It is
located at the eastern side of the Atley Igneous Complex.
This zone hosts vanadiferous magnetitite horizons (Ivanic
et al., 2010) and is approximately 1 km thick.

The Barrambie Igneous Complex is a mafic–ultramafic
layered intrusion belonging to the Meeline Suite (Ivanic
et al., 2010). It is the easternmost complex of the Meeline
Suite, and forms a 59 km-long, 5.8 km-wide (~220 km2),
steeply dipping lens on the western side of the Youanmi
Shear Zone (Fig. 39). It comprises approximately 4 km
of igneous cumulate stratigraphy and is tilted with wayup to the east. The Barrambie Igneous Complex has a
lithological affinity with the Atley Igneous Complex. It
is located about 80 km to the north of the Atley Igneous
Complex and 25 km to the southeast of the Lady Alma
Igneous Complex. Most exposed rocks of this complex
have an upper zone affinity, but due to poor exposure, this
complex is not divided into zones. This complex is inferred
to be anhydrous and tholeiitic (Ivanic et al., 2010). The
upper parts of the complex host significant vanadiferous
magnetitite horizons. A dolerite has been directly dated at
2814 ± 3 Ma (GSWA 194755, unpublished data).

The upper zone lies to the east of middle zone rocks of
the complex and to the west of the Youanmi Shear Zone.
It outcrops from about 1 to 15 km southwest of the Atley
Homestead, on Atley and Windimurra.
The type area is along the type section for the Atley
Igneous Complex as a whole (A-ANat-xony-am), at site
TJIYOU100129 (Zone 50, MGA 693248E 6867125N).
Here, there is the most westerly exposure of magnetitite
in the stratigraphy, hosted by magnetite-bearing
leucogabbroic rocks. Farther east 1–200 m, there is limited
exposure but several cyclical repetitions of these lithologies
are recorded in rotary air blast (RAB) drilling.

The complex is 59 km long and 5.8 km wide, steeply
dipping, aligned north-northwest along the Youanmi Shear
Zone and tapers to the north and south. It crosses from
Rays Rock to Youno Downs to Nowthanna with its
main exposures situated a few kilometres north and south
of Barrambie Well.

The upper zone consists of modally layered magnetitite,
magnetite-bearing gabbro, leucogabbro and gabbronorite,
with lesser horizons of anorthosite and metagabbro. These
lithologies are typically cumulus magnetite-bearing with
20 mm oikocrystic clinopyroxene. One layer of magnetitite
from the eastern part of the zone contains inclusions of
serpentine (after fayalitic olivine) and primary chalcopyrite
(Fig. 38). Metagabbro is a minor lithology of the zone,
with metamorphic assemblages consisting of epidote–
actinolite–albite–titanite. Metagabbro is typically weakly
schistose, preserving relict igneous textures. Magnetitites
are typically altered to martite, hematite, goethite, ilmenite
and rutile, especially adjacent to laterites.

The layered intrusion has previously been referred to as
the Barrambie Complex (Mathison and Ahmat, 1996)
and is named as an igneous complex in Ivanic et al.,
(2010). It is named after Barrambie Homestead (Zone 50,
MGA 710527E 6963025N). The type section is located
2.5 km northwest of Barrambie Homestead from site
SFCS623A (Zone 50, MGA 715218E 6955175N) to site
SXWIAS000030 (Zone 50, MGA 714357E 6956860N).
Here, a variety of mafic cumulate and non-cumulate
lithologies are noted; for example, anorthosite interlayered
with gabbro, gabbronorite, dolerite, coarse-grained
leucogabbro, magnetitite, magnetite gabbro and pegmatitic
gabbro. Way-up to the east is interpreted from observations
of mesoscale gradational modal layering (Ivanic et al.,
2010). Along the section, there is a plagioclase-rich
metagabbro (Zone 50, MGA 714360E 6956860N) with
cumulus plagioclase crystals up to 10 mm and less
abundant, coarse, interstitial pyroxene (now replaced
by actinolite). There are several outcrops of pegmatitic
metagabbro, which contain large (up to 12 cm) crystals
of altered clinopyroxene. There are also lenses and pods
of meta-anorthosite. Towards the end of the section
there are more outcrops of mafic metapegmatite and
metagabbro. The first layer of magnetitite is underlain
by metapyroxenite (Zone 50, MGA 714215E 6956760N).
The magnetitite layers are typically 2–3 m thick and are
cumulates with crystals (1–2 mm in size) of vanadiferous
or titaniferous magnetite (altered to martite). Layers of
magnetitite are separated by metagabbro and there are local
exposures of magnetite-bearing meta-anorthosite. Small
enclaves of finer mafic rock may be rafts of host rocks
within the complex, dolerite intrusions or remnants of a
doleritic border zone. Magnetitite layers in this section are
vertical to steeply east dipping.

The upper zone conformably overlies the cumulate
stratigraphy of the middle zone to the west along a planar
contact evident in aeromagnetic data. To the east it is in
sheared contact with metamonzogranites of the Tuckanarra
Suite and lenses of Norie Group rocks along the Youanmi
Shear Zone.
This zone is thought to have crystallized immediately after
formation of the middle zone and is the last recognized
magmatic phase of the complex.

silicates
Mag

Cpy

silicates
TJI230

Py

Mag

30.07.19

The complex contains metaperidotite, gabbro, magnetite
gabbro, gabbronorite, dolerite and magnetitite with lesser
anorthosite, magnetite anorthosite, and pegmatitic gabbro.

Figure 38. Reflected light photograph of sample GSWA 198234
from the Atley Igneous Complex, showing magnetite
and sulfide crystals with cumulus silicate minerals
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Figure 39. Interpreted bedrock geological map of the Barrambie Igneous Complex

Peridotite is present, but poorly exposed, and mostly occurs
in the westernmost part of the complex. It has relict olivine
cumulate texture with pyroxene oikocrysts (Fig. 40a,b,
from a small exposure to the east of the complex); however,
this unit is pervasively serpentinized. Gabbroic rocks of
the complex typically have 5–9 mm plagioclase cumulate
crystals and 8–20 mm pyroxene oikocrysts (Fig. 40c,d, also
containing intercumulus magnetite). Pyroxene oikocrysts
are typically partly replaced by actinolitic amphibole.
The upper parts of the complex contain rare anorthosite
layers (Fig. 40e), as well as abundant layers of magnetitite
(Fig. 40f,g) interlayered with magnetite gabbro, all of
which may contain accessory quartz, apatite or opaque
oxides. Pyroxene-phyric dolerite and ophitic dolerite are
also locally abundant in the eastern parts of the complex

(Fig. 40h–k). Chlorite, actinolite, tremolite, serpentine
and epidote are common metamorphic minerals in this
complex. No detailed study of the whole-rock chemical
variation across the complex has been conducted.
Magnetitites with grain size up to 8 mm are typically
altered to martite, hematite, goethite and rutile, especially
adjacent to laterites. Ilmenite occurs as exsolution lamellae
or graphic intergrowths with magnetite (Fig. 40g), or as
discrete, possibly primary, grains. Ward (1975) described
an indicated V resource for the Barrambie Igneous Complex
of 27 Mt at 0.7% V2O5, with 15% TiO2 and 26% Fe. More
recent estimates of the inferred resources are approximately
48 Mt at 0.496% V2O5 and 22% TiO2 (Neometals, 2018).
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Figure 40. Photomicrographs of selected thin sections from the Barrambie
Igneous Complex: a) plane-polarized light image of GSWA 192412 with
clinopyroxene oikocryst and serpentinized olivine cumulate crystals;
b) as for a) but in cross-polarized light; c) plane-polarized light
image of GSWA 192451 with coarse plagioclase cumulate crystals
and interstitial clinopyroxene; d) as for c) but in cross-polarized
light; e) cross-polarized light image of GSWA 192432 showing
coarse to pegmatitic plagioclase; f) plane-polarized light image of
GSWA 178492 with magnetite cumulate crystals in altered matrix;
g) reflected light image of coarse magnetite–ilmenite intergrowths
in GSWA 178492; h) cross-polarized light image of GSWA 192406
showing clinopyroxene cumulate crystals in dolerite; i) as for h) but
GSWA 192408; j) plane-polarized light image of GSWA 192402 with
variable grain size in dolerite; k) as for i) but in cross-polarized light
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Figure 40. continued

The Barrambie Igneous Complex appears to intrude
strongly altered and deformed greenstones that include
metamorphosed banded iron-formation, pelitic siliciclastic
rocks and quartz–chlorite(–sericite) schist that may be
derived from sedimentary or felsic volcanic rocks (Tingey,
1985; Chen et al., 2003). The complex is crosscut by
metamonzogranites of the Tuckanarra Suite (A-TU-mgms)
and a pluton of unassigned granitic rock (A-g-Y).

The Lady Alma Igneous Complex, first named in Ivanic
et al. (2010), was previously referred to as the Gabanintha
Complex (Mathison and Ahmat, 1996). The type section is
located 1 km west of the Gabanintha Homestead from site
MVKGLN060012 (Zone 50, MGA 663480E 7021190N)
to site MVKGLN060029 (Zone 50, MGA 6 61958E
7018929N). This section has exposures to the southwest
of metaperidotite, a dunitic schist, and serpentine-rich
metaperidotite, each of which locally preserve olivine
cumulate texture. Between 1 and 1.5 km into the section
there are layers of gabbro, dolerite and actinolite-rich
pyroxenite. At site SXWWAN000062 (Zone 50, MGA
662304E 7020259N), a coarse layer of leucogabbro was
dated using the zircon U–Pb SHRIMP technique (sample
96631; Wang, 1998). Immediately west of this site is
a coarse to pegmatitic pyroxenite. Towards the end of
the traverse are poorly exposed and strongly lateritized
magnetitite and magnetite-bearing leucogabbro. Over the
section, rocks are more fractionated in a southwesterly
direction and igneous layering is very steep to vertical.

Lady Alma Igneous Complex
The Lady Alma Igneous Complex is a mafic–ultramafic
layered intrusion belonging to the Meeline Suite (Ivanic
et al., 2010). The complex forms a northwest-trending,
lens-shaped outcrop 21 km long and 5 km wide (~62 km2)
and is moderately (~50°) southwest-dipping (Fig. 41)
and interpreted to be southwest-facing. It is intruded as
sills and transgressive sills into Norie Group volcanic and
sedimentary rocks. The complex is crosscut and truncated
to the south by metagranitic rocks of the Big Bell Suite.
It is the northernmost complex of the Meeline Suite,
located within the southeastern part of the Polelle Syncline
and about 25 km to the northwest of the Barrambie
Igneous Complex. Due to poor exposure and structural
complication, this complex is not divided into zones.
This complex is interpreted to be anhydrous and tholeiitic
(Ivanic et al., 2010). The upper parts of the complex host
multiple horizons of vanadiferous magnetitite.

Ultramafic cumulate rocks form about half of the Lady
Alma Igneous Complex, which is a higher proportion
compared to other intrusions of the Meeline Suite. In
central to westerly parts of the complex, gabbroic rocks
dominate over ultramafic rocks. The west of the complex
comprises magnetite-bearing gabbro, leucogabbro and
several thick magnetitites. The distribution of lithologies
indicates a southwesterly overall igneous differentiation
vector and, though not continuous, likely represents
approximately 2.5 km of igneous stratigraphy (Ivanic
et al., 2010). This complex is not divided into zones
because of structural complication throughout and it has
conspicuous lack of thick gabbro-dominated stratigraphy,
compared to other Meeline Suite intrusions. Cumulate
textures are common throughout the stratigraphy with

The complex crosses from northernmost Nowthanna to
southern Gabanintha, with its main exposures situated
a few kilometres west and south of the Gabanintha
Homestead. The complex is thickest in its central part and
tapers off to the northwest, where it is attenuated into thin
lenses adjacent to basaltic rocks of the Norie Group.
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Figure 41. Interpreted bedrock geological map of the Lady Alma Igneous Complex
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local porphyritic variants. Peridotitic to pyroxenitic
rocks have coarse mesocumulate to pegmatitic textures
whereas gabbroic and magnetite-rich rocks are dominantly
orthocumulate in texture, however, magnetitites show
pervasive recrystallization. Magnetite in these lithologies
is typically altered to martite, goethite and rutile, especially
adjacent to laterites. Ilmenite and apatite have not been
recorded in this complex, but may be present under cover
in the uppermost parts of the complex.

exsolution lamellae or graphic intergrowths with magnetite,
or as discrete, possibly primary, grains. To the west lies a
contact region at the roof of the intrusion, which contains
granophyric-textured, locally hornblende-bearing intrusive
rocks with diorite as the dominant lithology. Most exposed
rocks of this intrusion have an upper zone affinity, but due
to poor exposure of more magnesian rocks and stoping by
granitic rocks to the east, this intrusion is not divided into
zones. No detailed mineralogical or geochemical studies
have been conducted on the Buddadoo Gabbro.

The complex intrudes into deformed and metamorphosed
units of the Norie Group, which include basalt, banded
iron-formation, psammitic siliciclastic rocks and felsic
volcanic rocks. The complex is crosscut by a small pluton
belonging to the Cullculli Suite in the northeast and is
truncated to the south by a metagranitic pluton of Big Bell
Suite to the west (A-SDB-mgms). Though the contact is
not exposed, it is inferred to be in sheared contact with
rocks of the Yaloginda Formation to the southwest.

Chlorite, actinolite, tremolite, serpentine and epidote
are common metamorphic minerals in this intrusion. In
the gabbroic lithologies, clinopyroxene oikocrysts have
typically been partly replaced by actinolitic amphibole and
relict igneous textures are ubiquitous. The northern and
eastern sides of the gabbro are extensively recrystallized
adjacent to granitic rocks.
This complex intrudes into unassigned metabasalt to
the west in a peperitic and brecciated contact zone. This
supracrustal sequence is also host to banded iron-formation
and minor sedimentary and felsic volcanic rocks. To the
east and north of the Buddadoo Gabbro the contact with
the Kynea Tonalite is unexposed but it is interpreted to be
in sheared contact. Many granitic sheets intrude into the
gabbro within 500 m of the contact with the Goonetarra
Granodiorite.

Buddadoo Gabbro
The Buddadoo Gabbro is a layered mafic–ultramafic
intrusion about 13 x 1.7 km (~18 km2), the smallest
recognized intrusion of the Meeline Suite. It forms a lensshaped outcrop trending north-northwest along the western
side of the Goonetarra Granodiorite and Kynea Tonalite
(in the Yalgoo dome, Fig 2). The gabbro is not dated but,
owing to stratigraphic setting, tholeiitic affinity and Fe-rich
lithologies, it is assigned to the Meeline Suite (Ivanic et al.,
2010). The central portion of the gabbro is host to several
vanadiferous magnetitite horizons.

Boodanoo Suite
Summary

The Buddadoo Gabbro was named in Muhling and Low
(1977). The type area is toward the north of the unit
and consists of layered gabbroic cumulates with minor
anorthosite and pyroxenite to the east (TJIYAL130516,
Zone 50, MGA 449162E 6826233N). These rocks are
overlain by layers of leucogabbro and gabbro to the
west. Farther west at site TJIYAL130518 (Zone 50,
MGA 448953E 6825920N), magnetite leucogabbro is the
dominant lithology which exhibits cyclical modal layering.
A 500 m-thick layer of diorite intrudes above these
cumulates and has granophyric textures, indicating way-up
to the west. At the upper contact (TJIYAL130502, Zone 50,
MGA 447668E 6826692N) dolerite and granophyric quartz
gabbro to diorite are present in a brecciated and peperitic
contact region with metabasalt and banded iron-formation
lying immediately to the west.

The Boodanoo Suite (Ivanic et al., 2010), comprising
hornblende-bearing, layered mafic–ultramafic intrusive
rocks occurs in the south–central Youanmi Terrane, western
Yilgarn Craton (Figs 2, 9; Plate 1). It outcrops in an area
between 60 km northwest and 80 km northeast of Paynes
Find. The dominant component of the suite is the Narndee
Igneous Complex (A-ANna-xony-any), which is about
30 km in diameter and divided into three layered zones,
whereas the Fields Find Igneous Complex (A-ANff-xoaphog), lying to the west is about 13 km across and not divided
into zones. The suite is distinguished from the adjacent
and volumetrically larger Meeline Suite by the presence of
significant primary igneous hornblende (Ivanic et al., 2010;
Ivanic et al., 2015). Of the two igneous complexes, only
the Narndee Igneous Complex (A-ANna-xony-any) has
been dated, yielding a crystallization age of 2799 ± 7 Ma
(GSWA 191056, Wingate et al., 2010b; Ivanic et al., 2010).

The Buddadoo Gabbro consists of gabbro, magnetite
gabbro, gabbronorite, dolerite and magnetitite with
lesser anorthosite, magnetite anorthosite and pegmatitic
gabbro. In its upper parts, the lithologies are more felsic
and contain quartz, opaque oxides and accessory apatite
and hornblende. Gabbroic rocks typically have 5–9 mm
plagioclase cumulate crystals and 8–20 mm pyroxene
oikocrysts. Rhythmic modal layering is on a 0.5 – 50 m
scale and is present in most parts of the intrusion, which
primarily exhibits orthocumulate to adcumulate textures.
Melagabbro is the dominant lithology in the east of
the intrusion with magnetitites and magnetite gabbro
dominant in the centre. Grain size in magnetitites is up to
8 mm, which is interpreted to be coarser than the primary
grain size due to recrystallization. Ilmenite is present as

The Boodanoo Suite (Van Kranendonk and Ivanic, 2009)
is named after Boodanoo Homestead, on Coolamaninu
(Zone 50, MGA 624000E 6822000N). The type section for
the Boodanoo Suite is a traverse across the middle–lower
zones of the Narndee Igneous Complex (A-ANna-xony-any).
The Boodanoo Suite contains a wide variety of intrusive
lithologies ranging from hornblende-bearing ultramafic
cumulates to modally layered pyroxenites and gabbroic
cumulates with up to 15% hornblende. The suite is
distinctively rich in ultramafic lithologies compared to
other suites of the Annean Supersuite. More evolved
parts of the suite, such as the middle zone of the Narndee
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Igneous Complex, hornblende gabbro dominates with
large hornblende oikocrysts forming up to 15% of the rock
by volume. In the upper parts of the Fields Find Igneous
Complex, are several layer-parallel fractionated sills
(e.g. A-ANff-od) intruded into country rocks assigned to the
Norie Group. Regions of the suite dominated by ultramafic
lithologies are host to several minor Ni–Cu–PGE deposits.
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The age of the Boodanoo Suite is interpreted to be within
analytical uncertainty of the magmatic crystallization
age of the Narndee Igneous Complex, at 2799 ± 7 Ma
(GSWA 191056, Wingate et al., 2010b; Ivanic et al., 2010;
Fig. 42). The Fields Find Igneous Complex currently
has no local age constraints despite several attempts to
recover dateable minerals. Uncertainty on the age of the
Narndee Igneous Complex allows for the Boodanoo Suite
to be either contemporaneous with the latest Norie Group
volcanic episode or the earliest volcanism of the Polelle
Group. Crosscutting granitic rocks of the Mount Kenneth
Suite have been dated within analytical uncertainty of the
age of the Boodanoo Suite (2806 ± 3 Ma, GSWA 185995,
Wingate et al., 2014a; 2811 ± 7 Ma, GSWA 193967,
Wingate et al., 2012a). These granitic rocks are thought
to be coeval with the Boodanoo Suite because there is
evidence of magma mingling at their contact.
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Figure 43. Ar/Ar analytical data for hornblende from the Narndee
Igneous Complex: a) and b) 40Ar/39Ar age spectra
of two aliquots of single crystals of hornblende;
c) combined Ar age data in comparison to the U–
Pb ages obtained for the Narndee and Windimurra
Igneous Complexes showing 2σ analytical
uncertainty. From Ivanic et al. (2015). Abbreviations:
MSWD, mean square of weighted deviates;
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U–Pb analysis of zircon and baddeleyite from a hornblende
gabbronorite in the middle zone of the Narndee Igneous
Complex yielded an igneous crystallization age of
2799 ± 7 Ma (Fig. 42; Wingate et al., 2010b; Ivanic et al.,
2010). Additionally, hornblende from the complex has been
dated by Ar/Ar at 2805 ± 14 Ma (Fig. 43, Ivanic et al.,
2015), therefore hornblende is interpreted as a primary
magmatic phase rather than of metamorphic origin. A
Nd isotope errorchron yielded a date of 2768 ± 52 Ma
(Ivanic et al., 2015). In the northwesternmost part of
the complex, layered peridotitic rocks of the ultramafic
zone are interpreted to intrude into supracrustal rocks
assigned to the Norie Group, which are dated along strike
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Figure 42. U–Pb analytical data for zircon (diamonds) and
baddeleyite (squares) from gabbronorite sample
191056 of the Narndee Igneous Complex (from
Ivanic et al., 2010)
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at 2818 ± 3 Ma (GSWA 193979, Wingate et al., 2012f).
The interpreted crystallization ages for rocks of the Mount
Kenneth Suite are within analytical uncertainty of the
age of crystallization of the Narndee Igneous Complex
(2806 ± 3 Ma, GSWA 185995, Wingate et al., 2014;
2811 ± 7 Ma, GSWA 183967, Wingate et al., 2012a).

and hornblende gabbronorite, and towards the tops
local layers of anorthosite are present. Each of these
lithologies contains up to 8% modal igneous hornblende (as
6–15 mm oikocrysts), with additional amphibole present
in metamorphosed areas. Cyclical layering is controlled
by modal variations of pyroxene, olivine and plagioclase
in cycles 1–7 (Scowen, 1991). Additionally, in the western
part of this section, rhyolitic dykes assigned to the Mount
Kenneth Suite crosscut the cumulate stratigraphy in parts of
the lower zone. In a few of the outcrops along this section
of the lower zone, there are good examples of modal
igneous layering and/or magmatic foliation, and these
features indicate that igneous layering dips approximately
40° to the east. About 800 m along the section to the
southeast towards site TJIWIN000325 (Zone 50, MGA
6 12888E 67 89264N), a conformable igneous contact
between the lower and middle zones of the complex is
preserved. On a small scale this contact is not conspicuous;
however, it marks the overall change from a pyroxeniterich lower zone (to the west) to a more gabbronorite-rich
middle zone (to the east). The end of the section contains
the geochronology site for hornblende gabbronorite sample
191056. Locally, along this traverse, metagranitic rocks
of the Mount Kenneth Suite intrude into the complex and
regions around these metagranitic rocks are pervasively
recrystallized at amphibolite facies. Metre-scale upper
greenschist facies shear zones, typically with a near vertical
foliation, are also present in a few places.

Narndee Igneous Complex
The Narndee Igneous Complex is the main constituent
of the Boodanoo Suite, with an outcrop extending over
about 470 km2 (30 km north–south and 25 km east–west;
Figs 44, 45). This complex is distinguished from many
other nearby mafic–ultramafic layered igneous complexes
by the presence of significant amounts of primary igneous
hornblende oikocrysts (up to 15%; Fig. 46a,b). In addition,
primary subophitic phlogopite has also been noted from
drillcore in the ultramafic zone of the complex (Scowen,
1991; Fig. 46c). Hydrous minerals are distributed
throughout the stratigraphy of the complex and not just
in the more evolved upper parts. Its principal lithological
constituents are layered gabbroic rocks, with large volumes
of dunite, pyroxenite, anorthosite and hornblende gabbro.
These typically have well-developed cyclical layering on
a hundred metre scale (Fig. 47). The complex is closely
related in time and locally intermingled with the Mount
Kenneth Suite of felsic to intermediate plutonic rocks, and
there are several contacts preserved that indicate coeval
intrusion of these rocks. The ultramafic zone and the
lowermost lower zone have been the target of Ni–Cu–PGE
exploration in sulfide-bearing layers. Compared to adjacent
intrusions, the Narndee Igneous Complex is moderately
well exposed at about 25%.

The second type section, the ‘Milgoo section’, is located
in the central part of the voluminous ultramafic zone of the
complex. At site TJIWIN000919 (Zone 50, MGA 608798E
6804288N), exposures of dunitic and peridotitic lithologies,
which represent the most primitive components of the
Narndee Igneous Complex (ultramafic zone, Fig. 47), are
present. Hornblende is a major phase in this region, and
phlogopite also locally comprises up to 8% of the rock
(Fig. 46c). Layers of more leucocratic gabbroic rocks
are present 200 m to the north. Well-exposed olivine
pyroxenite and other peridotitic and gabbroic lithologies
are located 1.6 km north of TJIWIN000919. At site
TJIWIN090208 (Zone 50, MGA 609219E 6806105N),
several costeans reveal chromitite and peridotitic
lithologies. At site TJIWIN090210 (Zone 50, MGA
609849E 6805870N), a leucogabbronorite–anorthosite
dyke with a coarse granophyric contact intrudes peridotitic
cumulate lithologies. These dykes, which intrude into the
ultramafic zone, have middle zone affinity in terms of
lithology and chemical composition.

Distribution
The Narndee Igneous Complex is located in the central
Youanmi Terrane on the southern part of Coolamaninu
and northern part of Bungar. It is located 50 km northeast
of Paynes Find. Unassigned regions of metagabbroic rocks
of the complex form metamorphosed and deformed lenses
that extend north and east of the main body of the complex
along the Challa Shear Zone. Large volumes of dense
rocks (consistent with ultramafic to mafic lithologies of
the complex) separate from the main body of the complex
are evident in geophysical models beneath its eastern part
(Fig. 48, Ivanic et al., 2017).
The Narndee Igneous Complex is named after the
Narndee Homestead on Coolamaninu (Zone 50, MGA
615000E 6797000N). It was previously called the ‘Narndee
Intrusion’ (Lipple et al., 1983; Scowen, 1991) and the
Narndee Complex (Mathison and Ahmat, 1996). The
igneous stratigraphy was previously divided into two
series (Scowen, 1991, Fig. 47), the ultramafic ‘Milgoo
Layered Series’, assigned to the ultramafic zone, and
the upper ‘Kockalocka Layered Series’, assigned to the
lower and middle zones. The first of two type sections,
the ‘Kockalocka section’, is from site TJIWIN000647
(Zone 50, MGA 6 09666E 67 90362N) in the west,
through parts of the lower and middle zones of the
complex (Figs 44, 45) to the east to site TJIWIN000768
(Zone 50, MGA 611801E 6790411N) on Bungar. In
the section, megacyclicity on a 300 m scale is evident,
where lithological variation is typically from peridotite
(serpentinized) and/or pyroxenite at the bases to troctolite

Lithology
The Narndee Igneous Complex is divided into three
zones (Ivanic et al., 2010, after Scowen, 1991): an
approximately 1–2 km-thick ultramafic zone primarily
composed of pyroxene peridotite and olivine pyroxenite; an
approximately 2 km-thick lower zone of cyclically layered
peridotite–pyroxenite–gabbronorite–anorthosite; and an
approximately 2 km-thick middle zone primarily composed
of cyclically layered pyroxenite and gabbronorite. All these
zones contain oikocrysts of hornblende, typically mantling
pyroxene and enclosing plagioclase. Pyroxenes rarely show
exsolution, and pigeonite has not been recorded. The lower
and middle zones are concentrically layered and inward
dipping at a moderate angle (45–65° at the margins and
10–30° in the centre), broadly forming a north-plunging
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Figure 44. Interpreted bedrock geological map of the Narndee Igneous Complex showing age data and mineralization
occurrences
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Figure 45. LANDSAT (7–4–1 ratio) image of the Kockalocka area
(southern part of the Narndee Igneous Complex).
Note areas of well-exposed mafic–ultramafic layered
rocks (reds and purples) showing curviplanar
geometry

Cpx

200 μm

syncline approximately 30 km wide. The ultramafic zone
in the north of the complex has poorly discernible layering,
but it forms an overall south-plunging synform interpreted
from aeromagnetic data. It is separated from other zones of
the complex by faults and areas of poor exposure. Dykes
of leucogabbro assigned to the middle zone intrude into
the ultramafic zone. It is possible that an ‘upper zone’ is
detached or eroded from the upper parts of the complex.

c)

Ol

Metamorphism is especially evident at the margins of the
complex which is more pervasively sheared and proximal
to granitic intrusive rocks. The margins typically show
amphibolite facies metamorphic mineral assemblages,
but still preserve relict igneous textures. Locally, where
metamorphic grade is higher (up to middle amphibolite
facies), rocks are moderately to strongly schistose and
igneous textures are completely recrystallized. Many of the
ultramafic rocks of the complex show partial replacement
by talc–tremolite–actinolite–serpentine–smectite–chlorite–
magnetite and many mafic rocks are partially replaced by
actinolite–epidote–chlorite–hornblende–magnetite–titanite.
Smaller scale shear zones, internal to the complex, are
typically associated with greenschist facies metamorphism
and recrystallization to chlorite-rich rocks.
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Figure 46. Thin section photomicrographs of rocks from the
Narndee Igneous Complex: a) cross-polarized
light image (plan view) of geochronology sample
GSWA 191056 from the lower part of the middle
zone, showing large hornblende oikocrysts (upper
left is a good example in yellow birefringence
colours); b) higher magnification cross-polarized
light image of sample GSWA 191056 showing
hornblende oikocrysts mantling clinopyroxene
cumulate crystals set in a plagioclase-rich matrix;
c) plane-polarized light image from middle zone
sample NDD2-218.20 (Scowen, 1991), showing
interstitial oikocrystic phlogopite (part of a 6 mm
crystal) and olivine cumulate crystals. Hornblende
oikocrysts are also present in this slide

Contact relationships
The Narndee Igneous Complex intrudes into Norie Group
metasedimentary rocks, which can be observed at site
TJIWIN000836 (Zone 50, MGA 632511E 6805722N),
where baked, granuloblastic cordierite–pyroxene hornfels
rocks (Fig. 49a,b) are present as rafts in hornblende gabbro.
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Figure 47. Stratigraphic column for lithologies and zones of the Narndee Igneous Complex, comparing
cumulative stratigraphy of Milgoo and Kockalocka sections (left hand side; Scowen, 1991) and
true thickness stratigraphy and interpretations of Ivanic et al., (2010; right hand side). Note
location of NDD2 diamond drillhole
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Figure 48. Modelled gravity data across the Narndee Igneous Complex using GM-SYS software: a) gravity data and misfit;
b) lithological constituents showing density values used; c) cross-section from Ivanic (2016); d) 1:500 000 interpreted
bedrock geology in the vicinity of the Narndee Igneous Complex showing the line of the section
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Figure 49. Thin section photomicrographs of baked pelitic
granofels within the Narndee Igneous Complex:
a) cross-polarized image of GSWA 193916
showing cordierite porphyroblasts in a finer
grained pyroxene–quartz–biotite matrix; b) as for
a) but in plane-polarized light; c) field photograph
of volcaniclastic conglomerate containing
rounded dacitic clasts in the central–north
Narndee area
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Rafts of country rock are present at site TJIWIN000027
(Zone 50, MGA 606764E 6807797N), where there are
50 m-long banded iron-formations in unexposed igneous
contact with marginal ultramafic intrusive rocks of the
ultramafic zone. At its margins, the complex also shows
sheared contacts along approximately north–southtrending shear zones. Metasedimentary rocks of the Norie
Group are juxtaposed against the complex (e.g. at site
TJIWIN000911, Zone 50, MGA 629995E 6790392N) as
well as metagranitic rocks of the Tuckanarra Suite (e.g. at
site TJIWIN090546, Zone 50, MGA 630179E 6787243N).
At the southwestern margin of the complex, metagranitic
rocks of the Mount Kenneth Suite have stoped off large
(typically 50 × 500 m) rafts of amphibolitized metagabbro
(e.g. at site TJIWIN000917, Zone 50, MGA 611891E
6785453N). Also at site TJIWIN000917, hybrid rocks of
intermediate composition are present, indicating comingling
of granitic and gabbroic melts. Metagranodiorite plutons
of the Mount Kenneth Suite, typically 5 km in diameter,
also crosscut the middle zone of the Narndee Igneous
Complex (e.g. at site TJIWIN090050, MGA Zone 50,
621706E 6794274N). These are spatially related to swarms
of rhyolitic dykes which also crosscut the complex (e.g. at
site TJIWIN000618, Zone 50, MGA 623261E 6793249N)
and are interpreted to be part of the Mount Kenneth
Suite. Dacitic volcaniclastic rocks interbedded with
metasedimentary rocks, which are assigned to the Norie

Group, overlie the central part of the complex. These are
interpreted as roof pendants (Fig. 44, 49c).
Ultramafic zone
The ultramafic zone of the Narndee igneous Complex
consists of peridotitic, pyroxenitic and lesser gabbroic
lithologies, which are poorly exposed. The layering of
lithologies in this zone is interpreted to be on a hectometre
scale, broadly stratiform, but way-up information is
lacking. In the north it forms an overall synformal structure
and layering dips at a steep angle (~55–75°).
This zone is located in the northern part of the Narndee
Igneous Complex, separated from the contiguous and
concentrically layered lower and middle zones by an
unexposed, inferred shear zone. It occurs on southern
Coolamaninu. Outcrop of the ultramafic zone is 18 km
long (north–south) and 6 km wide (east–west). Gravity
modelling across an east–west transect of the complex
(Ivanic et al., 2017; Fig. 48) indicates that this zone extends
significantly to the southeast, directly beneath the lower
zone at approximately 3 km depth and also at the base
of a large, detached portion of the complex to the east.
Previously, this zone was named the ‘Milgoo Layered
Series’ (Scowen, 1991).
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The ultramafic zone of the Narndee Igneous Complex
consists of approximately 40% olivine pyroxenite, 30%
pyroxene peridotite, 10% pyroxenite and 20% melanocratic
gabbronorite. These rocks are interlayered, but poor
exposure and strong lateritic weathering make it difficult
to determine the way-up and contact relationships between
these layers. The ultramafic zone comprises rocks with
3–8 mm cumulate crystals of olivine and pyroxene and
oikocrysts of hornblende and rare phlogopite typically
mantling pyroxene and enclosing minor plagioclase,
resulting in mesocumulate to heteradcumulate textures
(Fig. 50a–d). Disseminated chromite and thin chromitites
are present in a few exposures of peridotitic rock
(Fig. 50e–f). The majority of olivine in these rocks is
serpentinized and many surface examples of relict olivine
cumulate texture are evident with subhedral 3–6 mm
crystals. In addition, metamorphism is especially evident
at the margins of the ultramafic zone where it is most
pervasively sheared and also adjacent to granitic intrusive
rocks. In these cases, amphibolite facies metamorphic
mineral assemblages are present with variably developed
schistosity. The metamorphic mineralogy of the ultramafic
rocks of this zone is talc–tremolite–actinolite–serpentine–
smectite–chlorite–magnetite. Smaller scale shear zones are
typically associated with greenschist facies metamorphism
and recrystallization to chlorite-rich rocks.

hectometre-thick layers, hornblende comprises up to
20% of the mode in hornblende gabbros in this zone. A
particularly oxide-rich portion of well-layered rocks is
located at site TJIWIN090405 (Zone 50, MGA 626838E
6780514N). Here, hornblende peridotites are interlayered
with gabbroic rocks, pyroxenite and olivine magnetitite
(Fig. 51f–i). The lower zone is distinguished from the
ultramafic zone by the presence of a high fraction of mafic
rocks and represents the appearance of significant cumulus
plagioclase. The lower zone is not lithologically distinct
from the middle zone; however, it has a higher abundance
of ultramafic rocks and a lower abundance of leucocratic
rocks. Metamorphic recrystallization has affected the outer
portions of the lower zone, where it is pervasively sheared
and proximal to granitic intrusive rocks. Here, amphibolite
facies mineral assemblages are common (Fig. 51c,j) and
locally up to middle amphibolite facies. The ultramafic
rocks are recrystallized to talc–tremolite–actinolite–
serpentine–smectite–chlorite–magnetite and mafic rocks
are recrystallized to actinolite–epidote–albite–chlorite–
hornblende–magnetite–titanite (Fig. 51j). Smaller scale
shear zones are typically associated with greenschist facies
metamorphism and recrystallization to chlorite-rich rocks.
The lower zone is interpreted to conformably overlie the
ultramafic zone in igneous contact, the ultramafic zone
being interpreted from gravity modelling (Ivanic et al.,
2017). The lower zone is conformably overlain by the
middle zone of the complex, again in igneous contact. At
site TJIWIN000917 (Zone 50, MGA 611891E 6785453N)
and in its vicinity on the western margin of the lower zone,
examples of granite–gabbro hybrid rocks and possible
examples of back veining in a complex contact region
with Mount Kenneth Suite metagranitic rocks are present.
Here, the hybrid rock types of intermediate composition
and examples of plagioclase crystal resorption are taken as
evidence for magma mingling and back-veining processes.
The northwestern part of the lower zone is also crosscut
by a swarm of fine- to medium-grained felsic dykes
belonging to the Mount Kenneth Suite, for example at site
TJIWIN000750 (Zone 50, MGA 610703E 6793971N).

Rafts of country rock are evident within the ultramafic
zone at site TJIWIN000027 (Zone 50, MGA 606764E
6807797N). At its margins, the ultramafic zone shows
sheared contacts along approximately north–south trending
shear zones, which are dominantly associated with foliated
Tuckanarra Suite metagranitic rocks.
Lower zone
The lower zone of the Narndee Igneous Complex comprises
cyclically layered peridotite–pyroxenite–gabbronorite–
anorthosite megacycles. These are locally hornblendebearing and exhibit dominantly orthocumulate to
heteradcumulate textures. Igneous layers are inward dipping
(~40°), forming an arcuate, 20 km-wide outcrop and a
north-plunging synclinal feature. It occurs in the southern
and eastern parts of the complex and it conformably
underlies the middle zone (in igneous contact).

Middle zone
The middle zone of the Narndee Igneous Complex
comprises concentrically and cyclically layered peridotite–
pyroxenite–troctolite–gabbronorite megacycles. These are
typically hornblende-bearing and exhibit orthocumulate
to heteradcumulate textures. Igneous layers are inward
dipping (~20°), forming an arcuate, 15 km diameter
outcrop in the centre of the complex, which has a northplunging synclinal geometry. The middle zone conformably
overlies the igneous stratigraphy of the lower zone and a
hornblende gabbronorite from this zone has been directly
dated yielding a crystallization age of 2799 ± 7 Ma (GSWA
191056, Wingate et al., 2010b; Ivanic et al., 2010).

The contiguous lower zone outcrops in a 20 km east–west
by 18 km north–south area over about 100 km2 on Bungar
and Coolamaninu. A second region of outcrop, separated
from the contiguous lower and middle zones of the
complex by shear zones, lies to the east, forming another
~100 km2 area. Gravity modelling across an east–west
transect of the complex (Ivanic et al., 2017) indicates that
this zone is approximately 2 km thick, extending down
to approximately 4 km under the centre of the complex.
Previously, this zone comprised the ‘lower zone’ and
‘gabbronorite zone’ of the ‘Kockalocka Layered Series’
(Scowen, 1991).

The contiguous middle zone outcrops in a 15 km east–west
by 18 km north–south area over about 165 km2 on Bungar
and Coolamaninu. It is also interpreted to form multiple
sheets, which intrude the ultramafic zone of the complex
to the northwest. Gravity modelling across an east–west
transect (Ivanic et al., 2017) indicates that this zone is
approximately 2.5 km thick. The middle zone is broadly
equivalent to the previously named ‘cyclic zone’ of the
‘Kockalocka Layered Series’ (Scowen, 1991).

The lower zone is concentrically layered and inward
dipping at a moderate dip angle (45–65° at the margins
and 40–30° towards the centre). This zone consists of
cyclically layered peridotite–pyroxenite–gabbronorite–
anorthosite megacycles. These are typically orthocumulate
to heteradcumulate in texture, with plagioclase cumulate
crystals (up to 12 mm), interstitial pyroxene and oikocrystic
hornblende (up to 20 mm; Fig. 51a,b,d,e). Locally, in
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Figure 50. Thin section photomicrographs of rocks from the ultramafic zone of the Narndee
Igneous Complex: a) cross-polarized image of GSWA 191028 showing olivine
cumulate crystals and hornblende oikocrysts; b) plane-polarized image of
GSWA 191019 showing olivine cumulate crystals and hornblende oikocrysts;
c) cross-polarized image of GSWA 193941 showing olivine cumulate crystals
and a large orthopyroxene oikocryst; d) cross-polarized image of GSWA 190983
showing olivine cumulate crystals with large adjoining pyroxene oikocrysts
replaced by tremolite; e) reflected light image of GSWA 211191 showing
interstitial chromite and dark grey silicates; f) as for e) but in cross-polarized
light showing enclosed olivine, hornblende and plagioclase grains
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Figure 51. Thin section photomicrographs of rocks from the lower zone of the Narndee
Igneous Complex: a) cross-polarized image of GSWA 191017 showing olivine
and pyroxene cumulate crystals and interstitial plagioclase; b) as for a) but
in cross-polarized light; c) plane-polarized image of GSWA 191080 showing
amphibolitized gabbro with relict igneous texture; d) plane-polarized image of
GSWA 191093 showing hornblende–magnetite-rich gabbro; e) field photograph
of a coarse pyroxene–hornblende cumulate gabbro; f) plane-polarized light
image of GSWA 211165 of an oxide-rich hornblende peridotite with olivine
cumulate crystals; g) as for f) but in cross-polarized light; h) plane-polarized
light image of GSWA 211166 showing layering within oxide-rich intervals;
i) reflected light image of GSWA 211168 showing coarse, recrystallized texture
of Cr-rich magnetite and ilmenite; (j) plane-polarized light image of GSWA
211167, an altered pyroxenite with abundant tremolite and actinolite fully
pseudomorphing pyroxene
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Figure 51. continued
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Figure 52. Thin section photomicrographs of rocks from the middle zone of the Narndee Igneous Complex:
a) cross-polarized image of GSWA 193933 of a middle zone dyke near the Milgoo Prospect,
showing laminated plagioclase, olivine and pyroxene cumulate crystals and interstitial
plagioclase; b) cross-polarized image of GSWA 191057 showing hornblende oikocrysts and
plagioclase and pyroxene chadacrysts; c) hand specimen photo of hornblende gabbro from the
middle zone; d) field photograph of a hornblende-oikocrystic gabbro; e) plane-polarized light
image of GSWA 191091 showing a large hornblende oikocryst with plagioclase chadacrysts;
f,g) field and hand specimen photographs, respectively, of bladed pyroxene in pegmatitic
gabbro at the margin of a middle zone dyke intruding the ultramafic zone
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The middle zone is primarily composed of pyroxenite and
gabbronorite with minor serpentinite. These lithologies
are cyclically layered on a hectometre scale. Locally,
there are leucogabbronorites which contain up to 10%
hornblende oikocrysts, typically mantling pyroxene and
enclosing plagioclase. Texturally, these rocks are ortho–
mesocumulates, typically with 3–10 mm cumulate crystals
of pyroxene and/or plagioclase mantled by pyroxene
and/or oikocrystic hornblende (up to 20 mm; Fig. 52).
Locally, within hornblende gabbros, hornblende comprises
up to 20% of the rock. Layering in the middle zone is
shallower than the lower zone, averaging approximately
20°. The dip is steeper (~35°) at the outer margins and
shallower (10– 20°) in its central parts. The middle zone is
distinguished from the lower zone by a lower abundance
of ultramafic rocks and a higher abundance of leucocratic
rocks which are interlayered in >7 megacycles (cf. ‘Cyclic
zone’, Scowen, 1991). Metamorphic recrystallization is
prevalent in the northern and eastern parts of the middle
zone where it is most pervasively sheared.

– Thundelarra Road from site TJISIN120127 (Zone 50,
MGA 523158E 6789844N) to site TJISIN120329 (Zone 50,
MGA 523952E 6788082 N). At the start of the traverse,
pyroxenite is in contact with peridotite, which forms an
approximately 1 km2 outcrop to the southeast. Peridotite
is locally metamorphosed into ultramafic (talc–tremolite–
chlorite) schist. Halfway along the south-directed traverse,
hornblende peridotite, hornblende gabbro and hornblende
pyroxenite are present at site TJISIN120278 (Zone 50,
MGA 5 23791E 67 88936N). In this area, 5 cm-wide
hornblende gabbro–leucogabbro veins crosscut hornblende
gabbro. The top of the complex has an approximately
250 m thickness of dolerite and it is in contact with banded
iron-formation, chert and minor felsic volcaniclastic
horizons of the Norie Group to the south. These Norie
Group units are intruded by ~300 m-thick layered sills
such as the gabbro at site TJISIN120329 (Zone 50, MGA
523952E 6788082 N), which locally shows orthopyroxene
cumulate texture.
In the central region of the complex exposure is poor
and covered by large areas of laterite. The lithology in
the central region comprises pyroxenite, hornblende
peridotite (Fig. 56a–c) and minor hornblende pyroxenite
(Fig. 56d). These units are locally interlayered with
gabbro, olivine pyroxenite, websterite (Fig. 56e–f) and a
few approximately 50 m-thick intervals of hornblendebearing gabbroic and ultramafic intrusive rocks. Primary
hornblende forms equant oikocrysts up to 18 mm in
diameter with ~5 mm chadacrysts (Fig. 55a), hence is
distinguished from more elongate, chadacryst-absent
metamorphic hornblende, that is also locally present.
This lower (central) part of the intrusion likely represents
>1 km of igneous stratigraphy, though the dip of igneous
layering is rarely observable. At an intermediate radius
from the centre of the intrusion, the lithology becomes
more dominantly mafic and it is moderately well exposed.
Here, gabbro and gabbronorite (Fig. 56g–j) are present,
which typically have ophitic texture and cumulate
plagioclase crystals up to 8 mm. Hornblende gabbro is
locally abundant (Fig. 55a). An approximately 250 m-thick
layer of dolerite is present at the upper contact with Norie
Group sedimentary rocks (Fig. 56k). Several ~100 m-thick
sills intrude at higher levels in the stratigraphy, typically
separated by banded iron-formation and metabasaltic
rocks of the Norie Group. These sills show pyroxene
cumulate textures towards the base, and coarse, feathery
leucogabbro (Fig. 55b) at their upper contacts. Coarse
gabbro and gabbro with a plagioclase lamination are also
present (Fig. 56l–n). The lower contact of the complex is
not exposed.

This zone is surrounded by rocks of the lower zone of the
complex in the west, south and east. At site TJIWIN000327
(Zone 50, MGA 6 12393E 67 89286N) a conformable
igneous contact between the lower and middle zones of
the complex are preserved. On a small scale this contact
is not conspicuous; however, it marks the overall change
from a pyroxenite-rich lower zone (to the west) to a more
gabbronorite-rich middle zone (to the east). To the north, the
uppermost part of the middle zone is in contact with granitic
rocks of the Mount Kenneth Suite and metasedimentary
rocks of the Norie Group. The northeastern part of the
middle zone, in particular, is crosscut by a west-northwesttrending swarm of fine-grained to porphyritic felsic dykes
(including obsidian dykes) belonging to the Mount Kenneth
Suite, for example at site TJIWIN000735 (Zone 50,
MGA 621475E 6794207N).

Fields Find Igneous Complex
The Fields Find Igneous Complex is a hydrous, mafic–
ultramafic layered intrusion assigned to the Boodanoo Suite
(A-ANW-xax-og) and located in the southwestern Youanmi
Terrane (Fig. 53). It is about 14 × 7 km in extent and its
estimated igneous stratigraphic thickness is about 2.5 km
(Fig. 54). The complex intrudes into metasedimentary and
metabasaltic rocks of the Norie Group and it has an overall
antiformal geometry. Its core is dominated by ultramafic
rocks and its margins are dominated by gabbroic rocks
(Fig. 55a). Several sheeted sills of gabbro (Fig. 55b) to
dolerite are separated from its main body and intrude
at higher levels into the Norie Group stratigraphy. This
complex is undated, despite attempts to recover dateable
minerals from several samples. It is the smaller of the
two complexes assigned to the Boodanoo Suite, the larger
being the Narndee Igneous Complex (A-ANna-xonyany), 85 km to the east. The high proportion of ultramafic
rocks, significant volumes of hornblende peridotite
and hornblende gabbro, trace element compositions
and stratigraphic setting, indicate that this complex has
Boodanoo Suite affinity.

Cumulate igneous layering of the complex forms relatively
conformable and stratiform horizons of a variety of
cumulate lithologies. In upper parts of the complex, there
are finer-grained mafic intrusive lithologies such as dolerite
and porphyritic gabbro. Fractionated compositions suggest
that these upper units are differentiated sills rather than
a chilled margin (or ‘border zone’). At the upper contact
there are large rafts of Norie Group rocks including >1 kmlong outcrops of banded chert and minor felsic schist.
Several smaller sills of the complex intrude at higher
levels of the Norie Group with chilled, locally granophyric,
upper contacts. In the north, the complex is crosscut by
several large granitic plutons assigned to the Big Bell and
Walganna Suites. It is also offset across several north–south
trending faults that are unexposed.

The complex is located in northern Ninghan and
southern Thundelarra. Though not previously named,
the complex has been briefly described (Lipple et al.,
1983). The type section is located along the Paynes Find
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Figure 53. Interpreted bedrock geology of the southwestern Youanmi Terrane showing named stratigraphic and magmatic units
and major structures. Generalized way-up indicators and age information are also shown along with selected mineral
deposits and townsites. Note the simplified representation of the high-Mg basalts of the Meekatharra Formation
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Figure 55. Hand specimen and field photographs of the Fields Find Igneous Complex: a) hornblende gabbro from the central part
of the igneous stratigraphy of the complex; b) laminated plagioclase in gabbroic sill at high levels of the complex
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Figure 56. Thin section photomicrographs of rocks from the Fields Find Igneous
Complex: a) plane-polarized image of GSWA 207646 showing olivine
cumulate crystals with hornblende and oxide oikocrysts; b) as for a)
but higher magnification; c) plane-polarized image of GSWA 207650
showing hornblende peridotite; d) plane-polarized image of GSWA
207619, a hornblende pyroxenite; e) plane-polarized image of GSWA
207617, a pyroxene adcumulate; f) as for e) but in cross-polarized light,
g) plane-polarized image of GSWA 207649, a coarse gabbro; h) as for g)
but in cross-polarized light; i) plane-polarized image of GSWA 207644, an
altered dolerite; j) as for i) but in cross-polarized light; k) plane-polarized
image of GSWA 207663, a dolerite; l) plane-polarized image of GSWA
207627, a coarse, fractionated gabbro sill at upper levels of the complex;
m) plane-polarized image of GSWA 207620, failed geochronology sample
of a coarsely laminated plagioclase-phyric gabbro sill; n) as for m) but in
cross-polarized light
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Figure 56. continued
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Warriedar Suite

sills of this suite are focused at higher levels within the
Meekatharra Formation of the Polelle Group, such as in
the Murrouli Range in the northern Youanmi Terrane.
The basal contacts typically do not outcrop, whereas top
contacts are moderately well exposed. The upper parts of
the intrusions locally host rafts of banded iron-formation
with lesser felsic volcanic and mafic volcanic rocks.
The top contacts of the sills typically comprise gabbro–
leucogabbro with coarse, granophyric textures, which are
interpreted as a feature of undercooling. A multitude of
thinner (50–500 m thick) mafic–ultramafic sills intrude into
lavas and sedimentary rocks of the middle and upper parts
of the Polelle Group. These thinner sills typically wedge
out along strike with many 5–10 km in strike length.

Summary
The Warriedar Suite of the Annean Supersuite comprises
mafic–ultramafic intrusive rocks, and extends over an area
of >200 × 200 km in the western Youanmi Terrane (Fig. 2).
The suite includes several thick sills and a multitude
of smaller sills that were emplaced into the Murchison
Supergroup, focused in particular between upper Norie
Group and lower Polelle Group. The largest component
of the suite is the Gnanagooragoo Igneous Complex in
the north western Youanmi Terrane, which is 66 km long
and 3–10 km wide and with a total igneous stratigraphic
thickness of about 4.5 km. The suite is interpreted to
be synvolcanic with the Meekatharra Formation of the
Polelle Group. Several sills from this suite have been dated
with ages ranging from 2801 to 2792 Ma, but all within
analytical uncertainty.

Geochronology
Leucogabbro of the Warriedar Suite sill in the Mount
Mulgine area has a magmatic crystallization age of
2801 ± 6 Ma (GSWA 198294, Lu et al., 2016b). Two
other dated intrusions farther north are similar in age
(2793 ± 4 Ma, GSWA 198299, Wingate et al., 2018;
2792 ± 5 Ma, Wang, 1998, northern Youanmi Terrane).
The Grass Flats Gabbro farther east has been dated directly
and yielded a magmatic crystallization age of 2796 ± 6 Ma
(GSWA 185990; Wingate et al., 2011f), similar to the ages
of other gabbros of the suite (Fig. 7).

The Warriedar Suite occurs in the western Youanmi
Terrane (Fig. 53) over much the same extent as the Polelle
Group. The suite is named after the Warriedar Homestead
on Ninghan (Zone 50, MGA 5 17833E 67 77228N).
These rocks have not previously been assigned to a suite;
however, several individual gabbro intrusions have been
mapped and named in Watkins and Hickman (1990), after
Muhling and Low (1977).

Intrusions of this suite are interpreted to have been part of
a very shortlived magmatic event, although the currently
established age range is from c. 2801 to 2792 Ma. These
ages are also similar to the 2799 ± 7 Ma age of the Narndee
Igneous Complex of the Boodanoo Suite (GSWA 191056,
Wingate et al., 2010b; Ivanic et al., 2010). The Edamurta
Gabbro shows lithological similarity to the Warriedar
Suite, but it is currently assigned to the Annean Supersuite.
However, if metagranitic intrusions into the gabbro belong
to the c. 2960 Ma Kynea Tonalite, then its minimum age
would be c. 2960 Ma. Thus, this intrusion may belong to
an older, unrecognized mafic suite.

The Warriedar Suite is distinctive in that it contains a
higher proportion (approximately 40%) of ultramafic
rocks than the Meeline or Yalgowra Suites. The dominant
lithologies are pyroxenite and gabbro with lesser peridotite,
leucogabbro and dolerite. Basal portions of intrusions are
typically composed of pyroxenite to pyroxene peridotite
(Fig. 57a–e), which commonly show cumulate textures;
gabbro–leucogabbro is present in central to upper parts
(Fig. 57f), which is locally plagioclase phyric (Fig. 57g
from the Edamurta Gabbro) or layered; doleritic (Fig. 57h)
or granophyric gabbro is present in many of the top
contacts.

Additional geochronological constraints for four intrusions
of the Warriedar Suite are discussed below.

Pyroxenites and peridotites of the suite are typically
adcumulate or heteradcumulate in texture (Fig. 57d–e).
Ultramafic lithologies consist of pyroxene±olivine
often with pyroxene oikocrysts enclosing olivine and/
or minor chromite. Gabbroic rocks of the suite are
typically pyroxene-ophitic orthocumulates, locally with
modal layering or a weak magmatic foliation. At the
upper contacts of the intrusions of the suite, rocks often
have up to 30 cm grain size with pegmatitic–harrisitic–
granophyric textures. These upper contact rocks vary from
gabbro–leucogabbro to quartz leucogabbro in composition.
Metamorphosed rocks of this suite are rich in tremolite and
actinolite, and locally form pseudodolerite texture where
abundant tremolite as pale laths are within an actinoliterich matrix (Fig. 57i).

Gnanagooragoo Igneous Complex
At its base, the complex intrudes volcanosedimentary
rocks of the c. 2979 Ma Madoonga Formation (GSWA
193972, Wingate et al., 2012b). The lowermost dolerites
of the complex intrude c. 2870 Ma banded iron-formations
and the upper dolerites intrude a metasiltstone with
a maximum depositional age of c. 2792 Ma (GSWA
155568, Wingate et al., 2013b). The upper contact of the
complex is overlain by c. 2728 Ma felsic metavolcanic
rocks of the Ryansville Formation (GSWA 197420,
Wingate et al., 2014b). A dolerite unit of the complex
is crosscut by a small granophyre plug of the Cullculli
Suite, dated at c. 2741 Ma (GSWA 185926, Wingate
et al., 2011b). A dolerite of the complex was dated but the
age of 2805 ± 19 Ma was interpreted to be a xenocrystic
unimodal age component (GSWA 194757, Wingate et al.,
2012f). A conservative age bracket for crystallization of
Gnanagooragoo Igneous Complex dolerites is therefore
between c. 2792 and 2741 Ma. However, given the likely
short duration of mafic suites and that dated rocks of the
Warriedar Suite lie between c. 2801 and 2792 Ma, the age

Geochemically and mineralogically, the suite most closely
resembles the Yalgowra Suite, which is c. 60 Ma younger
and located to the northwest of the majority of exposure of
the Warriedar Suite.
The lowermost sills of the Warriedar Suite intrude into
the upper part of the Norie Group and include intrusions
in the Mount Mulgine area, the Noongal, Olive Queen,
Wadgingarra and Ninghan Gabbros. Smaller and thinner
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Figure 57. Field and thin section photographs of Warriedar Suite rocks: a) field photograph from the Minjar area of the base
of a Warriedar Suite sill with 10 mm pyroxene cumulate crystals and a serpentinized matrix; b) cross-polarized light
image of sample GSWA 207660, described in a); c) field photograph of a coarse pyroxenite in the Mount Mulgine area;
d) plane-polarized image of GSWA 207607, a pyroxenitic gabbro; e) as for d) but in cross-polarized light; f) plane-polarized
image of GSWA 207673, a typical gabbro of the suite; g) cross-polarized light image of plagioclase megacrysts in sample
from the top of the Edamurta Gabbro GSWA 207672b; h) plane-polarized image of GSWA 207673, a typical dolerite of the
suite; i) plane-polarized image of GSWA 207616, typical tremolite–actinolite-rich alteration of a pyroxenite of the suite
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of magmatic crystallization of the complex is interpreted
to be c. 2792 Ma, similar to the interpreted maximum
depositional age of 2792 ± 11 Ma for metasiltstone sample
GSWA 155568 (Wingate et al., 2013b).

The Gnanagooragoo Igneous Complex outcrops primarily
on the southern half of Madoonga as a 4 km-wide belt,
parallel to ridges of the east-northeast trending Weld
Range. It extends to the southeast of Madoonga into parts
of Cue, Noondi and Kalli. The complex is 8 km wide
(across strike) in its central region, where it has a lower
portion of layered mafic–ultramafic rocks. These layered
rocks form a triangular outcrop, widening to approximately
13 km diameter (Fig. 58) at its top. Metamorphosed mafic
rocks of the complex are present as sheared lenses and rafts
within granitic rocks to the north on Madoonga.

Ninghan Gabbro
The age of magmatic crystallization of the Ninghan
Gabbro is interpreted to be <2805 Ma, the maximum age
interpreted from dated volcanic rocks of the Singleton
Formation (GSWA 198228, Wingate et al., 2013a), which
overlie the gabbro. The magmatic crystallization age of the
gabbro is interpreted to be within the 2801–2792 Ma age
range of the suite as a whole (A-ANW-xax-og).

The Gnanagooragoo Igneous Complex is named after
Gnanagooragoo Peak (Zone 50, MGA 571000E 7025000N)
on southern Madoonga. Previously, the triangular, layered
lower part of the Gnanagooragoo Igneous Complex
was referred to informally as the 'Weld Range complex'
(Parks, 1998). The upper parts have also been referred
informally as the 'Weld Range dolerites'. The gabbroic rocks
were previously referred to as the 'Main Zone' (Ivanic et al.,
2010).

Olive Queen Gabbro
A quartz gabbro from the complex has a magmatic
crystallization age of 2793 ± 4 Ma (GSWA 198299,
Wingate et al., 2018). The sample is from a sill, about
16 km long and 2.5 km thick, which intrudes steeply
dipping layers of basalt, banded iron-formation, siltstone
and andesite of the 2813 ± 3 Ma Norie Group (GSWA
198298, Lu et al., 2016c).

The Gnanagooragoo Igneous Complex forms lithologically
distinct lower, middle and upper parts (after Ivanic et al.,
2010). The unexposed lower part of layered ultramafic rocks
have been described in detail during mineral exploration
drilling programs in 1990s (e.g. Parks, 1998). According to
drillhole data, Parks (1998) describe the lower part of the
lower unit as composed of olivine–chromite mesocumulates
with subordinate, interstitial pyroxene and plagioclase. In
the upper part of this unit, wehrlitic cumulates dominate
with minor clinopyroxenite, local chromite-rich rocks,
pegmatitic phases and minor hornblende-bearing rocks.
Grain size is typically 1–8 mm and the unit is locally
coarser grained. These ultramafic rocks also locally contain
minor sulfides (up to 5%) and trace quantities of platinum
group minerals (PGM), forming one ‘reef’ (with Pt up to
1 ppm), which has been the focus of mineral exploration
(Parks, 1998). These ultramafic rocks are overlain by a
~30 m-thick lateritic duricrust.

Noongal Gabbro
Though not directly dated, the Noongal Gabbro is
interpreted, based on similar lithology, chemistry and
stratigraphic setting, to be coeval with the Olive Queen
Gabbro at 2793 ± 4 Ma (GSWA 198299, Wingate et al.,
2018), that outcrops 10 km to the southeast. The gabbro is
crosscut by numerous metagranitic sheets of the Warbadoo
Tonalite, one of which was dated at 2743 ± 4 Ma (Fletcher
and McNaughton, 2002). It is also crosscut in the north by
a c. 2626 Ma monzogranite of the Walganna Suite (Fletcher
and McNaughton, 2002). An overlying sedimentary
horizon within high-Mg basalt of the Meekatharra
Formation has been dated at 2793 ± 8 Ma (GSWA 207686,
Lu et al., 2016d), suggesting that it might be coeval with
the gabbro.

In the moderately exposed, ~1 km-thick middle portion
of the complex, gabbroic rocks dominate and these
typically have a grain size of 4–8 mm and ophitic textures
(Fig. 59a,b). Examples of weakly developed, cyclical
modal igneous layering from melanocratic gabbro to
leucogabbro are present, locally with harrisitic top
contacts (Fig. 60a; e.g. at site TJIMDG000684, Zone 50,
MGA 568864E 7027046N). Cumulate crystals are locally
aligned in a magmatic fabric oriented parallel to large-scale
igneous layering.

Gnanagooragoo Igneous Complex
The Gnanagooragoo Igneous Complex is a mafic–
ultramafic layered intrusion broadly oriented parallel to
the Weld Range in the northern Youanmi Terrane. The
complex consists of about 9000 km³ of mafic–ultramafic
plutonic rocks tilted approximately 70°, facing to the
south-southeast (Figs 2, 58). It comprises dolerite, gabbro,
wehrlite and olivine–chromite cumulate rocks. The lower
portion of mafic–ultramafic cumulates are interpreted to
form a cone-shaped layered intrusion about 3 km thick,
which is host to Cr–Ni–PGE mineralization, although it
is not exposed. The middle portion consists primarily of
gabbro, it is approximately 1 km thick and up to 15 km
wide. The upper portion of dolerite and minor gabbro
forms a well-exposed series of stacked sills about 2 km
in total thickness and 60–80 km in length. These sills are
an average of 300 m thick, and intrude into banded ironformation and minor volcanosedimentary rocks of the
Wilgie Mia Formation, and they contain large kilometrescale rafts of these host rocks. The age of the complex is
interpreted to be c. 2792 Ma.

The upper portion of the complex consists of massive
stacked sills with a 2–7 mm grain size (i.e. varying between
dolerite and gabbro, e.g. Fig. 59c–e). Figure 60b shows the
typical style of outcrop of dolerite as flat areas of bouldery
exposure and sharp ridges of banded iron-formation. At
site TJIMDG000244 (Zone 50, MGA 566810E 7020661N),
there is an outcrop of a gabbroic layer within dolerite. This
gabbroic layer has 15 mm pyroxene cumulate crystals in a
matrix of 3–4 mm clinopyroxene and plagioclase crystals.
Dolerite is typically finer-grained (approximately 1 mm
grain size) in chilled contact with banded iron-formation
host rocks (Fig. 59f).
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Figure 58. Aeromagnetic total magnetic intensity (TMI) image (after GSWA, 2018c) of the Weld Range area showing the outline
of the Gnanagooragoo Igneous Complex

Ninghan Gabbro

Serpentinized peridotite with relict olivine cumulate
texture is sporadically intruded along strike and abundant
at the base of larger sills (e.g. TJISIN140034, Zone 50,
MGA 5 28777E 67 38304N). Lherzolite (Fig. 61a,b),
olivine clinopyroxenite or coarse-grained (20 mm)
pyroxenite is present as more continuous 30 m-thick layers
(e.g. peridotitic units around site TJISIN140051,
Zone 50, MGA 528275E 6738397N) within the gabbro.
Orthopyroxene cumulate crystals 10–12 mm are
common at the base of thin gabbroic portions of sills
(TJISIN130199, Zone 50, MGA 526284E 6748023E).
Gabbro with 5–8 mm grain size is the dominant lithology
of the Ninghan Gabbro and upper portions have a higher
proportion of more commonly formed of leucogabbro,
which is locally harrisitic with 15–30 mm grain size
(e.g. TJISIN130202, Zone 50, MGA 526202E 6747877N).
Dolerite with a 1–2 mm grain size and subophitic texture
is dominant in thinner sills and in the upper portions of
larger sills (Fig. 61c,d). Baked psammite of the Singleton
Formation lies above the upper contact of the upper sill
of the Ninghan Gabbro at site TJISIN140072 (Zone 50,
MGA 527341E 6740265N), where peperitic textures are
locally present.

The well-exposed Ninghan Gabbro forms two stacked
layered mafic–ultramafic sills and several thinner dolerite
sills, which intrude into basaltic and sedimentary rocks
of the Singleton Formation near Mount Singleton in the
southwestern Youanmi Terrane (Fig. 53). Sills of this
gabbro are 10–60 km long and individual units swell
and pinch along strike. On average, the sills are 300 m in
true thickness and are shallowly inward-dipping into the
Ninghan Syncline parallel or subparallel to bedding in host
rocks. In thicker parts, the sills have basal peridotite and
pyroxenite, central portions of gabbro and upper portions
of leucogabbro and dolerite. Though the gabbro is undated,
its petrological and geochemical characteristics are of
Warriedar Suite affinity.
The gabbro outcrops on Ninghan and Mount Gibson
in a region about 30 km in diameter. Similar units may
be present in structurally separated greenstone belts such
as at Yeoh Hills and Paynes Find to the north. The gabbro
is named after the Ninghan Homestead (Zone 50, MGA
722169E 6743298N) on Ninghan.
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Figure 59. Thin section photomicrographs of rocks from the Gnanagooragoo Igneous Complex: a) planepolarized image of GSWA 190903, a typical gabbro of the suite with coarse pyroxene oikocrysts;
b) as for a) but in cross-polarized light; c) plane-polarized image of GSWA 190901, an ophitic
dolerite, d) as for c) but in cross-polarized light; e) cross-polarized image of GSWA 190957,
a typical (chilled) dolerite of the upper parts of the complex; f) cross-polarized image of
GSWA 190954, an ophitic dolerite
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10 cm crystals is located 200–400 m below its upper
contact to the west (e.g. at geochronology sample site
TJIYAL130595, Zone 50, MGA 482625E 6870145N).
There is a ~200 m-wide horizon of sedimentary rocks,
including siliciclastic rocks and banded iron-formation,
assigned to the Norie Group, which separates an eastern
and a western portion of the gabbro.
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Noongal Gabbro
The Noongal Gabbro is a well-exposed, layered gabbroic
intrusion located in the northern part of the Yalgoo
greenstone belt, in the western Youanmi Terrane (Fig. 62).
The gabbro is located approximately 15 km north of the
Yalgoo townsite and forms an outcrop 15 km long by 6 km
wide on Yalgoo. Several tremolite-rich pods of interpreted
meta-ultramafic intrusive rocks from the gabbro are
situated within the monzogranite to the north. It is named
after the Noongal Homestead (Zone 50, MGA 483303E
6889492N).

way-up

The base of the intrusion consists primarily of layers of
pyroxenite and minor peridotite. The upper half of the
intrusion, in the south, is composed of gabbro, leucogabbro
and dolerite. Above the contiguous body of the southfacing intrusion are several stacked sills of dolerite
interleaved with basalt of the Norie Group. These highlevel mafic intrusive rocks contain abundant 4–12 mm
plagioclase phenocrysts. Basal parts of this intrusion
are dominated by pyroxene-rich metaperidotite, locally
with moderately well-developed clinopyroxene cumulate
texture. Overlying this, the central portion is composed of
layers of gabbro, leucogabbro and dolerite. Leucogabbro
is commonly has pegmatitic or granophyric textures.
Plagioclase-porphyritic gabbro and dolerite in the upper
parts of the intrusion have phenocrysts up to 12 mm, which
comprise up to 30% of the rock.
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Figure 60. Field photographs from the Gnanagooragoo Igneous
Complex: a) layering in gabbro–anorthosite from the
middle part of the complex; b) typical view of dolerite
boulders forming the ridges of the Weld Range

Wadgingarra Gabbro
The Wadgingarra Gabbro is a well-exposed, layered
gabbroic intrusion located in the central part of the Yalgoo
greenstone belt, in the western Youanmi Terrane (Fig. 62).
It consists primarily of massive gabbro and dolerite with
lesser basal metaperidotite. It is approximately 15 km in
strike length and about 2.5 km thick, and intrudes into
basalt of the Meekatharra Formation. The gabbro is located
approximately eight kilometres northeast of the Yalgoo
townsite and forms an outcrop 4 km wide by 15 km long
on Yalgoo. It is named after Wadgingarra Well (Zone 50,
MGA 479417E 6865115N) by Muhling and Low (1977).

Olive Queen Gabbro
The Olive Queen Gabbro is a moderately well-exposed,
layered mafic–ultramafic intrusion located in the eastern
part of the Yalgoo greenstone belt, in the western Youanmi
Terrane (Fig. 62). It consists primarily of layers of gabbro
and peridotite with abundant, coarse-grained quartz gabbro
situated towards the top of the intrusion in the east. The
gabbro is located approximately 15 km east of the Yalgoo
townsite and forms an outcrop 3 km wide by 16 km long on
Yalgoo. It is named after the Olive Queen gold and copper
deposit (Zone 50, MGA 480953E 6871167N).

Its base (in the northeast of the outcrop) is comprised
of a layer of tremolite-rich metaperidotite, locally
showing relict cumulate textures. Most of the intrusion
comprises massive gabbro with a 4–15 mm grain size,
which includes layers of leucogabbro, and in the central
portion, dolerite is dominant. Modally layered gabbro is
also present in a few regions (e.g. at site SFCCGL000100,
Zone 50, MGA 477475E 6873223N), which has steeply
west-dipping igneous layering. Pegmatitic leucogabbro
and quartz gabbro are also present in thin layers (e.g. site
SFCCGM000354, Zone 50, MGA 478096E 6872471N).

Several layers of the intrusion comprise peridotite, with
relict cumulate textures interlayered with lesser pyroxenite.
Most of the intrusion is gabbro with a 4–20 mm grain
size, which includes layers of leucogabbro, quartz
gabbro to diorite, pegmatitic gabbro and dolerite. Very
coarse-grained, commonly quartz-bearing gabbro with
coarse spinifex-like granophyric texture with up to
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Figure 61. Thin section photomicrographs from the Ninghan and Olive Queen Gabbros: a) planepolarized image of GSWA 194000, a coarse, pyroxene oikocrystic wehrlite at the base of a
Ninghan Gabbro sill; b) as for a) but in cross-polarized light; c) plane-polarized image of
GSWA 211115, an altered dolerite; d) as for c) but in cross-polarized light

Grass Flat Gabbro

These sills are tholeiitic and have a bulk composition
of komatiitic basalt. Hornblende is commonly present
in the thin upper chill zones of the sills, and present as
oikocrystic grains in rare sills, thus, the rocks of this suite
are dominantly anhydrous. Most of the sills were emplaced
into felsic volcaniclastic rocks and banded iron-formation
of the Greensleeves and Wilgie Mia Formations, near
the top of the Polelle Group. These sills have previously
been described in Watkins and Hickman (1990), and
were assigned to the suite in Van Kranendonk and Ivanic
(2009), where they are interpreted to have been emplaced
primarily at shallow levels. The sills of the Yalgowra Suite
are predominantly gabbroic, often with bases of pyroxenite
and peridotite, and tops of leucogabbro and local, thin
anorthosite. Coarse-grained, feathery textured, pegmatitic
hornblende leucogabbro (Fig. 63a) is present at many of
the upper contacts of the sills with country rock (Fig. 63b).

The Grass Flat Gabbro forms several sills that intrude into
unassigned basaltic rocks in the central Youanmi Terrane.
The gabbro is located in the northern part of Johnston
Range, 15 km northwest of Diemals Homestead (Zone 50,
MGA 722590E 6715568N; Fig. 1). It is named after Grass
Flat Well (Zone 50, MGA 705409E 6734523N). Sills are
up to 1.2 km wide and 30 km along strike. The dominant
lithology is massive gabbro with minor leucogabbro, quartz
gabbro and pegmatoidal components. The gabbro has been
dated directly and yields a magmatic crystallization age of
2796 ± 6 Ma (GSWA 185990; Wingate et al., 2011f).

Yalgowra Suite

The type section is at Wattagee Hill, where a series of
Yalgowra Suite sills (at least three) intrude into the
Greensleeves Formation near the top of the Polelle
Group. The thickness of the sills varies from 20 to
2000 m along a 4 km traverse. These intrude up to a
level 50 m from the base of the Glen Group. At the
start of the type section (Zone 50, MGA 5 86483E
6989331N), a metadunite with a relict olivine cumulate
texture is locally preserved. At site TJIWIN090073
(Zone 50, MGA 586324E 6989390N) there is an overlying,
~30 m-thick layer of clinopyroxenite, which comprises
>90% stubby clinopyroxene crystals up to 5 mm.

Summary
The Yalgowra Suite comprises layered mafic–ultramafic
sills, which are abundant in the northwestern part of the
Youanmi Terrane (Fig. 2). The distribution of the suite is
similar to the distribution of the upper Polelle Group in an
approximately 180 × 180 km region in the northwestern
Youanmi Terrane. The suite outcrops on Meekatharra,
Koonmarra, Tieraco, Madoonga, Cue, Reedy and
Dalgaranga. The suite is named after Yalgowra Hill
(Zone 50, MGA 591450E 6903557N).
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Figure 63. Field photographs of rocks from the Yalgowra Suite in the Wattagee Hill area with outcrop features from the top of
a Yalgowra Suite differentiated sill: a) feathery, long pyroxene phenocrysts in leucogabbro near the top sill of the
Yalgowra Suite; b) fine pyroxene needles in the metasomatized felsic rocks at the top contact of the sill
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In the low area immediately east of this ridge, several
drillholes intersect ultramafic rocks that have been targeted
for Ni–Cu mineralization. A 300 m-thick massive gabbro
occurs to the northwest. Another sill farther northwest
has a pegmatoidal leucogabbro top contact (Zone 50,
MGA 585209E 6989390N) and baked metasedimentary
and volcanosedimentary host rocks in the vicinity of
TJICUE000064 (Zone 50, MGA 585524E 6990445N).

2010a; Wingate et al., 2010c) in the Cue–Meekatharra
region, indicating a c. 25 Ma period of emplacement for
this suite. The Waladah Gabbro is the youngest recognized
Archean mafic rock of the Youanmi Terrane (Fig. 7).
The Opal Gabbro crosscuts and is therefore younger than
the 2744 ± 4 Ma porphyritic andesite of the Greensleeves
Formation (GSWA 178106, Wingate et al., 2008a). Similar
mafic–ultramafic intrusions of the Yalgowra Suite (A-SDYxony-any) are dated between c. 2735 and 2711 Ma, which
is the interpreted age range for magmatic crystallization of
the Opal Gabbro.

Lithologically, the suite is predominantly gabbro–
gabbronorite, with bases of peridotite (Fig. 64a,b) and
pyroxenite (Fig. 64c,d), which form adcumulates up
to 300 m thick, and tops of leucogabbro and local,
thin anorthosite up to 10 m thick. More melanocratic
gabbronorites towards the base of the sills typically show
orthopyroxene cumulate texture with equant orthopyroxene
cumulate crystals up to 20 mm in diameter. Gabbro
and gabbronorite of the Yalgowra Suite typically have
orthocumulate to heteradcumulate textures. In the middle
of the sills, clinopyroxene is often more abundant than
orthopyroxene and cumulate texture is less common.
Here, the dominant texture is subophitic, with 5–12 mm
plagioclase laths partially enclosed by clinopyroxene
(Fig. 64e,f). In the upper half of the sills, gabbro
progressively grades upwards into leucogabbro and/or
dolerite (Fig. 64g–h,j).

The Fleece Pool Gabbro has been directly dated at
2735 ± 5 Ma (GSWA 185922, Wingate et al., 2010c, Ivanic
et al., 2010), and is the oldest dated component of the
Yalgowra Suite.
A harrisitic leucogabbro from the uppermost intrusive
contact (MTWMAD000099 Zone 50, MGA 598567E
7035444N) of this unit with metasedimentary rocks of the
Greensleeves Formation is dated at 2711 ± 2 Ma (GSWA
185927, Wingate et al., 2010a, Ivanic et al., 2010). This
is the youngest dated Archean mafic rock in the Youanmi
Terrane.

Opal Gabbro

In a few of the thicker sills, up to 10 m thicknesses of
anorthosite are locally present. Coarse-grained (up to
20 cm crystals), feathery textured, pegmatitic hornblende
leucogabbro (Fig. 63) is common at the upper contact with
the country rock (MTWMAD000099, GSWA 185927,
Wingate et al., 2010a). The hornblende in upper parts of the
sills (e.g. Fig. 64i) is considered to reflect interaction with,
and assimilation of, hydrous host rocks, rather than being
a representative of a hydrous parental melt. Solid-state
deformation and recrystallization affects large portions
of the suite, especially within 500 m of large north–south
trending shear zones. Here, the intrusive rocks of the suite
are typically recrystallized, with pyroxene recrystallizing to
actinolite±chlorite±hornblende±tremolite (e.g. Fig. 64k,l)
and plagioclase to epidote.

Sills of the Opal Gabbro comprise layered mafic–ultramafic
intrusive rocks in the northern Youanmi Terrane. They
are dominantly gabbro with minor metaperidotite,
gabbronorite, leucogabbro and dolerite. These sills have
strike lengths of up to 40 km in the central part of the
Abbotts greenstone belt (Fig. 65) and intrude into altered
andesitic rocks of the Greensleeves Formation.
The extent and number of mafic–ultramafic bodies in
the Abbotts greenstone belt is difficult to determine as
the exposure to the east is limited. Aeromagnetic images
show numerous, highly magnetic units to the east of the
exposed rocks, and indicate the presence of other intrusions
related to the Opal Gabbro. The Opal Gabbro intrudes as
several sills in the east of the Abbotts greenstone belt. The
sills are up to 38 km long and 1 km wide on Tieraco and
Meekatharra. The gabbro is named after Mount Opal
(Zone 50, MGA 632461E 7060502N).

Yalgowra Suite sills are in igneous contact with host rocks
of the Greensleeves Formation (e.g. site TJICUE000064,
Zone 50, MGA 585524E 6990445N). The sills are crosscut
by monzogranitic rocks of the Jungar Suite at sites
TJIMDG000408 and TJIMDG000442. Here are good
exposures of amphibolitized Yalgowra Suite gabbro, which
form abundant, sheared rafts within Jungar Suite rocks.

The Opal Gabbro has a 50 m-thick dolerite at its western
contact, with a 200 m-thick peridotite layer to the west.
Peridotite preserves a relict mesocumulate texture,
consisting of altered olivine (serpentine and talc), pyroxene
(commonly altered to tremolite) and magnetite. Towards
the base of the sills of the Opal Gabbro are thin layers of
gabbronorite within gabbro, which contain phenocrysts of
altered orthopyroxene up to 15 mm long. Orthopyroxene
is weathered to brown and constitutes up to 30% of the
rock. Gabbro forms the majority of the Opal Gabbro
and commonly grades into dolerite with a grain size of
approximately 1 mm. Rare and thin units of pegmatitic
gabbro are also present within the Opal Gabbro (Fig. 66).
Local examples of cumulate bases and fractionated sill
tops indicate way-up to the east. Partial metamorphic
recrystallization in greenschist to lower amphibolite facies
(e.g. assemblages consisting of epidote–actinolite, talc–
tremolite–chlorite or serpentine–magnetite) has affected
large parts of this unit.

Geochronology
Intrusion of this suite is interpreted to have been
contemporaneous with the eruption of komatiitic basalts
of the Glen Group and granitic rocks of the Big Bell Suite
(Van Kranendonk et al., 2013). Pidgeon and Hallberg
(2000) dated a thick gabbroic sill of the Yalgowra Suite in
the Dalgaranga greenstone belt that yielded an interpreted
magmatic crystallization age of 2719 ± 6 Ma. The sills are
hosted by felsic volcaniclastic rocks dated at 2747 ± 5 Ma
(Pidgeon and Hallberg, 2000). Two other samples of
pegmatitic leucogabbro from differentiated sills of the
Yalgowra Suite have been dated at 2711 ± 2 Ma (Waladah
Gabbro) and 2735 ± 5 Ma (Fleece Pool Gabbro; GSWA
samples 185927 and 185922, respectively; Wingate et al.,
81
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Figure 64. Thin section photomicrographs of Yalgowra Suite rocks: a) plane-polarized image of GSWA
183988, peridotitic rock; b) as for a) but in cross-polarized light; c) plane-polarized image of
GSWA 190942, a clinopyroxenite; d) as for c) but in cross-polarized light; e) plane-polarized
image of GSWA 190950, a typical gabbro of the suite; f) as for e) but in cross-polarized
light; g) plane-polarized image of GSWA 190949, a pyroxene-rich gabbro; h) as for g) but in
cross-polarized light; i) plane-polarized image of GSWA 217733, a hornblende-oikocrystic
gabbro; j) cross-polarized light image of GSWA 190966, a clinopyroxene-oikocrystic dolerite;
k) plane-polarized image of GSWA 183980, typical actinolite schist derived from ophitic
gabbro of the suite; l) as for k) but in cross-polarized light

82

GSWA Report 192

Mafic–ultramafic intrusions of the Youanmi Terrane, Yilgarn Craton

g) 190949

h)

Chl

Cpx

Pl

5 mm

i) 217733
Pl

j) 190966
Cpx

Pl + Cpx

Hbl
Cpx

2 mm

k) 183980

2 mm

l)

Ab

Act
5 mm
TJI250-2

02.08.19

Figure 64. continued

Fleece Pool Gabbro

on its western side. At KPWCUE000188 (Zone 50, MGA
581672E 6974328N, at the western limit of the outcrop) is
a plagioclase-rich gabbro varying in grain size from coarse
at the western margin to medium to fine grained at the
eastern margin; there is also a slight increase in plagioclase
content to the west. To the east are several thin basaltic
rafts between pyroxene-rich gabbro and coarse-grained
gabbro layers. The coarse-grained gabbro grades eastwards
into a normal medium-grained gabbro, which in turn grades
into a pyroxenite and, at the easternmost exposure of the
intrusion, there is a thin serpentinite.

The Fleece Pool Gabbro forms a single sill within the
Yalgowra Suite (Ivanic et al., 2010), northern Youanmi
Terrane. The unit is 5.3 km long and 350 m wide and
intrudes into the Greensleeves Formation of the Polelle
Group. The gabbro is named after Fleece Pool on Cue
(Zone 50, MGA 582101E 6975632N).
The unit varies from gabbronorite and gabbro at the base,
to leucogabbro with local anorthosite and coarse, harrisitic
leucogabbro at the top. Much of the intrusion is very coarse
grained to pegmatoidal. Actinolite commonly replaces
pyroxene within the harrisite (MTWCUE000094, Zone 50,
MGA 58696E 6974251N), and accessory quartz and zircon
are present as submillimetre grains. Local modal layering
on a metre scale is present in more mafic parts of the sill

At MTWCUE000094, the top intrusive contact of the sill
is exposed and in contact with felsic volcanic rocks of the
Greensleeves Formation (A-POg-frmb). These volcanic
rocks are interpreted to be host rocks to the sill at both its
base and top.
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Figure 66. Field photograph of coarse gabbro of the Opal Gabbro
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Waladah Gabbro

Terrane is distinct in that it preserves several mafic
intrusive units which show a distinctly old history
>2720 Ma (Fig. 7). Though in the most part strongly
sheared, three gabbroic rocks have been successfully dated.
The Swincer Dolerite has been dated to within analytical
uncertainty of the Meeline Suite at 2812 ± 5 Ma (GSWA
185968, Wingate et al., 2011c). A younger gabbro of the
Mapa Igneous Complex yielded a crystallization age of
2755 ± 5 Ma (GSWA 185979, Wingate et al., 2011a),
which is younger than the Warriedar Suite and older than
the Yalgowra Suite. The Argus Igneous Complex has also
been dated, but with a larger analytical uncertainty, at
2737 ± 26 Ma (GSWA, 185970, Wingate et al., 2011d).
This uncertainty overlaps in age with the Yalgowra Suite.

The Waladah Gabbro is one of the larger intrusions of the
Yalgowra Suite (Ivanic et al., 2010), northern Youanmi
Terrane. The gabbro intruded as a sill and has been
folded into a horseshoe shape with a strike length of
approximately 9 km and width of 1.5 km. The gabbro is
named after Waladah Bore on Meekatharra (Zone 50,
MGA 604335E 7031962N).
The Waladah Gabbro fractionated from orthopyroxene
cumulate norite–gabbronorite (Fig. 67a,b) through to
gabbro (Fig. 67c,d) and leucogabbro with subordinate
dolerite, anorthosite and pegmatitic gabbro at higher
levels. It typically has a plagioclase cumulate texture
with interstitial clinopyroxene and accessory oxides,
except for the basal portion, which has orthopyroxene
cumulate crystals and clinopyroxene intercumulus crystals
(e.g. TJIMDG000438, Zone 50, MGA 600261E 7035880N).
Grain size is 5–8 mm, and a pegmatitic to harrisitic top
contact is present, which is interpreted as a chilled margin
(TJIMDG000422, Zone 50, MGA 598559E 7035400N).
Figure 67e–g shows a typical replacive greenschist facies
assemblage at the margin of the gabbro in contact with
Jungar Suite metamonzogranite.

Overlapping ages for these mafic events separated by
~500 km across the Yilgarn Craton have led authors to
suggest that the Burtville and Youanmi Terranes had a
shared history, prior to c. 2720 Ma, before the development
of the younger rocks of the Kalgoorlie and Kurnalpi
Terranes (Pawley et al., 2009; Ivanic et al., 2010; Wyche
et al., 2012).

Unassigned mafic–ultramafic
intrusive rocks

The uppermost and lowermost intrusive contacts of this
unit are with metasedimentary rocks of the Greensleeves
Formation (A-POg-mhs; Fig. 67h). In the south of the
gabbro, it transitions into unassigned amphibolitic units
hosted as large rafts within a large batholith of Jungar
Suite metamonzogranite (A-JU-xmgn-mws). The unit
is truncated to the southwest by a pluton of the Illgalara
Monzogranite (A-JUig-gmw).

A wide array of dolerites, gabbros, metagabbros and
ultramafic intrusive rocks within the Youanmi Terrane
remain unassigned because of the lack of age data or
stratigraphic context (e.g. the Bungarra Igneous Complex,
Gum Creek greenstone belt). However, the Kathleen Valley
Gabbro has been dated and mapped in greater detail.

Relationships to the Eastern Goldfields
Superterrane

Kathleen Valley Gabbro
The Kathleen Valley Gabbro is a layered mafic intrusion
located in the easternmost Youanmi Terrane in the central
Yilgarn Craton (Fig. 1). It consists mainly of gabbro, but
ranges in composition from pyroxenite to anorthosite.
The intrusion also includes tonalite and quartz gabbro at
its interpreted top, which is to the southeast. The gabbro
outcrops in an area 6.5 km north–south and 5.5 km east–
west, with another thin layer of anorthosite 1.5 km farther
south from the main body of the intrusion. It located about
7 km north of Yakabindie and named after Kathleen Valley
(Zone 51, MGA 256890E 6955106N).

Kalgoorlie and Kurnalpi Terranes
Many gabbros have been dated at c. 2700 Ma in the
Kalgoorlie and Kurnalpi Terranes. These are mostly
distinctly younger than the Yalgowra Suite; however, some
are within analytical uncertainty of the youngest Yalgowra
Suite intrusion, the Waladah Gabbro at 2711 ± 2 Ma
(Fig. 7). For example, a synvolcanic dolerite sill in the
Woolyeenyer Formation, interpreted to correlate with
the Lunnon Basalt, was dated at 2714 ± 5 Ma (Hill and
Campbell, 1993). These are postdated by mafic igneous
complexes such as the 2691 ± 3 Ma Niagara Igneous
Complex (GSWA 211060, Lu et al., 2017).

Primary igneous modal layering in the Kathleen Valley
Gabbro dips steeply northwest. Igneous differentiation
in these layers indicates that the gabbro faces to the
southeast, and is overturned. The rocks are metamorphosed
to greenschist facies, with original clinopyroxene altered
to amphibole and chlorite. Original igneous textures and
zoned plagioclase are preserved. The exposed lowest
(northernmost) unit of the Kathleen Valley Gabbro is a
layered gabbro >1100 m thick, with 2–10 m compositional
rhythmic layering visible on aerial photographs, and
centimetre-scale layering in hand specimen. The layering
is due to varying proportions of amphibole (after pyroxene)
and plagioclase. Few anorthosite and pyroxenite layers
are also present within this lowermost unit. Overlying
the layered gabbro is a unit, up to 1700 m thick, of
metamorphosed, generally coarse-grained, leucogabbro
and anorthosite. Plagioclase varies from 60% to >95%

Detrital zircons from c. 2670 Ma metasedimentary rocks
in these two terranes yield age components at c. 2800
and 2730 Ma (Kositcin et al., 2008). These are inferred to
reflect contamination and incorporation of zircons from
Youanmi Terrane-aged basement material, which is likely
at depth in the Kalgoorlie and Kurnalpi Terranes. The peaks
are indicative of the influence of magmatism (at least felsic
but possibly also mafic–ultramafic) that was coeval with the
Yalgowra, Warriedar, Boodanoo and Meeline Suites east of
the Ida Fault.
Burtville Terrane
Within the Eastern Goldfields Superterrane, the Burtville
85

Ivanic

a) 190922

b)

Cpx

Pl

1 mm

c) 190916

d)
Act
Pl

5 mm

e) 190920

f)

Tr
Act + Chl

Act +
Chl

Tr

5 mm

g) 190920

h) 190921
Qtz

Tr

Ms
Act +
Chl

1 mm

2 mm

TJI253

30.07.19

Figure 67. Thin section photomicrographs of the Waladah Gabbro: a) plane-polarized image of GSWA
190922, a pyroxenite; b) as for a) but in cross-polarized light; c) plane-polarized image of
GSWA 190916, an altered gabbro; d) as for c) but in cross-polarized light; e) plane-polarized
image of GSWA 190920, a tremolite-pseudomorphed pyroxene cumulate gabbro; f) as for
e) but in cross-polarized light; g) as for f) but higher magnification; h) cross-polarized light
image of GSWA190921, a sheared quartz-muscovite schist of sedimentary origin from the
top of the gabbro, belonging to the Greensleeves Formation of the Polelle Group
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and occurs as both phenocryst and groundmass phases.
Plagioclase megacrysts, mostly less than 2 cm but up
to 10 cm across, are subhedral to euhedral. Although
generally pervasive, they typically only constitute a few
percent of the total rock. Some plagioclase-rich metagabbro
units have a poikilitic texture with euhedral plagioclase
crystals within large (up to 15 cm) pyroxene (now
amphibole) oikocrysts. Amphibole has pseudomorphed the
original pyroxene during metamorphism, replacing single
oikocryst or multiple crystals with the same orientation.
Medium-grained metagabbro, up to 1500 m thick, overlies
anorthositic metagabbro. Locally, gabbroic rocks have up
to 3% quartz and, to the southeast, units of quartz gabbro
and tonalite are present in the uppermost Kathleen Valley
Gabbro. At the southern (unexposed) contact, there is a
200 m-wide outcrop of metamorphosed, quartz-bearing
gabbro, and a 100 m-wide outcrop of coarse-grained
metagabbro.

between 80 and 165 m. A higher orthopyroxene count
is present at the base of DD2 than in other holes. In
DD3, several alteration zones are present and magnetite
leucogabbro is the dominant lithology. More pyroxene-rich
lithologies are focused at lower levels in the stratigraphy,
particularly below 300 m in DD4, which corresponds
to intersection of the interpreted middle zone of the
Windimurra Igneous Complex.
Hylogger data reveals that the cyclical layering in the
upper zone of the western lobe of the Windimurra Igneous
Complex operated on multiple scales, consistent with field
observations. While mineralogical changes are recorded
at 1–50 cm scale, lithological changes are evident in
Figure 68 on a 1–200 m scale, and overall zone mineralogy
changes are recorded on an approximately 500 m scale.

Lithogeochemistry

The Kathleen Valley Gabbro is fault-bounded but locally
overlain by the Mount Goode Basalt within the Yakabindie
greenstone belt. Locally, it is in fault contact with
metabasalt and metasedimentary rocks of the Jones Creek
Conglomerate to the east.

Major, minor and trace element concentrations were
determined for 208 whole-rock samples from the
four main suites identified in the Youanmi Terrane
(Figs 69–73). These are shown among existing data
from the GSWA WACHEM database (which can be
downloaded via GeoChem Extract at <www.dmp.
wa.gov.au/launch/geochemistry>) that includes many
unassigned mafic intrusive rocks within the southern
Youanmi Terrane. Data from drillholes through the
upper zone of the Windimurra Igneous Complex
(Nebel et al., 2013b) are also shown.

Along the southern margin of the gabbro, a tonalite
phase has been dated at 2736 ± 3 Ma (Liu et al., 2002),
interpreted to be the age of magmatic crystallization of the
Kathleen Valley Gabbro.

HyLogger results

Major elements were determined at various labs across
Australia by wavelength-dispersive X-ray fluorescence
(XRF) on fused disks using methods similar to those
of Norrish and Hutton (1969). Precision is better than
±1% of the reported values and totals range from 99.1
to 100.1 wt%, using all iron as Fe2O3. Trace element
concentrations of Ba, Cr, Ni, Sc, V, Zn and Zr were
determined by wavelength-dispersive XRF on pressed
pellets using methods similar to those of Norrish and
Chappell (1977), whereas Cs, Ga, Nb, Pb, Rb, Sr, Ta, Th,
U, Y and the REE (rare earth elements) were analysed by
inductively coupled plasma mass spectrometry (ICP-MS;
Agilent 7500 instrument) using methods similar to those of
Eggins et al. (1997), on solutions obtained by dissolution of
fused glass disks (Pyke, 2000). Precision for trace elements
is better than ±10% of the reported values. Platinum group
elements were determined by Ultratrace using NiS fire
assay with a detection limit of approximately 3 ppb and
precision better than ±10% of the reported values.

The upper and middle zones of the western lobe of the
Windimurra Igneous Complex were intersected by four
Maximus Resources drillholes. Interpreted mineral
modes derived from HyLogger results for the drillholes
(MNDD001–4) are shown in Figure 68. Mineral counts
from TIR (thermal infrared) and SWIR (short-wave
infrared) spectrometry were combined and sampled at 1 m
intervals using The Spectral Geologist software. Hydrous,
and locally carbonaceous, alteration minerals were summed
and reduced by a factor of five so that anhydrous primary
minerals could be emphasized on the plots. Thus, where
the alteration mode is <50%, the primary igneous rocks
are interpreted to be completely recrystallized. Aspectral
data (the shortfall from the expected count yield) is
plotted, which is interpreted to represent an approximation
for oxide (and thus magnetite) modes; however, these
are poorly constrained and subject to high uncertainty.
Enstatite counts were interpreted to represent a significant
orthopyroxene component and are plotted separately from
other pyroxenes, which are interpreted to be clinopyroxene.
Olivine and plagioclase are plotted as total counts of the
sum of species in these mineral groups.

Major elements were not recalculated to anhydrous
compositions due to significant primary hornblende
present in some rocks; hence, serpentinized rocks may be
1–12% lower for major element compositions. Care was
taken not to plot analyses of strongly altered, foliated,
metamorphosed or metasomatized rocks in this Report.
Iron concentrations were recalculated to all Fe as Fe2+
(FeOT). Normalizations and trace element ratios were
calculated automatically in ioGAS software. Rare earth
element parameters were derived using calculations from
O'Neill (2016).

Though dominantly magnetite gabbro–leucogabbro, thick
horizons of magnetitite and thinner pyroxenite, anorthosite
and alteration zones are sporadically distributed and
locally abundant. DD1 is notable for thick intersections
of hydrous alteration, for example at ~240 m, where there
a logged mylonite. This drillhole also has an abundance
of magnetitites between 300–430 m. The only significant
intersection of olivine-rich rocks is at the top of DD2
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Major and minor elements

rocks at >18% MgO (Fig. 69e,f). Higher MgO rocks show
negative to slightly positive Eu anomalies (Fig. 69g),
whereas lower MgO rocks are more consistently positive,
with few very strongly positive values, Eu* >2. Low
modal abundance of plagioclase observed in this suite is
consistent with the empirical observation that increased
aH 2O reduces the stability field of plagioclase, thus
suppressing plagioclase crystallization in hydrous magmas
such as the Boodanoo Suite. Similar to the Meeline Suite,
TiO2 and Ti/V negatively correlate with MgO in Boodanoo
Suite rocks (Fig. 69h,j) with >7 wt% TiO2 in many samples
with <6 wt% MgO. In Boodanoo Suite rocks, V does not
strongly correlate with MgO (Fig. 69i) and V values are
typical (100–200 ppm) compared to other suites. The
high variability of V across a wide range of MgO in the
Boodanoo Suite (Fig. 69i) is consistent with a relatively
oxidized magma, which was able to crystallize oxides in
multiple zones of the igneous stratigraphy.

Harker variation diagrams for the four suites are shown
in Figure 69, plotted with symbols varying to smaller size
with higher SiO2. The Meeline Suite (n = 49, dominantly
from the Windimurra Igneous Complex) forms a trend
with lower SiO2 concentrations than the other suites for
a given MgO value (Fig. 69a) and the suite contains a
relatively high proportion of samples with anomalously
low SiO2, which are oxide cumulates. This suite also
has the highest proportion of Al-rich rocks (Fig. 69b),
which have <10 wt% MgO (dominantly anorthosite–
leucogabbro). Notably, the border zone rocks plot at
distinctly lower Al 2O 3 than the majority of sampled
lithologies (~10–12 wt% Al2O3 compared to ~18 wt%).
The abundant anorthosite–leucogabbro lithologies of the
Meeline Suite are distinct from other suites, showing high
and variable CaO between 1 and 12 wt% MgO (Fig. 69c).
Of the K2O/Na2O trends, Meeline Suite rocks show the
lowest values (Fig. 69d) and the suite is distinctly sodic,
where most rocks have K2O/ Na2O <0.1. In the Meeline
Suite, Cr and Ni are broadly positively correlated with
MgO (Fig. 69e,f). Several very high-Cr rocks (including
chromitites) contain above 6000 ppm and are not shown
on the plot. Elevated Ni at intermediate MgO wt% values
correlates with the presence of lower to middle zone olivine
cumulates and/or sulfide-bearing rocks. Most samples of
the Meeline Suite show positive Eu anomalies, on average
larger than other suites (Fig. 69g), which correspond to
ubiquitous petrographic observations of plagioclase as
a cumulus phase. Titanium oxide and Ti/V show similar
trends for many suites (Fig. 69h,j) but the Meeline Suite
trend shows the most curvature at lower MgO to higher
Ti values. These high-Ti rocks are from the upper zone of
the Windimurra Igneous Complex, which shows extreme
oxide fractionation behavior (e.g. Nebel et al., 2013b).
Likewise, V in the Meeline Suite (Fig. 69i) shows elevated
concentrations at low to moderate MgO. Given the high
compatibility of V with chromite, variable V at higher MgO
is attributed to the presence of chromite-bearing rocks.

The Warriedar Suite forms a well-defined, slightly negative
linear trend of SiO2 vs MgO (Fig. 69a), indicating that,
in these (smaller) intrusions, there was only minor oxide
accumulation and fractionation of oxides. The suite is not
as strongly aluminous as the Meeline Suite at low MgO
(Fig. 69b), and the sill tops (n = 9, with >50 wt% SiO2)
define a weak trend to lower CaO from 7 to 1 wt% MgO
(Fig. 69c). The suite is similar to the Boodanoo Suite
in terms of K2O/Na2O (Fig. 69d), but lacks such high
K2O/ Na2O at >25 wt% MgO. Chromium and Ni form
linear, positively correlated trends (Fig. 69e,f). There is a
lack of many distinctly elevated Cr or Ni rocks (>5000 ppm
above the scale of the diagram), indicating that sulfide,
chromite and olivine accumulation may have operated
to a lesser extent than for the Meeline and Boodanoo
Suites. Europium anomalies do not form a trend with
MgO (Fig. 69g) and are tightly confined between 1.7 and
0.5, indicating that there was only limited fractionation of
plagioclase. Titanium oxide, Ti/V and V weakly correlate
with MgO (Fig. 69h– j), with moderately elevated V
(>250 ppm) in many rocks between 5–10 wt% MgO.
The lack of spikes in Ti, V or Ti/V is consistent with only
limited magnetite/ilmenite fractionation or accumulation
during the development of these intrusions.

The Boodanoo Suite has a higher proportion of rocks
with >25 wt% MgO than the Meeline Suite (Fig. 69b),
consistent with the Boodanoo Suite hosting a higher
proportion of ultramafic cumulates. The Boodanoo Suite
also has five analysed rocks with <30 wt% SiO2 (Fig. 69a),
corresponding to oxide (mainly chromite, but local
magnetite) bearing units, indicating that oxide fractionation
occurred in the Boodanoo Suite. At low MgO (<7 wt%),
the Boodanoo Suite is not as aluminous or as calcic as
the Meeline Suite (Fig. 69b,c). Rocks of the Boodanoo
Suite rocks are relatively potassic, up to 0.6 K2O/Na2O,
compared to the Meeline Suite and slightly less potassic
than the Yalgowra Suite (Fig. 69d). Five analysed rocks
have K2O/Na2O >0.3 at MgO >25 wt%, which reflects
accessory phlogopite in rocks from the ultramafic zone
of the Narndee Igneous Complex. Chromium and Ni
are broadly positively correlated with MgO (Fig. 69e,f).
Several analysed chromitites have >6000 ppm Cr and
are not shown on the plot. Nickel spikes are evident at
intermediate MgO values (i.e. 3–15 wt%), which indicate
olivine cumulates and/or the presence of sulfides in lower
to middle zone rocks of the Narndee Igneous Complex.
The Fields Find Igneous Complex has lower Ni and higher
Cr than the Narndee Igneous Complex in its ultramafic

Limited data from the Yalgowra Suite generally forms a
slightly negative linear trend of SiO2 vs MgO (Fig. 69a),
most similar to the Warriedar Suite except that very few
rocks have >20 wt% MgO. Lack of low SiO2 rocks indicate
that, in the small intrusions that comprise the suite, olivine
and/or oxide fractionation was limited. Compared to other
suites, the Yalgowra Suite has moderate Al2O3 and CaO
concentrations (Fig. 69b,c). The suite shows the most
scatter of K2O/Na2O with varying MgO (Fig. 69d), and
especially high K2O/Na2O (>0.4) in 50% of rocks with
8–16 wt% MgO. This is interpreted to be the result of local
granitic contamination. Similar to the Warriedar Suite, Cr
and Ni are positively correlated with MgO (Fig. 69e,f).
There are very few rocks with elevated Cr or Ni, thus there
is a lack of evidence for sulfide or oxide fractionation.
Europium anomalies (Eu*) up to 2.5 are present in this
suite (Fig. 69g), corresponding to sampled, fractionated
sill tops. Titanium oxide, Ti/V and V show no discernible
trends with MgO (Fig. 69h–j). Many of the unassigned
dolerite and mafic intrusive rocks in Figure 69 overlap with
Yalgowra or Warriedar Suite trends.
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On an AFM plot (Fig. 70a), all suites show a scattered
distribution dominantly within the tholeiitic field. Many
rock compositions overlap with typical tholeiitic liquid
lines of descent close to FeOT–MgO (see, for example,
the trend for the Skaergaard intrusion on Fig. 70). Seven
Meeline Suite and one Boodanoo Suite rock plot at >20%
Na2O + K2O, indicating a high degree of plagioclase
accumulation. Rocks plotting on the FeOT–MgO line are
olivine±oxide cumulates. Plotting cumulate rocks on this
diagram is only useful for discrimination of generalized
liquid evolution because most of these rocks have had their
major element chemistry affected by cumulate processes.
Data clouds shown on Figure 70b for the Windimurra
and Narndee Igneous Complexes show strong overlap,
hence they cannot be discriminated on this plot and their
average compositions indicate a tholeiitic trend close to
FeOT–MgO.

Felsic volcanic rocks of the volcanic members of
the Norie Group are shown for comparison with the
contemporaneous Meeline Suite on Figure 73c. These
include the Kantie Murdana Volcanics Member, which
overlies the Windimurra Igneous Complex. These volcanic
rocks show elevated trace element compositions, and
distinctly flat REE profiles. Note that the Kantie Murdana
Volcanics Member has very similar REE compositions
to the roof zone sample (GSWA 193983; Fig. 71b
vs Fig. 73c). The similarity indicates a genetic link
between magmas of the complex and the volcanic rocks.
Furthermore, the volcanic rocks are interpreted to be the
result of extremely fractionated tholeiitic magma (Ivanic
et al., 2012; Van Kranendonk et al., 2013).
Figure 74 shows Th/Yb vs Nb/Yb for the four suites
of the Youanmi Terrane compared to contemporaneous
volcanic units within the stratigraphy of the Murchison
Supergroup. Given that most cumulate rocks will not
exactly represent liquid compositions of the magma, the
plotted rock compositions are inevitably more scattered
than the trends associated with volcanic units. Among
the intrusive rocks, dolerites (e.g. border zone rocks) are
more likely to reflect liquid compositions because they
show only a few porphyritic varieties and lack evidence
for significant crystal–liquid fractionation. Most cumulate
rocks analysed contain a high proportion of interstitial
material (especially orthocumulate textures) and are
deemed to approximate liquid compositions to some
degree; therefore, with caution, this plot may be used
for broad petrogenetic correlation. On the Th/Yb vs Nb/
Yb plot (Fig. 74a), rocks of the Meeline Suite show a
relatively confined distribution and a steep trend between
the mantle array and continental crust. These compositions
are at lower Th/Yb than mafic volcanics within the Norie
Group (c.f. green symbols in Fig. 74b) and the most similar
volcanic unit is the c. 30 Ma-younger Stockyard Basalt
Member of the Polelle Group (Smithies et al., 2018). Felsic
volcanic rocks of the Yaloginda Formation of the Norie
Group plot at the upper end of the trend formed by rocks
of the Meeline Suite (Fig. 74a) and overlap with the roof
zone of the Windimurra Igneous Complex. Note that rocks
of the border zones of the Meeline Suite, in particular, plot
within the mantle array between normal mid-ocean ridge
basalt (N-MORB) and enriched mid-ocean ridge basalt
(E-MORB), excluding three outliers, which plot below the
mantle array. Samples from the Corner Well Gabbro plot
at higher Th/Yb compared to the rest of the Meeline Suite.

Trace elements
The Meeline Suite data forms strikingly flat REE profiles
(Fig. 71a) ranging from 0.05 to 5 x primitive mantle (PM),
with a mean of 1.15 x PM. The average value for Sm is
artificially elevated (thick, dark blue line Fig. 71a), which
is a result of the absence of Sm determination in several
analyses. The full trace element spidergram (Fig. 72a)
shows generally flat profiles between Nb and Yb. Spikes in
Eu, Sr, Ti and V are the result of plagioclase or magnetite
fractionation/accumulation. There is more scatter in the
incompatible trace elements, Cs, Pb, Rb, Ba, Th, U, and K,
interpreted to result from metamorphic recrystallization,
weathering or alteration. Drillhole data from the upper zone
of the Windimurra Igneous Complex (Nebel et al., 2013b,
shown in pale blue on Figs 71a, 72a) show remarkably low
trace element concentrations, with average values slightly
below the average for the suite as a whole, except for Eu,
Ti and V.
Dolerite–gabbro sills (0.3 – 15 m thick) of the border
zone of the Windimurra and Youanmi Igneous Complexes
(n = 8) show bimodal compositions (Fig. 71b). Three
sills from Windimurra have compatible trace element
concentrations very close to average Meeline Suite
(~2 x PM, Fig. 72b) and five other sills from the suite plot
at approximately 10 x PM. The former are interpreted to
be closely related to the parental melt of the Windimurra
Igneous Complexes, whereas the latter are interpreted to be
differentiated Meeline Suite magmas.

Rocks of the Boodanoo Suite, in contrast, consistently
show negatively sloped REE profiles at higher average
values than the Meeline Suite, at approximately 3 x PM
(Figs 71c, 73a). The Fields Find Igneous Complex (n = 16)
has rocks with REE profiles overlapping in magnitude and
shape with those of the Narndee Igneous Complex (n = 37),
but, with slightly higher average values (Figs 71c, 72c).
Two samples from plagioclase-megacrystic gabbro sills
above the contiguous layered portion of the Fields Find
Igneous Complex have more fractionated REE profiles
with a steeper slope. These rocks are interpreted to have
undergone more extended fractionation than the contiguous
part complex.

The Corner Well Gabbro Member (n = 4) shows very
similar trace element patterns to the Meeline Suite
(Fig. 72b), but is displaced to lower concentrations, with
an average REE at approximately 0.6 x PM (Fig. 72b, thick
green line). This may be due to sampling bias towards
ultramafic rocks. The roof zone of the Windimurra Igneous
Complex (n = 1) has the most elevated trace element
concentration within the complex at 30 x PM (GSWA
193983), which has a slight negative slope and a negative
Eu anomaly (Fig. 72b). The sample has highly negative Ba,
Th, Sr and V anomalies indicative of extreme plagioclase
and magnetite fractionation. Sample GSWA 194756,
a pegmatitic leucogabbro from the Barrambie Igneous
Complex, has the most strongly fractionated composition
within the Meeline Suite (Fig. 72b), with a very steeply
negative-sloping REE profile and U and Th at >100 x PM.
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Extended trace element spidergrams (Fig. 72c) show
that the rocks of the Boodanoo Suite have a relatively
consistent negative slope across the compatible, moderately
compatible and incompatible elements, with positive Sr
and Ti anomalies. There is considerable scatter across the
Th/Yb vs Nb/Yb plot (Fig. 74b) for rocks of the Narndee
Igneous Complex; however, the Fields Find Igneous
Complex shows a more confined, mantle array-parallel
distribution, which strongly overlaps with the distribution
of mafic volcanic rocks of the Norie Group (Fig. 74b;
Smithies et al., 2018).

to the Yalgowra Suite. Sill tops and harrisitic rocks of
the Warriedar Suite (n = 9; targeted for dating) show
considerably more fractionated compositions (average Th
~40, compared to ~9 for the rest of the suite) with elevated
trace elements at a slightly steeper slope that the rest of the
suite. The Th/Yb vs Nb/Yb plot (Fig. 74c) shows that the
Warriedar Suite, though overlapping with the Boodanoo
Suite, is the only suite to extend significantly along the
mantle array-parallel trend, in a similar way to volcanic
rocks of the Meekatharra Formation of the Polelle Group
(Fig. 74c; cf. Smithies et al., 2018).

The Warriedar Suite (n = 55) shows similar, but slightly
elevated trace element concentrations relative to the
Boodanoo Suite (Figs 71d, 72d,e); however, the slope from
compatible to incompatible elements, though still negative,
is shallower than for the Boodanoo Suite. Negative Ti
and Sr anomalies are subdued in comparison to all other
suites. Comparing average values shows that the negative
Nb anomaly is greater for the Warriedar Suite than the
Boodanoo or Meeline suites, and similar in magnitude

The Yalgowra Suite (n = 37) shows very similar trace
element concentrations to the Warriedar Suite (Figs 71d,
72d,e). Sill tops and harrisitic rocks of the Yalgowra
Suite (n = 6; targeted for dating) show considerably more
fractionated compositions (average Th ~70, compared to
~15 for the rest of the suite) with elevated trace elements at
a slightly steeper slope that the rest of the suite. The Th/ Yb
vs Nb/Yb plot (Fig. 74d) shows that the Yalgowra Suite,
though overlapping with the Warriedar Suite, is displaced
96

GSWA Report 192

Mafic–ultramafic intrusions of the Youanmi Terrane, Yilgarn Craton

towards slightly higher Th and Nb compositions, which
overlap with the lower Th and Nb part of the distribution
of compositions for volcanic rocks of the Glen Group
(Fig. 74d; Smithies et al., 2018).

and ultramafic zones of Narndee, overlapping with the
location of known oxide-rich layers. Zirconium increases
with stratigraphic height at Fields Find and Narndee, with
the exception that the upper zone of Narndee is low in
Zr. Calcium is highly variable with stratigraphic height
at both Narndee and Fields Find. Phosphorous is highly
variable at Narndee and generally increases with height at
Fields Find, indicative of differing apatite behavior in these
two complexes. As for Windimurra, the Narndee border
zone rocks (plotted at zero height) show approximately
average values for the complex as a whole. The variable
chemistry and lack of clear trends in whole-rock values
with stratigraphic height at Narndee is consistent with
the variation in mineral compositional data, identified by
Scowen (1991).

Parameterization of the REE (O’Neill, 2016) shows
broad differences between the four suites described above
(Fig. 75a,b). The λ0 vs λ1 plot shows that Meeline Suite
and Windimurra Igneous Complex unfractionated border
zone rocks plot at lower absolute values (λ0 = 1) and lower
slope values (λ1 = 0) compared to unfractionated rocks
from the other suites. It is only the Warriedar and Yalgowra
Suites (Fig. 75c,d) which show a very slight but distinct
concave curvature (elevated values of λ2), whereas Meeline
and Boodanoo Suites are consistently flat. Plotting the
Boodanoo Suite with Norie Group rocks on λ2 vs λ1 plot
(Fig. 75e) highlights the strong correlation of the Boodanoo
Suite with the Norie Group over and above the various
formations of the Polelle Group. The intrusive suite best
fitting to the diverse Polelle Group, the Warriedar Suite, is
shown in Figure 75f.

Siderophile and chalcophile
elements
Whole-rock PGE abundances were determined in 65
samples from the Windimurra and Narndee Igneous
Complexes and 14 from the Warriedar and Yalgowra Suites.
This augments limited PGE data from Scowen (1991) from
the Narndee Igneous Complex and Mathison et al. (1991)
from the Wondinong prospect in the Windimurra Igneous
Complex.

Igneous stratigraphic
chemical variation
Three intrusions have been sampled sufficiently in
order to present geochemical variation with cumulate
stratigraphic height (Figs 76, 77). The Windimurra
Igneous Complex is plotted with border zone rocks
at zero height and the Corner Well Gabbro Member
with independent stratigraphic heights. Note that large
sections of stratigraphy are missing due to unexposed
or undersampled portions of the complex and, because
of these missing portions, it is not possible to infer a
continuous trace of chemical fractionations/reversals.
Major element variation follows observations from Ahmat
(1986), that there is an overall reduction in MgO and
increase in SiO2 with increasing stratigraphic height, and
that multiple reversals are present (Fig. 76a,b). Calcium is
highly variable throughout all zones and lobes (Fig. 76c)
and Eu* becomes more highly variable with increasing
stratigraphic height, both corresponding to ubiquitous
plagioclase fractionation. Intervals with large modal
quantities of olivine and oxides correspond to spikes in
Ni and Cr concentrations (Fig. 76g,h), which is evident
in both lobes and throughout most of the known igneous
stratigraphy. Vanadium, on the other hand, follows a curved
distribution with high concentrations in the chromite-rich
ultramafic zone and the magnetite-rich upper zone, and
oxide-poor rocks in the bulk of the complex (i.e. the lower
and middle zones) having low concentrations. Zirconium
and Yb generally increase with stratigraphic height
throughout the complex and within the Corner Well Gabbro
Member. Border zone rocks of the Windimurra Igneous
Complex plot close to average values except for one outlier.

Figure 78a shows PGE spidergrams for rocks of the
Windimurra Igneous Complex and Figure 78b shows data
from rocks of the other suites, both in relation to Bushveld
Complex whole-rock and reef data (grey, background,
Barnes and Maier, 1999). Windimurra whole-rocks from
the lower and middle zones show flat to slightly humped
profiles, with the average composition exhibiting a Ru
depletion indicative of chromite segregation at depth
(e.g. in the parental melt column). The border zone
(black) also shows Ru depletion (after Barnes et al.,
1988) but the slight positive slope is interpreted to reflect
olivine±clinopyroxene fractionation (Ir, Os, Ru [IPGE]
being moderately compatible in these phases). The
positive slope of the upper zone rocks is also indicative of
olivine±clinopyroxene fractionation. The exception is the
Wondinong prospect data, which shows distinctly humped
patterns comparable to Bushveld reef compositions and
compatible with the presence of PGE sulfildes in these
rocks (Fig. 22c). Nickel is consistently sub-PM in nearly
all rocks from Windimurra, indicating that olivine±sulfide
was extracted at depth or at least within the underlying
ultramafic zone. The dominantly flat average patterns, close
to primitive mantle values for Windimurra rocks, reflect
limited sulfide segregation in the source, and thus, the
parental melt is interpreted to be ‘PGE undepleted’.
Narndee rocks show positively sloped to slightly
humped profiles (Fig. 78b), indicative of minor
olivine±clinopyroxene fractionation at depth. This
pattern is also compatible with limited sulfidepresent PGE accumulation intervals, and is a PGEundepleted signature. Rhodium and Os spikes (and
the Rh spike in the Yalgowra Suite) in the average
values are an artifact of many below-detection-limit
analyses for these two elements. Weak positive slopes
in the Fields Find Igneous Complex and Yalgowra
and Warriedar Suites (Fig. 78b), again indicate minor
olivine±clinopyroxene fractionation, and little deviation
from PM indicates dominantly PGE-undepleted magma.

Narndee and Fields Find Igneous Complexes show some
notable variations with stratigraphic height (Fig. 77a–j).
Even given a low sampling density, MgO and Ni both
show numerous reversals, more than Windimurra. This is
interpreted as numerous chamber replenishments, resulting
in multiple layers of olivine-rich rocks in the intrusions.
There is a general increase in SiO2, Yb and Eu*, fitting
with overall normal fractionation trends in both complexes.
One or two spikes exist in the Cr and V curves in the lower
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However, there is very limited IPGE data for the Warriedar
and Yalgowra suites, so this interpretation is tentative. The
similarity of PGE patterns (and trace element patterns,
Fig. 78b) in high-Mg basalts of the Singleton Formation
(GSWA, 2018b) and intrusive rocks near the Fields Find
Igneous Complex and Narndee data indicate that the
Boodanoo Suite may be cogenetic with parts of the Norie
Group. Nearly all rocks analysed from all suites show
normalized Pd>Pt which is indicative of sulfide-limited (or
relatively oxidized) conditions.

Variation of Cu, Pt, Pd and Au abundances with igneous
stratigraphic height is plotted for Windimurra, Narndee
and Fields Find Igneous Complexes (Fig. 81). Data for Cu
is shown from the upper zone drillholes of the Windimurra
Igneous Complex (Nebel et al., 2013). The sample density
is too coarse to delineate details of mineralized sections.
The Wondinong prospect reef in the lower zone of the
Windimurra Igneous Complex (Mathison et al., 1991) at
~5000 m height has rocks with >200 ppb Pt and Pd and
only moderately elevated Cu. Copper shows a high degree
of scatter within all zones of each intrusion (Fig. 81a),
with particularly high variability within the magnetititebearing upper zone of the Windimurra Igneous Complex
(e.g. at ~11 km height). The highest Cu values (>500 ppm)
are found at the base of the upper zone of the Windimurra
Igneous Complex (Fig. 81a). Platinum and Pd (Fig. 81b,c)
are up to ~200 ppb at the Milgoo prospect within the
ultramafic zone of the Narndee Igneous Complex. There
are more rocks from the Narndee Igneous Complex
with elevated (>50 ppb) Pd (~10 samples) than elevated
Pt (~2 samples). For rocks away from these sites of
known mineralization, Pd shows a gradual decline with
stratigraphic height at both the Windimurra and Narndee
Igneous Complexes, except that the magnetite-rich
upper zone of the Windimurra Igneous Complex shows
above average values for Pd, Pt and Cu. This upper zone
elevation is consistent with a moderate, Stella-like, upper
zone enrichment (Maier et al., 2003). This correlates with
primary Fe–Cu sulfides noted in upper zone drillcores
MNDD2–4 (Fig. 81a); however, a greater data density is
required to clarify this. In addition, a Platinova-type Pd–
Au offset reef may also remain undetected with current
sampling density within the lowermost magnetitite horizon
of the upper zone of the Windimurra Igneous Complex.

Figure 79 shows Ni/Pd vs Cu/Ir plot for samples of the
Narndee and Windimurra Igneous Complexes and the
majority of whole-rock compositions for the two intrusions
are typical of layered intrusions worldwide (Barnes et al.,
1988). However, chromitites of the lower zone of the
Windimurra Igneous Complex (Mathison et al., 1991)
are unique in the Youanmi Terrane in that they plot in the
reef field and form a trend of compositions compatible
with sulfide and chromite accumulation. Notably, one
ultramafic zone rock (GSWA 211171) plots at the primitive
mantle value, which may indicate that the ultramafic zone
hosts units with parental liquid-like compositions for the
Windimurra Igneous Complex.
Transition metal spidergrams (Fig. 80) show how the two
largest intrusions, the Windimurra and Narndee Igneous
Complexes, have multiple samples with large positive and
negative V and Cr anomalies. Rocks of the Warriedar and
Yalgowra suites (Fig. 80c), in contrast, show less variance
in transition metals; however, Cr typically show moderately
negative anomalies. The consistent average patterns for the
Windimurra, Narndee and Fields Find Igneous Complexes
and the Warriedar and Yalgowra Suites are indicative of
an unmodified mantle source region and relatively little
influence from compounded cumulate mineral effects
(Langmuir et al., 1977). The exception to this, is that most
rocks and all average compositions show distinctly negative
Ni anomalies, which is interpreted to reflect undersampling
of ultramafic and sulfide-bearing lithologies.
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Several studies have aimed to gain further insight into the
nature of the mantle source and fractionation/contamination
characteristics of particular intrusions from these suites.
The studies have mainly targeted the Windimurra and
Narndee Igneous Complexes and less is known about the
Warriedar and Yalgowra Suites.
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Aside from dating, information from Rb–Sr, Sm–Nd
and Lu–Hf systems in whole-rock samples has revealed
the extent of contamination within the Windimurra and
Narndee Igneous Complexes. Initial work by Ahmat and
de Laeter (1982) showed that rocks of the Windimurra
Igneous Complex had their Rb–Sr isotope system reset
in the Proterozoic, thus this system is of limited use in
gleaning information of melt characteristics at the time
of intrusion. Rocks from the Windimurra and Narndee
Igneous Complexes analysed for Sm–Nd isotopes are
typically not reset by metamorphic or alteration events
and yield isochrons within analytical uncertainty of U–Pb
ages (Fig. 82). Neodymium isotopes are consistent with
only minor crustal contamination of a CHUR-DM source,
on the order of 1%, within the Windimurra and Narndee
Igneous Complexes (Scowen, 1991; Ivanic et al., 2015).
The range of εNd values obtained for unaltered whole-rock
samples from the Windimurra Igneous Complex is −1.0 to
+1.8 and from the Narndee Igneous Complex is −0.7 to
+2.0 (Ivanic et al., 2015). Drillcore through the upper zone
of the Windimurra Igneous Complex has been analysed
for its whole-rock Lu–Hf isotope composition, and an
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Figure 79. Trace element variation diagram of Ni/Pd vs Cu/Ir
for the Windimurra and Narndee Igneous Complex
samples shown in Figure 83, relative to fields for
PM, layered intrusions and PGE reefs (Barnes
et al., 1988). Abbreviation: WR, whole rock
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Zircons (Ivanic et al., 2015; Fig. 83a) from the Windimurra
Igneous Complex samples (n = 2) yielded εHfi(2800 Ma)
compositions from −1.5 to +6.7 (weighted average
= 1.3 ± 0.9), whereas those from the Narndee Igneous
Complex yielded εHfi(2800 Ma) compositions from −1.7
to 0.0, with an outlier at −6.0 (weighted average of all
points = −1.6 ± 1.9). The results from the Windimurra
Igneous Complex are consistent with a near-chondritic
component identified in whole-rock Hf isotopes from its
upper zone (Nebel et al., 2013a), which implies little or
no crustal contamination. The zircon Hf isotope data from
the Narndee Igneous Complex allows for <1% of crustal
contamination in a small subset of the samples analysed.
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Oxygen isotope values in zircon from the Windimurra
Igneous Complex (Ivanic et al., 2015; Fig. 83b), given their
analytical uncertainty, typically plot within the mantle field
(4.0 – 5.3‰, weighted mean 4.6 ± 0.7‰) whereas zircons
from the Narndee Igneous Complex (6.0 – 6.9‰, weighted
mean 6.5 ± 0.7‰) have δ18O values that are slightly heavier
than the mantle value (5.2 ± 0.5‰; Grimes et al., 2011).
Heavier values are attributed to local crustal contamination,
since this sample is located close to the margin of the
complex. In sample GSWA 194749, isotope values that
are lower than mantle values are interpreted to reflect small
degrees of hydrothermal alteration associated with thick
granitic veins at this locality (Ivanic et al. 2015).
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ultradepleted εHf value of +8 was determined (Nebel et al.,
2013a). A model was proposed whereby a plume melt close
to CHUR at 2.8 Ga interacted with a refractory Hadean
component of the lithospheric keel of the Yilgarn Craton,
which had εHf of +15. No crustal contamination was
required to explain the Hf isotope data in the latter study.
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Figure 81. Chemical variation of selected
elements with stratigraphic
height in the Windimurra
Igneous Complex (all zones)
and border zone, Corner
Well Gabbro, compared to
the Narndee and Fields Find
Igneous Complexes: a) Cu;
b) Pt; c) Pd
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Stable isotopes of O and deuterium (D) were analysed
in minerals from the Windimurra, Narndee and Youanmi
Igneous Complexes (Ivanic et al., 2015; Fig. 84).

Figure 82. Neodymium isotope data from Ivanic et al. (2015);
errorchron age data is labelled with 2σ analytical
uncertainty. Includes data from Scowen (1991) and
Nebel et al. (2013a): a) Narndee Igneous Complex;
b) Windimurra Igneous Complex
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Figure 83. Hafnium and oxygen isotope data (from Ivanic
et al., 2015) for zircons from the Windimurra, Narndee
and Gnanagooragoo Igneous Complexes: a) Hf
isotope compositions (ɛHf(t); expressed relative to
chondritic uniform reservoir [CHUR]) in rare zircons
from gabbroic (GSWA 194747) and anorthositic
(GSWA 194749) rocks from the Windimurra Igneous
Complex, in comparison with zircons from a gabbroic
sample (GSWA 191056) from the Narndee Igneous
Complex. Zircons from adjacent granitoids (in grey,
taken from Ivanic et al., 2012) and from a sample
from the Gnanagooragoo Igneous Complex (GSWA
194757) are shown for comparison. The Pb-loss
vector is indicated whereby apparently younger
zircons from the complexes may be transposed to
the age of their magmatic crystallization (coloured
vertical bars with width according to 2σ analytical
uncertainty), explaining the offset in two zircons
from Narndee and Windimurra from the igneous
signatures. Age-corrected depleted MORB mantle
(DMM) is shown with values given from Nebel et
al. (2013a); Windimurra Igneous Complex upper
zone Hf isotope composition after Nebel et al.
(2013a); b) O isotope data (δ18O; expressed relative
to Vienna Standard Mean Ocean Water [VSMOW]
for Narndee and Windimurra zircons showing the
overlap of the latter with present day oceanic mantle
zircons (Grimes et al., 2011), whereas the former
are clearly offset, which may be caused by crustal
contamination or a metasomatized mantle source.
Three zircon grains from a granite of the Mount
Kenneth Suite (GSWA 191037, see Ivanic et al., 2012,
for details) are also plotted and have elevated values
consistent with crustal origin
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Figure 84. Deuterium vs oxygen isotope plot (from Ivanic
et al., 2015) for minerals from the Windimurra,
Narndee and Youanmi Igneous Complexes:
a) plot of D vs O isotope values for mineral
samples relative to VSMOW. Convecting mantle
D compositional ranges combined from Kyser
and O'Neil (1984) and Clog et al. (2013). Magmatic
waters field derived from Taylor and Forester
(1979), island arc basalt (IAB) field derived from
Stone et al. (2005). Mantle values are from Valley
et al. (2005) and Cavosie et al. (2009). Calculated
ranges for magmatic waters in equilibrium with
minerals are shown as coloured fields for the
three intrusion complexes. The top bar shows
O isotope values obtained for anhydrous
phases; b) D isotope composition of igneous
hornblendes from Narndee and Youanmi
Igneous Complexes showing 1σ analytical
uncertainty
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Calculated oxygen isotope values in equilibrium with
magma show that magmas of the Windimurra and Youanmi
Igneous Complexes are similar to the mantle composition,
whereas values calculated for the Narndee Igneous
Complex are approximately 1‰ above the range of typical
mantle values (5.0 – 7.0‰; Valley et al., 2005; Cavosie
et al., 2009). Hornblende samples from the Narndee and
Youanmi Igneous Complexes plot within the igneous
hornblende field for H–O isotope values defined by Taylor
and Forester (1979) and have narrow ranges of δD (−60.2
to −67.4‰) and δ18O (3.7 to 5.2‰) values. For the single
hornblende analysed from the Youanmi Igneous Complex,
the calculated water value in equilibrium with this sample
lies within the mantle field for O but is elevated to −45.2‰
for D, which is above the convecting mantle field but
within the middle of the range of magmatically degassed
values (e.g. Kingsley et al., 2002). Equilibrium water
values calculated for three hornblende samples from the
Narndee Igneous Complex define a narrow range of δD
(−38.8 to −46.0‰) and δ18O (6.5 – 7.3‰) values. In terms
of O, these values lie dominantly within the mantle field,
but are elevated compared to the hornblende sample from
the Youanmi Igneous Complex. For D, they are elevated to
the upper end of the range of magmatically degassed values
(e.g. Kingsley et al., 2002). These ranges of values were
accounted for by magmatic values being derived directly
(in the case of Windimurra) from mantle values or in the
case of the Youanmi Igneous Complex with the addition
of it having had a phase of minor degassing. For the
hornblende from the Narndee Igneous Complex, there is a
small but distinct perturbation to heavier O and D isotope
compositions compared to mantle values; however, this can
still be accounted for by minor crustal contamination (as
defined by Nd and Hf isotope constraints) and a phase of
moderate magmatic degassing.

The Meeline Suite is considered as an intrusive LIP (Ivanic
et al., 2012, 2017) and it has an independent chemistry
from much of the erupted volcanic stratigraphy of the
Murchison Supergroup. The voluminous magmatism of
the suite must therefore be considered an instrumental
part of the geological history, which is otherwise missing
from the information gleaned from volcanic rocks
alone. Mafic volcanic rocks, proximal to Meeline Suite
intrusions such as the high-Mg basaltic rocks at Sandstone
(‘komatiites’ of Chen et al., 2005), are possible candiates
for geochemically related volcanic rocks, but these remain
undated. The anhydrous, uncontaminated tholeiitic
magma of the Meeline Suite with primitive to depleted
mantle source compositions (Ahmat, 1986; Ivanic et al.,
2010, 2015; Nebel et al., 2013a) also gave rise to local
fractionated products of its roof zone and rocks such as
the Kantie Murdana Volcanics Member and the granitic
Mount Kenneth Suite (Ivanic et al., 2012). Given the
available data, the mafic products of this magmatic event
are confined to the six-layered intrusions of the suite. The
focused distribution of the larger intrusions of the suite
have a circular (or possibly ‘point-source’) distribution, but
due to later deformation this, in itself, does not preclude a
rift geometry. The magnitude, short duration and tholeiitic
affinity of rocks associated with the Meeline Suite
magmatic event, however, have led many authors to suggest
a mantle plume setting (Ivanic et al., 2010, 2015; Czarnota
et al., 2010; Wyche et al., 2012; Wyman and Kerrich, 2012;
Van Kranendonk et al., 2013; Nebel et al., 2013a).
The Boodanoo Suite, by contrast, while still voluminous
is not as extensive as the Meeline Suite and may be
geochemically linked with voluminous volcanic rocks of
the Norie Group (Figs 74b, 75e). Given that the uncertainty
on the timing of emplacement of the Boodanoo Suite
is relatively large (±7 Ma), it is not known whether this
magmatic event overlaps with the latter stages of Norie
Group volcanism or the early phase of Polelle Group
volcanism. This hydrous suite was emplaced at a critical
moment in the development of the Youanmi Terrane, a
prequel to the chemically diverse rocks of the Meekatharra
Formation of the Polelle Group, which include boninitelike flows of the Bassetts Volcanic Member (Wyman and
Kerrich, 2012; Smithies et al., 2018) and sanukitoidlike rocks of the Cullculli Suite (Van Kranendonk
et al., 2013). The primary mantle water identified in the
Narndee Igneous Complex is interpreted to represent the
incorporation of a metasomatized mantle domain in the
source (Ivanic et al., 2015). Therefore, the ensuing (Polelle
Group-aged) magmatism, which is diverse in character, is
interpreted to have tapped a similar metasomatized source
in addition to less hydrous mantle domains (e.g. Van
Kranendonk et al., 2013). While a plume model cannot be
discounted for the Boodanoo Suite (Ivanic et al., 2015),
some metasomatic contribution from subduction-like
processes, or ‘subduction failure’ (Smithies et al., 2018),
is required.

Discussion
Geodynamic setting
and geochemistry
The mantle source, contamination and fractionation
characteristics of the Windimurra and Narndee Igneous
Complexes are inferred from several previous studies
(e.g. Ahmat and de Laeter, 1982; Scowen, 1991; Ivanic
et al., 2010; Nebel et al., 2013a; Ivanic et al., 2015). In this
section these characteristics, alongside new geochemical
correlations, are used to extrapolate the mafic intrusive
history.
Whole-rock trace element compositions suggest that a
correlation can be made between the Meeline, Boodanoo,
Warriedar and Yalgowra Suites with mafic rocks within
the broadly time-equivalent Norie, Polelle and Glen
Groups. The correlation is tentative, because many of the
intrusive rocks are cumulates, which may not represent the
composition of the parental melt. However, dolerites from
each suite and the average compositions of their cumulate
rocks offer a way for reasonable, but general, comparisons
to be made with volcanic rocks. Geochemical trends show
by these intrusive suites can be cautiously related to those
presented in Smithies et al. (2018) for volcanic rocks of the
Archean, and in particular the Yilgarn Craton.

Of all suites, the Warriedar Suite shows the greatest
geochemical affinity with the mafic rocks of the Polelle
Group (Fig. 74). The correlation is not robust, but this may
partly be because the suite is not extensively sampled;
however, it is a closer match than the other three suites.
The mantle source for this suite is not demonstrably
hydrous, but there is a lack of isotope data for comparison
with the Boodanoo Suite. The age constraints for the two
suites are within analytical uncertainty, which allows for
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the magmatism to be coeval. Therefore, the Warriedar Suite
is broadly contemporaneous, and possibly comagmatic
with several geochemically distinct volcanic packages
within the Meekatharra Formation of the Polelle Group,
which includes both tholeiitic and boninitic rocks as well
as the Boodanoo Suite of mafic–ultramafic intrusions.
By extension from the interpretation that boninitic rocks
represent a form of subduction process (Smithies et al.,
2018), components of the Warriedar Suite may also be
related to this process. Wyman (2019) show that several
sills of the Warriedar Suite exhibit Zr–Hf troughs,
interpreted as a characteristic of flux melting in subduction
zone setting.

may be used as a predictive tool in areas with limited
stratigraphic or age context. For example, the Grass
Flat Gabbro in the central Youanmi Terrane, dated at
c. 2796 Ma, and the Warriedar Suite, were emplaced at
a similar level into a sequence of basaltic rocks that are
interpreted to belong to the upper Norie Group or lower
Polelle Group.
Stratabound sill emplacement can serve as a useful
marker for deformation events and have implications for
relative chronologies in greenstone belts. For example, the
Yalgowra Suite sills, which intrude exclusively into the
upper Polelle Group, are mostly concordant, indicating
that the upper Polelle Group strata remained subhorizontal
and undeformed during the deposition of the Greensleeves
Formation from c. 2760 to 2735 Ma. Likewise, the
distribution of the Warriedar Suite sills (now typically
folded) within the lower Polelle Group and upper Norie
Group are oriented parallel to bedding. This geometry is
compatible with a scenario of a thick package of unfolded
and subhorizontal greenstones from c. 2790 to 2760 Ma.
Thus the present (folded) geometry is evidently controlled
primarily by vertical tectonic upheavals commencing at
c. 2760 Ma (Zibra et al., 2018), and the strikes of these
folded sills mimic the arcuate contacts between greenstones
and granitic domes of the c. 2760 Ma Rothsay Suite.

The Yalgowra Suite is less voluminous than the other
suites. The composition of the mafic rocks are broadly
similar to those in the Glen Group, and the age of
emplacement was coincident with the extrusion of volcanic
rocks in the group, and thus the two are interpreted to be
comagmatic. Mafic volcanic rocks of the Glen Group are
interpreted to have formed from extension-related mantle
melting (Van Kranendonk et al., 2013) and the geochemical
data from the Yalgowra Suite are consistent with this
interpretation. However, further work is required to
establish whether the slightly enriched large-ion lithophile
elements (LILE) in several components of the suite is the
result of incorporation of metasomatized mantle or crustal
rocks.

The flat-lying nature of some of the larger intrusions such
as the Windimurra and Youanmi Igneous Complexes,
which preserve upper contacts with shallowly dipping
volcanosedimentary strata, indicates that no overall crustal
tilting has occurred in the central Youanmi Terrane since
c. 2800 Ma, consistent with observations from seismic data
(10GA-YU1; Wyche et al., 2014).

The interpretations presented on the mafic–ultramafic
intrusions of the Youanmi Terrane augment understanding
of existing geodynamic models (Van Kranendonk et al.,
2013; Wyman and Kerrich, 2012; Smithies et al., 2018)
for the formation of the Murchison Supergroup. These
models must also be developed to account for some of
the new findings of the nature of these suites of layered
intrusions. For example, the relatively extensive period of
mafic magmatism during deposition of the Norie Group
must be subdivided into pre-, syn- and post- the shortlived,
plume-related Meeline Suite. It remains to be resolved as
to whether some of the later mafic volcanic rocks of the
Norie Group are coeval with the change in mantle source
characteristics as shown for the Boodanoo Suite, a prelude
to subduction-influenced volcanic rocks of the lower
Polelle Group. Demonstrating that there is a geochemical
link between the Warriedar Suite and components of
the Polelle Group (and between the Yalgowra Suite
and components of the Glen Group), is helpful in the
understanding of the regional geological relationships,
but further work is required on both intrusive rocks and
volcanic rocks to discriminate between plume-related
(e.g. Van Kranendonk et al., 2013) and subduction-related
models (e.g. Wyman and Kerrich, 2012; Smithies et al.,
2018).

Implications for development of
Yilgarn Craton lithosphere
Hafnium isotope results from zircons throughout the
development of the northwestern Youanmi Terrane, show
multiple departures from purely juvenile input towards
higher proportions of recycled of older crust (Ivanic et al.,
2012). Recycling largely included 3800–3000 Ma material,
which is an age range not recognized in surface samples
from this terrane and is interpreted to represent the age
of the unexposed lower crust. Hafnium isotope data from
the mafic intrusions identify distinctly juvenile mantle
inputs at 2815–2800 and c. 2720 Ma, coincident with the
four mafic–ultramafic suites. The low degree of crustal
recycling (or crustal contamination) evident in these suites
between c. 2815 and 2720 Ma indicates that there were
well-developed plumbing systems and/or sustained and
uninhibited fluxes of these mafic magmas during their
passage through the crust. Rare granitic rocks contain
magmatic zircons with juvenile εHf compositions, which
indicate that these intrusions, in particular several plutons
of the high-Mg Cullculli Suite, were largely mantlederived with only a limited potential of recycled crustal
components. Therefore, the Warriedar Suite intruded
during a complicated sequence of events, possibly coeval
with boninitic and tholeiitic lavas of the Meekatharra
Formation, sanukitoid-like rocks of the Cullculli Suite and
hydrous magmas of the Boodanoo Suite. This indicates a
high variability of mantle sources, including metasomatized
lithospheric mantle domain(s), which are interpreted to

Implications for the
Murchison Supergroup
Geochemical correlation of intrusive suites to particular
volcanic portions of the Murchison Supergroup
stratigraphy allows a new perspective on the progression
of magmatism from c. 2825 to 2710 Ma. The distribution
of the Warriedar and Yalgowra Suites is strongly correlated
with coeval mafic volcanic rocks in the Youanmi Terrane,
indicative of their subvolcanic intrusive setting. This
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correspond with an episode of subduction initiation or
‘failed subduction’ (Smithies et al., 2018).

are considered high-level (upper crustal) intrusions and
their deep plumbing systems are unknown. Seismic data
does not show direct evidence for any remnants of their
plumbing systems. The strongly reflective Yarraquin
seismic province, in the lower crust, is compatible in
terms of reflectivity and velocity with the presence of
deformed mafic sills, but it would not be possible, with
any confidence, to relate them to the plumbing systems of
any intrusive suites. The Eoarchean gabbroic rocks of the
Narryer Terrane, hosted in the lower to middle crust may
be remnants of deeper mafic magmatic systems, but further
work is required to determine this.

The location of primary magmatic pathways controls
the wide distribution of the suites, therefore it is worth
considering craton-scale consequences. For example,
the distribution of the Meeline Suite (Fig. 2) may be
comparable to the intrusions of the MacKenzie LIP, which
are interpreted to ‘circumscribe’ the location of the plume
head and are related to circumferential dykes around the
plume epicenter (Ernst et al., 2017). In which case, other
components of the LIP could be expected up to 2500 km,
radially from this epicenter, such as radiating dyke swarms
or sills within sedimentary basins (that is, if Archean crust
accommodated LIPs in the same way as recognized in postArchean LIPs). In contrast, the more widely distributed and
sill-dominant Warriedar Suite, corresponds to a channelized
and dispersed magmatic system and likely reflects a distal
location relative to the mantle-to-crust input site(s).

Seismic data across the Windimurra Igneous Complex
indicate that, while its roof zone intruded as shallow as
1 km below the surface (Goscombe et al., 2012), its lower
portions (the ultramafic zone) likely intruded into the
middle crust at ~11 km depth (Ivanic and Brett, 2015).
Very low pressure metamorphism (0.25 kbar) in baked
pelitic rafts within the Windimurra and Narndee Igneous
Complexes confirm the high-level of emplacement of these
massive bodies (Goscombe et al., 2012; Ahmat, 1986). The
Youanmi and Narndee Igneous Complexes also intruded up
to high levels (Goscombe et al., 2012), but their bases are
estimated at 5–6 km below the surface from geophysical
data (Ivanic et al., 2017).

A compilation of the emplacement age of worldwide
layered intrusions (Fig. 3, red line) shows a strong
correlation with the global record of LIPs (Ernst et al.,
2004, blue line). The probability density curve for layered
intrusions shows many pronounced peaks through time,
corresponding to particularly intense intrusive magmatism
and indicating that many intrusive suites were related to
giant (possibly global) LIP events. The Archean record of
LIPs is subdued, but when recalculated for preservation
effects (Campbell and Griffiths, 2014; Fig. 3, blue area),
it is an order of magnitude greater than post-Archean LIP
intensity. The volume of magma and sustained flux of
magma would have had profound consequences on the
thermal and density structure of the lithosphere, rendering
Archean cratons distinct from younger cratons.

Thinner intrusions and multiple sills of the Warriedar
and Yalgowra Suites are considered to have intruded into
the upper 3 km of the upper crust; however, no direct
pressure estimates are available. The Yalgowra Suite sills
at Wattagee Hill intrude just 50 m beneath the base of
what is considered contemporaneous lava of the Wattagee
Formation (Van Kranendonk et al., 2013), and might be
extremely shallowly emplaced (i.e. subvolcanic).

Also, owing to later fragmentation of Archean cratons,
the mafic–ultramafic intrusive events described in this
report are likely to have extended much more widely than
presently recorded in the Yilgarn Craton and, like with
continental reconstructions based on dyke swarms, these
suites may be correlative with other cratons (Bleeker,
2003). In particular, similarly aged intrusions, such as the
2743 ± 0.5 Ma Bird River Sill (Scoates and Scoates, 2013)
or the c. 2735 Ma Ring of Fire intrusions (Mungall et al.,
2010) of the northern Superior Province, are noted for their
lithological and geometric similarities to the Yalgowra
Suite. Similarly aged supracrustal belts within the Wawa
Subprovince of the Superior Province also host sills
that are similar in age (c. 2790 and 2730 Ma), lithology
and geometry to both the Yalgowra and Warriedar Suite
intrusions (Bjorkman, 2017). The connections are yet to be
investigated in terms of detailed geochemistry or isotope
measurements. Furthermore, the similarities are strongly
indicative that similar magmatic processes and mantle
conditions were in operation across Archean lithosphere
in many terranes and multiple cratons between c. 2820 and
2720 Ma.

Rift setting
The extent of mafic extrusive rocks that are linked to
contemporaneous intrusive rocks in the Youanmi Terrane
(e.g. Meekatharra Formation and Warriedar Suite) are
closely overlapping. Thus from c. 2815 to 2720 Ma, the
Youanmi Terrane was both able to accommodate large
middle- to upper-level intrusions contemporaneously
with thick extrusive packages during short <10 Ma time
intervals. This may be compatible with a rift setting in
the northern Youanmi Terrane that was reactivated several
times between c. 2815 and 2720 Ma.
The Nd isotope model age map of the Yilgarn Craton
(Champion and Cassidy, 2013) shows a c. 2950 Ma-aged
juvenile zone (the ‘Cue isotopic zone’) within older modelaged crust, which has been interpreted to represent an
older rifting event in this region of the Youanmi Terrane.
Ivanic et al. (2010) suggest that there was reactivation of
the c. 2950 Ma rift during mantle plume activity within
this zone at c. 2815 Ma, which is associated with the
Norie Group and Meeline Suite. The following punctuated
mafic intrusive and extrusive events (i.e. magmatism of the
Polelle and Glen groups, Warriedar and Yalgowra suites)
at c. 2790 and 2720 Ma, thus may have also localized on
deep crustal rift structures. At c. 2800 Ma the Boodanoo
Suite tapped a hydrous-metasomatized domain underneath
this juvenile zone of the Youanmi Terrane (Ivanic et al.,
2015; Smithies et al., 2018). Furthermore, the c. 2720 Ma
event (involving the Yalgowra Suite, with the youngest

Crustal setting
Intrusion levels
The mafic–ultramafic intrusions of the Youanmi Terrane
show no evidence for high pressure crystallization and
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component at c. 2710 Ma) was contemporaneous with the
Kalgoorlie plume (Barnes and Van Kranendonk, 2014;
Mole et al., 2014;). Thus it is considered a possibility that
the Yalgowra Suite and mafic Glen Group magmatism
were cogenetic and a distal expression of the Kalgoorlie
plume. These scenarios outlined above are compatible
with a long-lived rift geometry (2950–2710 Ma) with
punctuated extension and a shortlived compressional (or
metasomatizing) event at c. 2800 Ma.

This vast combined thickness suggests something unique
about the formation of the Windimurra Igneous Complex,
compared to proximal Archean layered intrusions and later
layered intrusions. Ivanic et al. (2017) speculate that it was
the superimposed, multilobed and multipulsed nature of
the developing cumulate sequence, hosted within calderabounding faults, which allowed for a dominance of vertical
accumulation over lateral spread of the chamber.
Thermomechanical modelling of the dynamics of magma
emplacement suggest a transition from vertical to
horizontal flow for large intrusions at the brittle–ductile
transition (e.g. Brown, 2007). Therefore, the depth of the
base of the complex (i.e. ~11 km) provides an estimate for
the brittle–ductile transition at c. 2815 Ma. Alternatively,
density instabilities in the upper crust have been proposed
to account for preferential downwarping, sagging and
foundering of the bases of larger layered intrusions into the
lower crust (Roman and Jaupart, 2016).

The distribution of Meeline Suite intrusions imply
a multilobed geometry. In the Windimurra Igneous
Complex, two lobes have been identified (the eastern and
western lobes); however, it is possible that the rocks at the
southeast of the Windimurra Igneous Complex (east of the
Wyemandoo Shear Zone; Fig. 9) were part of the Atley or
Youanmi Igneous Complexes. These rocks are separated
by 12 km of granitic rocks of the Bald Rock Supersuite
and there are no other intervening supracrustal units.
Furthermore, the possibility remains that the separation
of the Atley and Youanmi intrusions, and the separation
of the Lady Alma and Barrambie Igneous Complexes,
is solely structurally controlled, rather than them being
separate intrusive vessels. Their similar lithologies, similar
stratigraphic context and transposed layering indicates that,
though separated by metagranitic rocks, prior to shearing
they could have been conjoined entities. Supracrustal
lithologies at the eastern contact of the Windimurra
Igneous Complex and along the Wyemandoo Shear Zone
are interpreted to have been exhumed and steepened via
shearing and represent the lower contact of the complex,
rather than a thick intervening stratigraphy. Thus there are
no known gaps between these potential lobes

The subdivision of the Windimurra Igneous Complex
into eastern and western lobes along the Shephards
Discordant Zone is consistent with surface observations
of magmatic discordance (e.g. Ahmat, 1986) between the
two lobes. Though poorly exposed, the lack of deformation
fabrics on or adjacent to this feature is indicative of a
primary magmatic origin. Although variable grain size
has been recorded along the Shephards Discordant Zone
(e.g. TJIWIN180034, Zone 50, MGA 651403E 6853669N),
there is a lack of evidence for substantial chilled mafic
magmas in this location, therefore the eastern lobe
was still hot at the time of formation of the Shephards
Discordant Zone. The change in mineralogy across the
zone and the presence of multiple pyroxenite layers
(e.g. TJIWIN180024, Zone 50, MGA 651706E 6855234N)
indicates that magma replenishment occurred to the east.
Furthermore, the presence of interstitial magnetite and rafts
of magnetitite within the lower zone of the western lobe
(atypical of this zone elsewhere) indicates some magma
mixing in about a 100 m-wide zone. Thus, the Shephards
Discordant Zone can be regarded as a slab of transitional
material separating the two lobes of the complex rather
than a planar feature. The interpretation of the Shephards
Discordant Zone separating the complex into two lobes is
consistent with seismic interpretations and 3D constraints
(Figs 12, 16; Ivanic et al., 2017). Rather than being an
isolated region of discordance (e.g. Ahmat, 1986), it is a
large and significant subdivision of the complex, reflecting
the later emplacement and crosscutting nature of the
western lobe.

Units of hornblende gabbro and hornblende pyroxenite
within layered intrusions at Dalgaranga have recently been
assigned to the Yalgowra Suite. Further research is required
in order to fully document the extent of these hydrous
intrusions and the extent of each of the mafic–ultramafic
suites of the Youanmi Terrane. For example, a multitude
of widespread, sill-like intrusions with similarities to the
Warriedar or Yalgowra Suites extends into the less wellsampled eastern and southern parts of the Youanmi Terrane.

Emplacement of the Windimurra
Igneous Complex
General features

The upper zone of the western lobe has been interpreted
as a single pulse of magma (Nebel et al., 2013b)
due to the observation of high Cr at the base and
diminishing Cr and V at the expense of Ti upwards in the
stratigraphy. An alternative hypothesis is that, while the
base of the upper zone formed from a new pulse of magma,
successive, multiple pulses of dense, Fe-rich magma from
a fractionating staging chamber were emplaced, forming
the remainder of the upper zone. Owing to high density,
these pulses would focus at the base of any residual liquid
and fractionate into alternating magnetite and leucogabbro.
New data from drillhole XRF measurements (unpublished
data) indicate multiple spikes of Cr throughout the
stratigraphy of the upper zone of the western lobe, which
supports the latter hypothesis.

The highly discordant nature of the zones of the
Windimurra Igneous Complex requires a genetic model
which can explain the discrepancy between cumulative
stratigraphic height (>13 km) and true thickness of ~11 km.
The igneous stratigraphy and relationship between the
eastern and western lobes of the complex are described
below and a genetic model is presented in Figure 85.
The stratigraphic thickness estimated for the combined
eastern and western lobes of the Windimurra Igneous
Complex is approximately 11 km, which is thicker than
that estimated for the next thickest layered intrusion
described: the approximately 9 km Rustenberg Layered
Series of the Bushveld Complex, which includes its
inferred section of ‘basal ultramafic series’ (Wilson, 2015).
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A significant ultramafic zone is interpreted to underlie the
Windimurra Igneous Complex with a thickness of 2–3 km.
The presence of this basal component of the Windimurra
Igneous Complex accounts for the ‘missing ultramafic
zone’ (Ahmat, 1986; Ivanic et al., 2010) and is further
argument against the possibility (Bunting, 2004) that
the Narndee Igneous Complex is a thrust slice from the
basal portion of the Windimurra Igneous Complex. The
bulk composition of the Windimurra Igneous Complex
is, therefore, much less Ca- and Al- rich than previously
estimated (Ahmat, 1986) and closer to a tholeiitic or
komatiitic basalt composition.

•

Stage 6: emplacement of the upper zone of the western
lobe starting with a fresh pulse of dense Fe-rich liquid
(Fig. 85c), which assimilated and mixed with residual
magma of the middle zone (Nebel et al., 2013a). The
highly discordant base of the upper zone cut down
into all underlying zones of both lobes (Figs 11,
12c,f). Northwesterly trending density currents (after
Irvine, 1980) thermally eroded underlying cumulates
and created the channel or pothole features, forming
thicker magnetitites (e.g. the Canegrass area, Fig. 17).
Continued pulsed inflation of the upper zone was fed
by a fractionating staging chamber.

A highly reflective, keel-shaped region underneath the
central part of the complex in the 10GA-YU3 seismic line
(Fig. 12c,f) is currently assigned to the ultramafic zone
of the Windimurra Igneous Complex. This region is also
interpreted to be intruded by granitic rocks, rendering its
precise form untraceable in 3D. Reflectors in 10GA-YU3
suggest a funnel-shaped geometry that could be more
pronounced towards the south (out of the plane of the
seismic line). Therefore, it potentially represents a feeder
system (or root zone) of the Windimurra Igneous Complex.

•

Stage 7 (not shown on figure): intrusion of the Corner
Well Gabbro Member pipes sourced from a final phase
of low-volume primitive melt underlying the complex.

•

Stage 8: extrusion of the overlying Kantie Murdana
Volcanics Member and emplacement of fractionated
roof zone gabbroic plutons, which intruded and
were locally quenched at the base of the volcanics
(Fig. 85c), and intrusion of high-level Mount Kenneth
Suite granodiorite plutons into the roof zone and
volcanics member.

Genetic model

•

Stage 9: post c. 2813 Ma events (Fig. 85d). These
include voluminous granitic intrusions around
and under the entire complex, deformation along
the Challa Shear Zone and Wyemandoo Shear
Zone (steepening the marginal contacts of the
complex), brittle internal deformation of the complex,
Proterozoic dykes and sills (not shown on figures) and
burial and then erosion to the present day level.

From the geometric constraints described above, the overall
emplacement sequence is envisaged to occur within a
100 000-year timeframe as follows (Fig. 85):
•

Stage 1: incipient emplacement including the
formation of chilled margins represented by the
border zone dolerites, and potentially a ‘root zone’ as
a funnel-shaped feeder system at depths in excess of
10 km (Fig. 85a).

•

Stage 2: emplacement of the layered sequence of
ultramafic, lower, middle and upper zones of the
bowl-shaped eastern lobe, a multipulsed fractional
crystallization sequence (Fig. 85a).

•

Stage 3: west-down tilting of the eastern lobe, possibly
about 10° (Fig. 85b).

•

Stage 4: emplacement of the magma of the western
lobe (excluding its upper zone, Fig. 85b). Initially an
ultramafic cumulate zone may have formed at depth
(but there is no exposure of it). This was overlain by
more fractionated lower zone cumulates, which are
exposed in contact against the contiguous magnetitite
sequence of the upper zone of the eastern lobe along
the Shephards Discordant Zone. These magnetitites
may have locally acted as an impenetrable barrier
to this incursion of magma, but they may also
have locally been rafted (within the Shephards
Discordant Zone) and assimilated into the developing
magmatic sequence of the western lobe. In the north,
magnetitites of the eastern lobe are truncated by upper
zone units of the western lobe at depth (see 3D model).

•

Comparison to the Bushveld Complex
Table 3 compares the gross features of the Windimurra
Igneous Complex to the Bushveld Complex (after Ivanic
et al., 2017), and other intrusions with similar age
(Stillwater) and size (Duluth). The Rustenburg Layered
Series and associated magmatic units of the Bushveld
Complex show a striking resemblance with complementary
features of the Windimurra Igneous Complex. This
similarity includes associated felsic volcanic rocks, granitic
bodies, discordant pipes, mineralization and broad mineral
zone stratigraphy. However, it is acknowledged that the
details of mineral behaviour at intervals throughout the
Bushveld Complex are certainly different (e.g. biotite,
apatite and hornblende as locally abundant primary igneous
phases). Other well-studied layered intrusions such as
the Duluth Complex and Stillwater Complex have fewer
features in common with the Bushveld Complex than the
older Windimurra Igneous Complex.
A further difference between the Windimurra Igneous
Complex and the Bushveld Complex is the interpreted
higher level of crustal contamination into magmas of
the Bushveld Complex (Maier et al., 2000; Barnes et al.,
2010). If crustal contamination is indeed related to the
mineral endowment of the Bushveld Complex, then it is an
important factor to consider in terms of the mineralization
potential at the Windimurra Igneous Complex, particularly
with respect to S saturation and Ni mineralization.

Stage 5: fractional crystallization and continued pulsed
inflation of the western lobe leading to emplacement
of its middle zone with an erosive base (Fig. 85b).
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Less is known about the Boodanoo Suite, but some
debatable points have emerged from this study. The zones
of the Narndee Igneous Complex are generally concordant;
however, the ultramafic zone hosts abundant dykes of
leucogabbronorite to anorthosite which show chilled
margins (see Fig. 52f–g). These dykes are interpreted
to represent a fractionated magma that was laterally
injected from the centrally located middle zone (Fig. 44).
Alternatively, they could have been sourced from depth in a
fractionated staging chamber. A second question relates to
the role of magma mingling at the margins of the complex
with coeval granitic rocks of the Mount Kenneth Suite —
as to whether this process widespread or only confined to
the contact of country rocks with the lower zone. A third
consideration is that some of the plutons of the Mount
Kenneth Suite are the result of extended fractionation of the
middle zone of the complex. The lack of a felsic rock-rich
upper zone may be accounted for by some of these plutons
and this remains to be tested.
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The form of the Fields Find Igneous Complex is enigmatic
in that, while antiformal, the role of deformation in this
geometry is unclear. If it is a spherically zoned intrusion,
horizontally planed off by erosion, the centrally located,
basal ultramafic rocks are distinctly elevated relative
to more evolved gabbroic rocks. Direct evidence for a
structural control is the presence of infolded banded ironformation at its southeastern contact. A second discussion
point concerns sills above the top contact of the contiguous
complex, which intrude into Norie Group host rocks
and comprise dolerite to gabbronorite to leucogabbro
to porphyritic gabbro. Some of these lie immediately
above the main body of the complex and have chemical
compositions indistinguishable from mafic intrusive rocks
within the centre of the complex, whereas higher level sills
(most notably the porphyritic gabbro variants) are more
fractionated (Fig. 72c). A staging chamber would be a
likely source for these porphyritic sills, also given that they
have plagioclase crystals in excess of the grain size within
the contiguous complex. Thirdly, the complex is undated,
and a determination on the timing of emplacement would
allow comparison to the Narndee Igneous Complex and
refine age limits for the Boodanoo Suite as a whole.
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Figure 85. Schematic genetic model for the formation of the
Windimurra Igneous Complex (adapted from Ivanic
and Brett, 2015; Ivanic et al., 2017): a) initial stage
of intrusion into the Norie Group (t1) and formation
of the eastern lobe; b) formation of the lower and
middle zones of the western lobe (t2); c) formation of
the upper zone of the western lobe, Mount Kenneth
Suite and Kantie Murdana Volcanics Member (t3);
d) formation of granitic rocks of the Big Bell Suite,
Tuckanarra Suite and Bald Rock Supersuite and
deformational and erosional features (t4); the white
asterisk within the ultramafic zone indicates the
possible site of the ultramafic zone of the western
lobe now removed by shearing
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Table 3. Comparison of features in significant Archean and Proterozoic layered intrusions. Data sources: Duluth, Bushveld and
Stillwater from Cawthorn (1996); Windimurra from Ivanic et al. (2010, 2017); Fiskenæssett from Huang et al. (2012)
Feature

Duluth

Bushveld

Stillwater

Windimurra

Fiskenæssett

Age (Ga)

1.10

2.05

2.70

2.81

2.97

Long dimension
x stratigraphic
thickness (km)

120 x 8

500 x 8

48 x 5.5

85 x 11

~50 x ~3

Zone stratigraphy

Upper contact

Roof

Upper banded

Roof

‘anorthosite unit’

Gabbro

Upper

Middle banded

Upper

‘upper units’

Cyclic

Main

Lower banded

Middle

‘middle units’

Troctolite

Critical

Ultramafic

Lower

‘lower units’

Basal contact

Lower

Basal

(Critical
?unexposed)
Ultramafic

Chemistry

Tholeiitic

Tholeiitic

Tholeiitic

Tholeiitic

Possibly calc-alkaline

PGE-Chr reefs

None

Large
(Merensky Reef)

J–M Reef

One minor, may
be abundant
subsurface

Chromite-bearing
layers

Magnetite reefs

Minor

Large

None

Large

None

Late pipes

Yes

Yes

Yes

Yes

No

Lobes

None

4

None

2 (possibly
more)

None

Marginal units

Upper contact

Marginal series

?Basal series

Border zone

Unknown

Basal contact
Upper zone
morphology

Array of sheets

Discordant; intrusive
sheet hypothesis
(Vantongeren et al.,
2010)

Gabbronorite

Discordant;
intrusive sheet
hypothesis
(Nebel et al.,
2013b)

Anorthosite body

Contemporaneous
and associated
granitic rocks

Ferrodiorite

Lebowa Granite Suite

None

Mount Kenneth
Suite

Unknown

Overlying felsitic
rocks, narrowly
post-dating layered
complex

North Shore
Volcanic Group

Rooiberg Group
felsites

None

Kantie Murdana
Volcanics
Member, rhyolitic
rocks

Unknown
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Warriedar and Yalgowra Suites

portions of unexposed ultramafic rocks, not all Meeline
Suite intrusions host these types of deposits.

Intrusions of the Warriedar and Yalgowra Suites are
closely related in time and space to mafic lavas of similar
compositions (e.g. Fig. 75f). In many cases, they are
located stratigraphically below these lavas (within 1 km of
stratigraphic thickness); therefore they are interpreted to
represent subvolcanic intrusions. Larger (named) intrusions
show evidence for cyclical layering, but due to the potential
for small-scale internal convective or diffusive processes,
are interpreted to represent a single pulse intrusions of
magma. Smaller sills exhibit continuous fractionation
consistent with single pulses of magma whereby ultramafic
cumulate bases are overlain by gabbroic cumulate rocks
with top contacts of chilled harrisitic leucogabbro to
diorite.

Orthomagmatic mineralization
Four main parameters control the chemical budget of
individual intrusions. In relation to the mafic–ultramafic
suites of the Youanmi Terrane, these parameters affect or
enhance mineralizing processes within magma chambers
as outlined below.
The composition of liquids-in-residence: in larger
intrusions, most zones have residual liquids that form
the base of a new, overlying zone. In dry, tholeiitic
differentiation, this drives liquids to the Fe-rich, oxidized
melts of upper zones, which are well known for their
metallogenic affinity, in particular V–Ti, Fe and P, as is
the case for the Meeline Suite. In contrast, the hydrous
Boodanoo Suite crystallized oxides and amphibole
throughout the igneous stratigraphy of the intrusions, and
are not so Fe-enriched in upper parts. Conversely, the
hydrous composition of their parental melts suppressed
plagioclase crystallization and has yielded a higher
proportion of Al-poor (and Mg-rich) ultramafic basal
units that are more conducive to Ni mineralization than
the generally Ni-depleted Meeline Suite (cf. Fig. 10,
Fig. 69f, Table 2). Higher MgO liquids correlate with
higher temperatures, and these have a higher potential
for thermal erosion and assimilation of material, which
is considered to promote many styles of orthomagmatic
mineralization (McCuaig and Hronsky, 2014). In this
respect, the Yalgowra Suite is deficient compared to the
other suites. Furthermore, limited fractionation potential
in the smaller intrusions of the Warriedar and Yalgowra
suites is not considered favorable for the formation of
incompatible element rich deposits such as Ti–P deposits
in layered intrusions. With no alkaline suites identified in
the Archean record of the Youanmi Terrane, incompatible
element (or REE) deposits would be rare, and they are
absent in the suites described here.

The smaller and thinner sills of these suites show more
subtle layering features but locally highly variable
grain-size layering (e.g. Fleece Pool Gabbro, Grass Flats
Gabbro, gabbro sills in the Mount Mulgine area). Many
of the thinner sills (mostly unnamed units) only show
very slight cumulate fractionation, if any, and some have
orthopyroxene cumulate crystals in gabbro towards the
base. Grain-size layering from 2 to 5 mm forms dolerite to
gabbro layers parallel to the upper and lower contacts, with
local pockets of granophyric gabbro with 5–25 mm grain
size. The highly variable grain size and texture preserved
within these units indicates multiple solidification fronts
and multiple pockets of residual melt. A complicated
relationship likely exists in some of these sills, where the
grain size distribution reflects variable flow rate during
inflation of the sills; however, flow indicators and crystal
laminations are rarely preserved. This highlights that
care must also be taken when interpreting way-up from
harrisitic ‘top contacts’ because, in a few instances, similar
features may be found on basal contacts. Furthermore,
because cyclical grain-size layering of harrisitic units is
present, these may also be misinterpreted when establishing
the way-up direction, as they do not clearly always coarsen
upwards.

Replenishment through new, mantle-derived magma:
magma mixing has long been proposed to be a fundamental
mechanism in layered intrusions. Multiple pulses of
magma identified in the larger intrusions, such as the
Windimurra, Narndee, Youanmi and Gnanagooragoo
Igneous Complexes, are considered favorable for
orthomagmatic Cr–PGE and V mineralization. Further
work is required to detail the extent and geometry of
individual layers, which were the result of fresh pulses of
magma and contain reversed chemical fractionation signals.
Vanadium generally decreases with stratigraphic height
above the basal upper zone magnetitites of the Meeline
Suite. However, if a multipulsed model for the upper zones
is favoured, then there is no reason why particularly V-rich
magnetitites would not be present at any level within this
zone, or even within the few units in the middle zone of
the western lobe of the Windimurra Igneous Complex. The
Shephards Discordant Zone has recently been found to host
Ni–Cu–Co mineralization and further exploration of this
zone along strike and under cover may yield larger finds. In
smaller intrusions, there is a lack of evidence for multiple
pulses or clear chemical reversals that is unfavorable for
this mineralization style except at the basal ultramafic
contacts, which may have experienced mixing within
the conduit. Reef-style Cr–PGE mineralization is only

Unassigned mafic intrusions, many of which lie in the
southern Youanmi Terrane, show most geochemical
resemblance to the Yalgowra or Warriedar suites; therefore,
future work is expected to show an extension of these two
suites to the south of the terrane.

Mineralization
The voluminous magmatic suites identified in this
report have had far-reaching effects on the Yilgarn
Craton lithosphere, such that they can be considered a
primary control for the distribution of orthomagmatically,
epithermally, mesothermally, and locally hydrothermally
derived metals in the Youanmi Terrane. Therefore, regional
exploration for almost all metal commodities will benefit
from an understanding of their geological history and
distribution.
Table 2 summarizes orthomagmatic mineral occurrences
hosted within the larger intrusions in this Report. There is
a major distinction between the suites where vanadiferous
magnetite is present, such as in the Meeline Suite, and
where it is not. Occurrences of chromite and Ni–Cu–PGE
are present in all suites; however, possibly due to large
113

Ivanic

Other associated deposits

known at the Gnanagooragoo and Windimurra Igneous
Complexes. Poor exposure and limited drilling in other
intrusions (notably in the Narndee and Youanmi Igneous
Complexes) leaves the potential for undiscovered reefs. For
example, chromite and magnetite-rich layers at Narndee
and Youanmi have had only limited documentation in one
or two sites each. The similarity between the Windimurra
chromitite and the uppermost Bushveld reefs (the “Bastard
Reef”) is an encouraging sign that deeper PGE-bearing
reefs are present within this intrusion, if the Bushveld
Complex is taken as a close analogue.

Volcanogenic massive sulfides
Supra-magma chamber greenstone successions are
typically 0.5 – 2 km thick, synplutonic and dominantly
composed of felsic to intermediate volcanic rocks
(e.g. Kantie Murdana and Youangarra volcanic members
and other units of the Yaloginda Formation). These are host
to some of the larger VMS deposits of the Youanmi Terrane
(Hollis et al., 2015). The Kantie Murdana Volcanics
Member hosts only a few small hydrothermal vein deposits,
whereas volcanic rocks in the vicinity of the Youanmi
Igneous Complex and unassigned Annean Supersuite
mafic–ultramafic intrusive rocks are host to Freddie Well,
Pincher Well, Cullans and Just Desserts VMS deposits.
These are hosted within the Youangarra Volcanics Member
and Yuinmery Volcanics Member, and typically yield
Cu–Zn–Ag–Au, in decreasing abundance, respectively.

Physical processes, such as cumulate behavior and
discordant layering, are important controls for the
accumulation of Cr–PGE horizons and Fe–Ti–V horizons
in dense, oxide-rich layers. The larger intrusions show a
wider array of cumulate layering styles and a higher degree
of crystal fractionation effects (see ‘Lithogeochemistry’).
There appears to be no potential for highly fractionated
P–F mineralized cumulates in Meeline Suite intrusions,
possibly because the roof zone units are poorly preserved,
or maybe because fractionation did not progress to an
extreme extent. For example, only minor apatite and no
nelsonites have been reported in the Windimurra Igneous
Complex, and apatite is not reported from intrusions
belonging to the other suites. Ultramafic–mafic cyclical
cumulate layering interpreted in seismic data under the
Windimurra Igneous Complex may be an example of an
unexposed portion of the complex comparable in nature to
the Critical Zone of the Bushveld Complex (e.g. Cawthorn
and Walraven, 1998). Few examples of smaller, pipe-like
bodies are present (e.g. Corner Well Gabbro); however, no
chonoliths have been discovered to date. These pipes are
candidates for a high magmatic flux and could become
targets for Ni–Cu–PGE, especially if they interacted with
sulfidic sedimentary rocks. However, high flux has not been
demonstrated within these bodies, nor has sufficient crustal
contamination.

The supracrustal rocks adjacent to the Barrambie Igneous
Complex are host to several small polymetallic VMS
deposits, but they are sheared and primary contact
relationships are obscured. Several small VMS deposits are
also hosted in supracrustal rocks adjacent to the Lady Alma
Igneous Complex. A series of VMS deposits over a strike
length of >8 km is present in the Yaloginda Formation
to the southeast of the Lady Alma Igneous Complex,
which includes the Austin deposit. The latter greenstone
succession may have once been directly overlying Meeline
Suite intrusions but is now intruded out at the base by
granitic Big Bell Suite plutons. In addition, several
small Cu deposits are hosted by Yaloginda Formation
strata adjacent to the Narndee and Fields Find Igneous
Complexes of the Boodanoo Suite.
The Yalgoo–Singleton greenstone belt contains the vast
c. 2960 Ma Golden Grove VMS mine, which is not directly
linked to any mafic–ultramafic intrusions, only intruded
by them. Farther north are several smaller Cu, Pb and Zn
deposits, notably adjacent to the Wadgingarra and Noongal
Gabbros of the Warriedar Suite and the Buddadoo Gabbro
of the Meeline Suite. The Mount Mulcahy area northwest
of Cue has a Yalgowra Suite gabbroic sill with several
peripheral polymetallic VMS deposits that are clearly
spatially associated with the sill. These small deposits are
Cu-rich and hosted in hydrothermal veins rather than being
stratabound. The Dalgaranga area, host also to several large
Yalgowra Suite sills, has a multitude of VMS deposits that
are variably endowed (Hollis et al., 2015). Given the large
extent of all mafic–ultramafic intrusions in the Youanmi
Terrane, it is considered that, at the time of intrusion, there
would be greatly enhanced heat flow above these networks
of sills. This would be a likely site for hydrothermal
systems to develop with potential for the mineralizing
fluids to form Cu-rich deposits. Furthermore, interaction
of these fluids with large volumes of basaltic rocks and
some S-bearing sedimentary units, may have resulted in
locally strongly mineralized hydrothermal deposits across
the Youanmi Terrane.

Crustal contamination: there is a distinct paucity of sulfidic
shales in the host rock stratigraphy to the intrusions of
the Youanmi Terrane. Combined with very minor crustal
contamination evident in isotope systems in the larger
intrusions, this indicates the potential for sulfide saturation
is compromised in these bodies. However, this may not
affect the PGE tenor of the layered intrusions, as PGE
can be hosted in PGM. As sulfides are required in most
Ni deposits, the lack of sulfide-rich horizons is considered
detrimental for Ni mineralization in the layered intrusions
of the terrane, but Ni-rich layers are not necessarily absent.
The Cr–PGE-rich horizon within the lower zone of the
Windimurra Igneous Complex, though isolated and small,
is particularly rich in PGEs and comparable to Bushveld
Reef concentrations (Mathison et al., 1991; cf. Barnes and
Maier, 2002; Fig. 78a). Similar horizons may be present at
deeper intervals of the lower zone, or unsampled portions
of the complex below the stratigraphically lowest parts of
the lower zone. With undepleted PGE profiles present in
all suites (Fig. 78), ‘Stella type’ mineralization (Maier,
2005) is possible in fractionated upper parts of intrusions
where oxygen fugacity is highly variable. For example,
locally abundant primary sulfides are associated with
Fe–Ti oxides in the Maximus Resources drillholes in the
Canegrass prospect (Nebel et al., 2013b). More information
is becoming known in ongoing PGE exploration, which
is progressing at the ‘Parks reef’ in the Gnanagooragoo
Igneous Complex.

Uranium
Though there is no direct geographic correlation between U
deposits and layered intrusions, the Windimurra U deposit
is known to be particularly rich in the mineral carnotite.
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The vanadiferous chemistry (as required in carnotite)
within the upper zones of the Meeline Suite intrusions
likely plays a role in concentrating U in nearby calcrete and
playa salt lake deposits.

from shear zones and metamorphic alteration at: Boulder
Well, Palagea Rockholes, Naluthanna Hill, Mingyngura
Hill and Pioneer Well. The Doodhoowooroo is a similar
deposit within the middle zone of the Narndee Igneous
Complex. Other layered intrusions are less well exposed
and commonly sheared or altered, but they do locally
preserve high quality and texturally interesting portions for
further expansion of dimension stone localities.

Gold (minor copper)
The mafic–ultramafic rocks of the layered intrusions
discussed here are enriched in Au relative to average crust.
Therefore, away from well-explored areas along large
shear-zone-controlled systems, there is potential for a
peripheral province for Au mineralization in the Murchison
and Yalgoo mineral fields in proximity to these intrusions.
Remobilization of the ultramafic-dominated rock bodies
in upper greenschist facies shear zones associated
with hydrothermal veining might lead to enhanced
mineralization in the vicinity of the layered intrusions
of the Youanmi Terrane, for example, the Ryansville
area above the Windimurra Igneous Complex. The
following quartz vein-hosted deposits lie directly above
or within layered intrusions on (typically late, north–south
trending) small-scale shear zones: Ajax (Opal Gabbro),
Weld Hercules (Weld Range, Gnanagooragoo Igneous
Complex), Honeypot (Windimurra Igneous Complex),
Milgoo (Narndee Igneous Complex) and Highland
Chief (Warriedar Suite sills in the Mount Mulgine area).
The Fields Find Igneous Complex hosts 37 small Au
deposits and the Noongal Gabbro (north of Yalgoo) hosts
approximately 50 small Au deposits.
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Layered intrusions have long been a source of wonder for geologists
as natural laboratories that illuminate the intricacies of magma
chamber processes. Under certain conditions, the intrusions are
known to form significant orthomagmatic mineral deposits,
notably, platinum, chromium, nickel, copper, vanadium
and, in alkaline layered intrusions, phosphorous
and rare earth elements. The Youanmi Terrane
of the Yilgarn Craton hosts many greenstone
belts that contain an unusually high proportion
of mafic intrusive rocks. The big three, the
Windimurra, Narndee and Youanmi Igneous
Complexes, rank as some of the largest known
intrusions on Earth. Regional mapping at
1:100 000 scale covering the central and
northwestern Youanmi Terrane commenced in 2008
and is continuing into other parts of the terrane.
During the mapping program, a substantial
geochemical and geochronological dataset has been
analysed from hundreds of rock samples. These new
data have allowed the intrusions to be assigned into four suites with stratigraphic
and age control. This Report details the geometry and constituents of 18 named
intrusions in the four suites and relates their geochemistry and isotopic data to wider
geodynamic implications. A major outcome is that distinctly variable mantle source
domains were tapped in less than 30 Ma, resulting in a vast 2.8 Ga juvenile magmatic
imprint into the developing Youanmi Terrane crust.
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Pyroxenite with 4–8 mm grain size; amphibole pseudomorphs after pyroxene locally abundant; metamorphosed
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Lower zone: modally layered pyroxenitic gabbro interlayered with serpentinite; metamorphosed
Metagabbro, locally strongly sheared
Olivine gabbro grading into olivine gabbronorite; metamorphosed
Gabbro interlayered with, and locally grading into, dolerite; layering typically on a 50–500 m scale; metamorphosed
Tremolite-bearing ultramafic schist derived from intrusive rock; local poorly preserved cumulate textures; locally strongly sheared
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Border zone: dolerite; metamorphosed
Metadolerite with amphibole pseudomorphs after clinopyroxene; locally weakly deformed
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MINERALIZATION STYLE

Middle zone: modally layered gabbro grading into leucogabbro interlayered with gabbronorite, leucogabbronorite, and minor pyroxenite; metamorphosed
Magnetite-bearing leucogabbro grading into anorthosite and magnetite-bearing gabbro;
locally abundant clinopyroxene oikocrysts up to 30 mm enclose euhedral plagioclase cumulate crystals; metamorphosed
Gabbro with cumulus magnetite, grading into magnetite-bearing gabbronorite, leucogabbro, and olivine leucogabbronorite; metamorphosed
Magnetitite layers <1 m thick with locally undulating basal contacts; magnetite crystals enclose plagioclase in magnetite-rich gabbro; metamorphosed
Leucogabbro grading into anorthosite and gabbro; locally abundant clinopyroxene oikocrysts up to 30 mm enclose euhedral plagioclase cumulate crystals; metamorphosed
Leuconorite; locally grading into norite and leucogabbronorite with ophitic regions; metamorphosed
Leucotroctolite; locally grading into anorthosite and troctolite; metamorphosed
Pyroxene-rich gabbro; locally very coarse grained and grading into pyroxenite and magnetite-bearing gabbro; minor modal layering; metamorphosed
Gabbronorite, locally with modal layering of pyroxene and plagioclase grading into leucogabbronorite; minor intercumulus magnetite; metamorphosed
Troctolite; locally grades into olivine gabbronorite and leucotroctolite; metamorphosed
Olivine gabbronorite grading into olivine gabbro and olivine leucogabbronorite; minor modal layering and locally magnetite bearing; metamorphosed
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Caliche....................................................... Cali
Cobalt........................................................ Co
Copper....................................................... Cu
Dimension Stone....................................... Dst
Fluorite....................................................... Fl
Gabbro....................................................... Gab
Gemstones................................................ Gems
Gold........................................................... Au
Gypsum..................................................... Gp
Ilmenite...................................................... Ilm
Iron............................................................ Fe
Lead........................................................... Pb
Magnesite.................................................. MgCO3
Magnetite................................................... Mag
Molybdenum.............................................. Mo
Nickel......................................................... Ni
Palladium................................................... Pd
Platinum..................................................... Pt
Platinum Group Elements.......................... PGE
Quartz (crystal).......................................... Qtz
Silver.......................................................... Ag
Tin.............................................................. Sn
Titanium..................................................... Ti
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Explanatory Notes for units and events are available online at <www.dmp.wa.gov.au/ENS>.
Geochronology from GSWA data (published and in preparation) and interpreted from external sources (listed below).
Some GSWA geochronology may come from samples obtained on adjoining map sheets. GSWA geochronology
data are available online at <www.dmp.wa.gov.au/geochron>.

GSWA geochronology
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Geochronology from other sources 1,2,3
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External geochronology by:
(1) Fletcher, IR and McNaughton, NJ 2002, in The characterisation and metallogenic significance of Archaean granitoids
of the Yilgarn Craton, Western Australia edited by KF Cassidy, DC Champion, NJ McNaughton, IR Fletcher, AJ Whitaker,
IV Bastrakova and A Budd: Minerals and Energy Research Institute of Western Australia (MERIWA),
Project No. M281/AMIRA Project No. 482 (unpublished report No. 222), p. 6.1–6.156.
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SITE NAME
Mine, deposit, prospect, or occurrence.......

Border zone: metagabbro with 3–5 mm grain size and amphibole pseudomorphs after pyroxenes; locally grading into dolerite; metamorphosed

Geology by TJ Ivanic 2008–15

ñNOy-md

UA

Zinc............................................................ Zn

Compiled by TJ Ivanic 2016

ñBRG-gm

69

Yttrium....................................................... Y

Ultramafic zone: chromite-bearing metadunite interlayered with metamorphosed gabbro and anorthosite; locally disseminated chromite in metaperidotite;
well-defined layering on a metre scale preserved locally
Chromitite as multiple horizons up to 30 mm thick within serpentinized peridotite; rare PGE-bearing sulfide grains; metamorphosed

Mineralization sites on this map have been extracted from GSWA's MINEDEX database.
For clarity, names have been shown only for selected sites. Full details of site numbers,
site locations, site status, mineralization, and commodities can be obtained from the
MINEDEX database, accessed at <www.dmp.wa.gov.au/minedex>.
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Vanadium................................................... V

ñANwu-ac

DROMEDARY BORE GRANITE: granodiorite gneiss;
locally biotite rich with K-feldspar augen

ñTHdb-mggu

ñBRG-gm

YO

ñgY

COMMODITY GROUP

Porphyry, pegmatite, greisen, and skarn

Lower zone: modally layered olivine gabbro, grading into olivine gabbronorite interlayered with leucogabbronorite and pyroxenite; metamorphosed
Leucogabbro grading into gabbro, intruded by abundant muscovite granite sheets, typically 10–100 m thick; metamorphosed
Pegmatitic gabbro containing rounded boulders of pegmatitic anorthosite up to 30 cm; locally PGE-sulfide bearing; metamorphosed
Anorthosite with weak plagioclase lamination and crystal size up to 8 mm; metamorphosed
Ophitic leucogabbro, typically with pyroxene oikocrysts less than 30 mm across enclosing euhedral plagioclase cumulate crystals less than 10 mm in size; metamorphosed
Layered leucogabbro; modal layering of plagioclase and pyroxenes on a decimetre scale; locally abundant clinopyroxene oikocrysts up to 30 mm; metamorphosed
Leucogabbro grading into anorthosite, gabbro and pegmatitic gabbro; locally abundant clinopyroxene oikocrysts up to 30 mm enclose euhedral, cumulate, plagioclase crystals;
metamorphosed
Leucotroctolite; locally grades into anorthosite, troctolite and pegmatitic gabbro; metamorphosed
Leucogabbronorite grading into gabbronorite, anorthosite, leuconorite and pegmatitic gabbro; locally showing very coarse-grained ophitic texture; metamorphosed
Leuconorite; locally grading into norite, leucogabbronorite and pegmatitic gabbro; ophitic patches present; metamorphosed
Plagioclase-phyric gabbro with 8–12 mm plagioclase phenocrysts in 5–8 mm gabbroic matrix; metamorphosed
Very coarse-grained gabbro, grading into coarse-grained leucogabbro and gabbronorite; locally with modal layering of pyroxene and plagioclase; metamorphosed
Ophitic gabbro, typically with pyroxene oikocrysts <30 mm across enclosing euhedral, cumulate, plagioclase crystals <10 mm across; metamorphosed
Gabbro grading into leucogabbro and gabbronorite; locally with modal layering of pyroxene and plagioclase; metamorphosed
Pyroxene gabbro; locally very-coarse grained and grading into pyroxenite and gabbro; minor modal layering; metamorphosed
Gabbronorite, typically with igneous layering and locally grading into leucogabbronorite; rare intercumulus magnetite; metamorphosed
Troctolite; locally grading into olivine gabbronorite and leucotroctolite; metamorphosed
Norite; locally grading into gabbronorite and leuconorite with very coarse-grained patches; metamorphosed
Olivine gabbronorite grading into olivine gabbro and olivine leucogabbronorite; minor modal layering; metamorphosed
Olivine melagabbronorite with cumulate euhedral olivine, grading into olivine gabbronorite; metamorphosed
Olivine norite; locally grades into olivine gabbronorite and olivine leuconorite; metamorphosed
Fine-grained serpentinite; strongly sheared, with local relict igneous texture
Coarse-grained pyroxenite grading into gabbronorite; locally pegmatitic; metamorphosed
Pyroxene peridotite; locally lherzolitic, harzburgitic and Cr-spinel bearing; locally strongly sheared; metamorphosed
Chromitite; highly undulose layers grading into chromite-bearing norite; PGE-bearing sulfide grains up to 0.5 mm within chromitite seam; metamorphosed
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Upper zone: magnetitite units interlayered with magnetite- and ilmenite-bearing leucogabbro; modally layered on a metre scale; metamorphosed
Gabbronorite with 8–10 mm grain size and distinctive brown colouration of pyroxene cores; metamorphosed
Gabbro grading into magnetite- and ilmenite-bearing olivine gabbro, leucogabbro and gabbronorite; metamorphosed
Magnetitite in layers <1 m thick; magnetite typically encloses rounded, 5–10 mm serpentine inclusions after olivine;
locally grading into olivine gabbro; rare accessory ilmenite and apatite; metamorphosed
Magnetitite layers <1 m thick in magnetite-rich gabbro; magnetite encloses plagioclase chadacrysts; metamorphosed
Layered gabbro; typically magnetite- and ilmenite-bearing; minor anorthosite and leucogabbronorite; metamorphosed
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Metadolerite typically with large (up to 100 m) inclusions of metamorphosed banded iron-formation; locally strongly sheared and recrystallized
Metagabbro, locally with amphibole porphyroblasts; includes deeply weathered rock
Ultramafic schist and serpentinite derived from intrusive rocks; typically interlayered with mafic schist; locally strongly sheared
Serpentinite with local relict olivine cumulate texture; locally with talc–tremolite–chlorite schist dominant; typically sheared
Interlayered gabbro and dolerite; locally interlayered greenschist to amphibolite facies metagabbro and metadolerite; metamorphosed
Dolerite grading into metadolerite, locally schistose; metamorphosed
Layered gabbro to leucogabbro; modal layering of plagioclase and pyroxene on a decimetre scale;
locally abundant clinopyroxene oikocrysts up to 30 mm; metamorphosed
Gabbro locally grading into leucogabbro, gabbronorite, and pegmatitic gabbro; locally with modal layering of pyroxene and plagioclase;
minor intercumulus magnetite; metamorphosed
Pyroxenite, medium to coarse grained; amphibole pseudomorphs after pyroxene are locally abundant; metamorphosed
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Ultramafic zone: pyroxene peridotite interlayered with olivine pyroxenite grading into orthopyroxenite; minor hornblende typically as oikocrysts around pyroxene; typically serpentinized; locally strongly sheared
Ultramafic schist derived from intrusive rocks; serpentine dominant, and locally abundant talc and tremolite; strongly sheared
Serpentinite, fine grained; strongly sheared; rare igneous textures preserved
Metadunite with relict olivine cumulate texture; minor pyroxene amphibole and Cr-spinel; locally strongly sheared
Chromitite layer in peridotite with secondary oxide minerals; locally recrystallized; metamorphosed
Orthopyroxenite with very coarse grain size, typically >10 mm; locally grades into norite and websterite; metamorphosed
Olivine pyroxenite with relict olivine cumulate texture; locally grades into layers of pyroxenite and gabbronorite; metamorphosed
Pyroxene peridotite with relict olivine cumulate texture and interstitial pyroxene; minor interstitial hornblende; metamorphosed
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YALOGINDA FORMATION
Abundant rafts of psammitic schist in granitic schist
Metasiliciclastic rocks
Banded iron-formation and ferruginous banded chert; metamorphosed
Rhyolite and rhyolitic volcaniclastic rocks; fine to medium grained;
massive to crudely bedded; metamorphosed
ñNOyk-xfr-cib
Kantie Murdana Volcanics Member: rhyolitic and dacitic volcanic and volcaniclastic rocks
interbedded with minor metamorphosed banded iron-formation;
locally strongly deformed and recrystallized
Foliated metamorphosed banded iron-formation; typically with coarse, granular,
ñNOyk-mib
recrystallized magnetite crystals
ñNOyk-mfe
Recrystallized, equigranular felsic volcanic and sedimentary rocks with 1–5 mm grain size
Rhyolitic to rhyodacitic breccia and tuff; massive to poorly bedded, with lithic clasts (<1 cm)
ñNOyk-frx
in fine-grained to glassy matrix; includes some felsicvolcanic rock; metamorphosed
Yuinmery Volcanics Member: felsic schist with local dacite–rhyolite lava, interlayered with
ñNOyy-xmfs-mib
metamorphosed banded iron-formation; locally strongly sheared
Metamorphosed banded iron-formation; typically with coarse, granular,
ñNOyy-mib
recrystallized magnetite crystals; commonly foliated
Porphyritic dacite with abundant feldspar and subordinate quartz phenocrysts;
ñNOyy-fdp
locally with rhyolitic and/or tuffaceous horizons; metamorphosed
ñNOyg-xmd-mfs
Youangarra Volcanics Member: metamorphosed siliciclastic rocks interlayered with
felsic schist; local dacitic lava to volcaniclastic rocks; minor metachert and metamorphosed
banded iron-formation; locally strongly sheared
Metamorphosed banded iron-formation; typically with coarse, granular,
ñNOyg-mib
recrystallized magnetite crystals; commonly foliated
Hydrothermal sphalerite and minor iron sulfide in a quartz-rich matrix; metamorphosed;
ñNOyg-zsq
includes deeply weathered rock
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Metatonalitic rock with subordinate metagranodiorite and metamonzogranite;
locally strongly deformed; typically weakly schistose
Fine-grained felsic rock, as dykes; locally quartz and/or feldspar porphyritic;
metamorphosed
Metagranitic rock, locally sheared with abundant rafts and lenses
of sheared quartzite, psammite, and pelite
Metagranitic rock, locally sheared; includes deeply weathered rocks
Tonalite, typically with plagioclase and hornblende phenocrysts;
locally sheared; includes rafts of amphibolite; metamorphosed
COURLBARLOO TONALITE: hornblende tonalite with 3–8 mm hornblende
phenocrysts; locally weakly deformed; metamorphosed
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80

zq
ñANwz-am

68 50

c. 2810 Ma

ñNO-bb

ñNO-musr

ñNO-cib
ñNO-musr

78

ñNOy-cib

72

ñANwl-or

zq

ñANaz-om

zq

ñANab-od

ñgY

ñANwl-owl

ñNO-cib

28°15'

64

ñANwl-og

ñANwl-og

26

2825–2800 Ma

ñANaz-og

ñANam-od

80

62

40 39

ñANwl-ow
ñANwl-or

ñNOy-md

Mag,V,Ti

76

85

80

ñANwl-og

88

50

ñANK-jmg-md

ñANaz-am

26

ñANwz-am

Meeline

28°30'

38

44

ñANwl-ow

34

ñANwl-or

ñANwl-oa

72

ñANwm-ogx

30

ñANwl-ol

82
80

Victory Bore

Mag,V,Ti

41
32 22

ñANwl-ogx
ñANwl-om
ñANwl-ol

24

20

17

zq

80

65

ñANwl-ol

68 36

35

ñANwz-am
ñgY 48

78

75

zq

ñANaz-ogyj

ñNOy-md

80

ñgY

ñANwz-am

72

ñANwl-oglz

37

Windimurra

75

ñANwm-om

ñANwl-owl
80

66

75

ñANaz-amn

Mag,V,Ti

zq

Atley

87

77

82

ñBRG-gm

ñANwm-ol

ñANwm-ogl

ñANwm-otl
ñANwm-owl
ñANwl-og 10

ñANwz-am

ñANaz-xam-ogl

ñANwl-ogl

70

37

ñANnu-xap-ao
ñANnu-mas
ñANnu-mat
ñANnu-mad
ñANnu-ac
ñANnu-axo
ñANnu-ao
ñANnu-ap

ñNOy-cib

70

RECRUIT FLATS

Dst,
BlackGran,Gab

ñANwm-ol

15

26

ñANwm-ol

zq

zq

ñANwm-ol
ñANwm-am

ñgY

ñANwm-am

12

30

ñANwz-am

zq

ñANwm-otl
ñANwz-am ñgY

Mag,V,Ti
23

45

4

Fold Nose

ñANwz-xoglj-amy

35

ñANwc-xaoo-oa

20

26

35

22

40

48 38
43

36

ñANwm-om
ñANwm-am

Kinks

35

32

22

ñNOy-md

63

ñANK-gnap
ñANK-xmgt-mg

ñANat-mog

78

75

85

ñANwl-owl

ñANnm-mog

0

Boogardie 54 km

30

65

30
36

Mag,V,Ti

ñANwz-amn

AD

ñTU-mg

8

zq

85

35

79

34
41

50

Trend of layering or foliation, unspecified...........................................................

Lower zone: megacycles of serpentinite grading into pyroxenite, gabbronorite, and anorthosite; typically with hornblende oikocrystic units; metamorphosed
Schistose amphibolite derived from mafic intrusive rocks, with abundant rafts of psammitic schist up to 100 m long
Metagabbro with amphibole pseudomorphs after pyroxene
Metagabbronorite with amphibole pseudomorphs after pyroxene; local primary amphibole oikocrysts
Troctolite; locally grades into olivine gabbronorite and leucotroctolite with minor hornblende oikocrysts; metamorphosed
Hornblende gabbronorite with 5–10 mm grain size and hornblende oikocrysts 8–15 mm in diameter; locally grades into gabbronorite and hornblende gabbro; metamorphosed
Gabbronorite; locally grades into leucogabbronorite and pyroxene-rich gabbronorite layers with minor interstitial hornblende; metamorphosed
Gabbronorite interlayered with pyroxenite; local interstitial hornblende; metamorphosed
Serpentinite, fine grained; strongly sheared; rare igneous textures preserved
Chromitite horizon in metaperidotite, 5–8 cm thick; typically recrystallized to coarse, 3–5 mm oxide grains; metamorphosed
Coarse pyroxenite with minor gabbronorite; local interstitial hornblende; metamorphosed
Olivine pyroxenite with relict olivine cumulate texture; locally grades into layers of pyroxenite and gabbronorite and moderately serpentinized rocks; metamorphosed
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Middle zone: megacycles of serpentinite grading into pyroxenite, gabbronorite, and anorthosite; typically with hornblende-oikocrystic units; gabbroic rocks dominant; metamorphosed
Metagabbro with amphibole pseudomorphs after pyroxene
Anorthosite with weak plagioclase lamination and crystals up to 8 mm; metamorphosed; locally as intrusive sheets with chilled margins
Troctolite; locally grades into gabbronorite and leucogabbronorite with minor hornblende oikocrysts; metamorphosed
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Leuconorite; locally grades into leucogabbronorite and norite with minor interstitial hornblende; metamorphosed
Gabbronorite interlayered with pyroxenite; locally with minor interstitial hornblende; metamorphosed
Serpentinite, fine grained; strongly sheared; rare igneous textures preserved
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