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The Crusader Complex, part of the Agnew gold camp of the Lawlers Anticline of the Yilgarn Craton, Western
Australia, is located close to or along the contact between the Lawlers Basalt and Agnew Ultramafics units. Au
mineralizationwithin the four orebodies that form the Crusader Complex is dominated by very pure Au, contain-
ing less than 1 wt.% Ag, with Au variably associated with scheelite, Bi-tellurides and minor chalcopyrite within a
magnetite and titanite gangue assemblage. Hydrothermal alteration associatedwith this style ofmineralization is
characterized by increasing concentrations ofMo, Be, Li, Sn and Fe and depletions inNa, Cu, Ba, Pb,Mn, Zn, Si, and
K relative to protolith concentrations; these enrichments are more typical in orebodies associated with felsic
intrusive-related mineralizing systems rather than the more well-known orogenic Au deposits found elsewhere
within the Lawlers Anticline (e.g. at Waroonga) and within the greater Yilgarn Craton.
We propose that flexures of the contact between the Lawlers Basalt and Agnew Ultramafic units acted as conduits
for Au-bearing felsic intrusive-derived fluids and generated structural traps that enhanced fluid flow. The mineral-
izing fluids that formed the Crusader depositswere derived from the Lawlers granitoid pluton that intruded into the
study area. Enhanced fluid flow promoted interaction between hydrothermal fluids and the reactive mafic–
ultramafic rock sequence, augmenting the amount of Au that was precipitated during formation of the orebodies
at Crusader. The magnetite-dominated quartz- and sulfide-poor intrusion-related mineralization at Crusader con-
trasts sharply with other late Archean intrusion-related deposits of the Yilgarn Craton that are usually sulfide-
and/or quartz-rich. This may in turn suggest that the Crusader deposit represents a new class of under-explored
intrusion-derived deposits, possibly opening newmineral exploration opportunities for the Agnew region, and po-
tentially thewider Eastern Goldfields Superterrane. Enrichments inMo and Sn and significant depletions in Cu sug-
gest that other parts of the Lawlers batholith may also be prospective for base metal mineralization.
Integration of stratigraphic interpretation with the identification of key structural fluid pathways and the pres-
ence of felsic intrusive bodies, as presented in this study, enables the delineation of the key elements that underlie
mineralization at the Crusader Complex.Wepropose that these key elements provide vital information for future
gold explorationmodels that can be usedwithin other Archean terranes andwithin the Eastern Yilgarn Craton in
particular.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The Crusader Complex contains a cluster of four late Archean Au
deposits and is located in the Agnew Gold Camp, about 25 km WSW
of Leinster, Western Australia (Figs. 1, 2). Although the Crusader
Complex deposits are hosted by greenstone units broadly similar to
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those that host many other late Archean Au deposits in the Eastern
Goldfields Superterrane (e.g. Norseman, Sons of Gwalia and St Ives;
Goldfarb et al., 2005), they are associated with an atypical magnetite–
amphibole–pyroxene–chlorite–epidote–scheelite ± Bi-telluride min-
eral assemblage that contains very little quartz or sulfide. This mineral
assemblage is unlike any other associated with orogenic Au systems
within the Eastern Goldfields Superterrane orwithin the Agnewmining
camp but is more similar to skarn-type or intrusion-related systems
(e.g. Meinert et al., 2005; Mueller, 2007). More typical orogenic Au
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Fig. 1. Simplified geological maps showing the Yilgarn Craton, Western Australia (A),
tectonostratigraphic subdivisions of the Eastern Goldfields Superterrane (B) and a simpli-
fied geological map of the Kalgoorlie Terrane, showing the location of the Agnew area
(C); after Squire et al. (2010).
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deposits in this region have gold associated with quartz or quartz car-
bonate and sulfide stockwork veins dominated by pyrite and pyrrhotite
(e.g. Sunrise Dam, St Ives); biotite and amphibole alteration is also asso-
ciated with many of these deposits (e.g. St Ives, Waroonga, Redeemer).
Similar to most Archean Au deposits, the deposits in the Agnew belt
have high goldfineness, but Auwithin the Crusader Complex has partic-
ularly low Ag contents, even compared with more typical neighboring
orogenic Au-type deposits. Here, we suggest that the characteristics
of the Crusader Complex deposits are more similar to those formed
by intrusion-related mineralizing systems (e.g. Meinert et al., 2005;
Sillitoe, 2010; Strong, 1988) than those found within typical orogenic
Au systems.

Intrusion-related Aumineralization has been identified in a number
of areas within the Yilgarn Craton, including at Boddington, Granny
Smith, Hannan South, Majestic, Mt. Shea, Mt. Mulgine, Wallaby and in
the Southern Cross Belt, where gold skarns are also associated with sig-
nificant W–Mo skarn or skarn–greisen systems (Duuring et al., 2007;
Mueller, 2007; Mueller and McNaughton, 2000; Mueller et al., 2008,
2012). These occurrences are a mix of deposits formed entirely or dom-
inantly by intrusion-related processes (e.g. Boddington), and those
where intrusion-related mineralization is present, but had a minor
role during deposit formation compared to other ore-forming processes
(e.g. Granny Smith; Duuring et al., 2007; Mueller, 2007; Mueller and
McNaughton, 2000; Mueller et al., 2008, 2012). However, the majority
of these intrusion-related deposits are sulfide-rich and host minerali-
zation associated with a quartz gangue, whereas the mineralization at
Crusader is generally sulfide-poor and is associated with little or no
quartz.

This paper describes the architecture and evolution of the Crusader
Complex in an effort to determine the factors that controlled the genesis
of these unusual magnetite-rich systems. To achieve this, we present
the results of detailed lithofacies logging of some 3500 m of drillcore
from 21 drillholes throughout the study area (Fig. 3), structural pit
wall mapping, and petrographic, mineral chemistry and whole-rock
geochemical data.

2. Geological setting of the Eastern Goldfields Superterrane

The late Archean rocks that host Au mineralization of the Crusader
Complex are located in the NW part of the Eastern Goldfields
Superterrane of the YilgarnCraton (Fig. 1A, B); this superterrane is distin-
guished from the older Archean foreland to the W by the presence of a
2.73–2.65 Ga greenstone succession (Cassidy et al., 2006). Barley et al.
(2007) subdivided lithologies of the Eastern Goldfields Superterrane
into three principal units: the Kambalda Sequence, the Kalgoorlie
Sequence and the Late Basin successions (Fig. 1C). The Kambalda
Sequence is dominated by deep-water mafic and ultramafic basalts and
komatiites interlayered with calc-alkaline basalt–andesite–dacite–rhyo-
lite suites formed between 2705 and 2670 Ma (Barley et al., 2007;
Kositcin et al., 2008), with the overlying Kalgoorlie Sequence composed
of sedimentary sequences dominated by deep-marine volcaniclastic
units deposited between 2690 and 2658 Ma (Barley et al., 2007;
Krapež and Hand, 2008; Krapež et al., 2008). Squire et al. (2010) used
lithofacies characteristics and associations together with detrital zircon
geochronology to subdivide the Black Flag Group of the Kalgoorlie Se-
quence into two phases, an early pyroclastic phase and a later epiclastic
phase, and identified theMerougil Group as an early phase of the Late Ba-
sins sequence that also records a lower major pyroclastic event, and a
subsequent a phase of reworking and resedimentation. This therefore in-
dicates two episodes of pyroclastic volcanism, uplift and erosion separat-
ed by about 20 Ma (Squire et al., 2010). Where present, the Black Flag
Group contains a basal unit of feldspar-rich pyroclastic debris (i.e. the
Early Black Flag Group) overlain by coarse polymictic volcanic conglom-
erates containing abundant mafic to ultramafic clasts (i.e. the Late Black
FlagGroup). TheMerougil Group also contains a lowermonomict assem-
blage of unabraded volcanic quartz, fractured and broken plagioclase
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Fig. 2. Simplified geology of the Lawlers Anticline, showing the location of the Crusader Complex and other Au deposits within the region.
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crystals and dacitic lithic fragments, and is marked by the relative ab-
sence of mafic and ultramafic clasts, whereas the upper part (e.g. at
Kanowna Belle) is more polymictic. There are also marked differences
in the detrital zircon age populations for the different units (Squire
et al., 2010). Unconformably overlying the Kalgoorlie Sequence are con-
tinentally derived Late Basin polymictic sedimentary successions that are
quartz-rich and contain conglomerates with exotic clasts, including
banded iron formations and coarse graniticmaterial. Rare detrital zircons
that yield ages up to 3.5 Ga are present inmany of the Late Basin succes-
sions (Squire et al., 2010).

Granites within the Eastern Goldfields Superterrane are dominantly
calc-alkaline tonalite–trondhjemite–granodiorite (TTG) suite intrusions
(Champion and Smithies, 2004), with crustal signatures reflecting either
deep seated partial melting within a thickened crust (N35–50 km)
or melting of a subducting slab. TTG suite granitoid dominance de-
creases towards the end of the Archean, concurrent with the initia-
tion of significant reworking of older continental crustal material
and the formation of more potassic granites (Martin, 1994). The late
Archean (b2.75 Ga) is recognized as a period of extensive lode gold
mineralization, with the majority of this mineralization postdating
greenstone formation and the majority of TTG magmatism, but coin-
cident with later crustal magmatism, with emplacement of crustally-
derived granites, such as those of the Lawlers batholith, overlapping
with the commonly accepted age (ca. 2.64–2.63 Ga) of gold mineraliza-
tion in the Eastern Goldfields Superterrane (Champion and Smithies,
2004).

image of Fig.�2
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Fig. 3. Location of drillholes sampled during this study and the Pilgrim, Deliverer and Cox open pits; X–X′ line shows the location of the cross-section depicted in Fig. 5.
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In both field and potential field data, the Eastern Goldfields
Superterrane is dominated by a regional-scale NNW–SSE trending
tectonic grain that, despite the difficulty in realistically relating outcrop
scale structural data to regional tectonic processes, early structural
framework studies interpreted to be the result of a series of deformation
events, including early extension with subsequent N–S shortening, and
a main E–W shortening event. This is illustrated by large-scale folding
and thrusting and a period of regional strike-slip faulting within a
NE–SW transpression (Chen et al., 2004; Nguyen, 1997; Swager, 1997;
Weinberg and van der Borgh, 2008). A more recent compilation and
reinterpretation of the structural data proposed a largely similar
model, although one major difference is that this research suggested
that early extension formed the foundation for the observed tectonic
grain (Blewett et al., 2010). Gold mineralization occurred throughout
this protracted tectono-metamorphic evolution although the majority
of the gold depositswithin the EasternGoldfields appear tohave formed
relatively late in the structural history (b2665 Ma; Robert et al., 2005).
Peak regional metamorphism in the Kalgoorlie terrane occurred at
about 2660 Ma, broadly coincident with granite intrusion. Amphibolite
facies metamorphism is generally restricted to regions proximal to the
granite bodies, with isograds grading to greenschist facies towards the
center of the greenstone units (Binns et al., 1976). A more recent meta-
morphic study has suggested large variations in peak metamorphic
conditions and recognized up to five separate metamorphic events
(Goscombe et al., 2009).

3. The Agnew Gold Camp

TheAgnewGold Camp consists of amoderately tightly folded green-
stone belt that is separated from an adjacent granite–gneiss terrane to
the W by the Waroonga Shear Zone, a 2 km wide dextral strike-slip
zone associated with intense ductile deformation. The center of the
Agnew gold camp is dominated by the Lawlers Anticline, a large region-
al antiform that plunges 50°–60° to the N (Platt et al., 1978) and forms
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Fig. 4. Schematic representation of the Agnew stratigraphy, showing the location ofmajor
units and Au mineralization within the Crusader Complex.
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the locus of gold mineralization in the area (Fig. 2). This anticline
formed during progressive deformation associated with regional ENE–
WSW-oriented contraction that caused reverse shearing, flexural slip
on fold limbs and the development of shear zones with axial planes
parallel to the associated fold-hinges.

The core of the Lawlers anticline is dominated by the 2666 ± 3 Ma
Lawlers batholith (Fletcher et al., 1998, 2001; Foden et al., 1984); intru-
sions associated with this batholith are also present in the study area.
This batholith is a mafic-type granitoid (Blewett et al., 2010;
Champion, 1997; Champion and Sheraton, 1997) that is split into
three geochemically distinct suites, an oldest Lawlers Tonalite suite
characterized by high Na/K and very high La/Yb ratios, high light rare
earth element (LREE), Ba and Sr concentrations, and low heavy REE
(HREE) and Y concentrations (Foden et al., 1984). A second somewhat
compositionally diverse granitoid suite forms themajority of the batho-
lith; this suite encompasses units with compositions from granodiorite
to trondhjemite and with lower Na/K and La/Yb ratios but higher
SiO2 concentrations than the earlier-emplaced Lawlers Tonalite suite
(Foden et al., 1984). The final stage of emplacement of the batholith
involved intrusion of the Lawlers Leucogranites; this suite is character-
ized by high K and Rb and low P, Zr, Ti, Sr and Ba concentrations, with
flat REE patterns and variable Eu anomalies (Foden et al., 1984). Later
(2666 ± 7 Ma) leucogranite intrusions and monzogranite dykes also
cross-cut the batholith (Fletcher et al., 1998).

The NNE–SSW trending Emu Shear Zone forms the faulted bound-
ary between metavolcanics and the metasedimentary Scotty Creek
Formation in the western limb of the Lawlers anticline. This shear
zone is associated with the majority of the high-grade Au deposits
that define theAgnewGold Camp, including, fromN to S, theWaroonga,
Redeemer, Crusader and Songvang deposits (Broome et al., 1998;
DeVitry-Smith, 1994; Fig. 2). Gold mineralization within these deposits
is generally hosted by felsic to mafic sedimentary rocks that are near or
within shear zones and faults or are along unconformities that separate
meta-volcanic and meta-sedimentary units (Cassidy and Hagemann,
2001; DeVitry-Smith, 1994). Typical biotite–amphibole orogenic gold-
style alteration is present at the Redeemer deposit (Broome et al.,
1998), to theNNE of theCrusader Complex,whereas the Emu/Waroonga
deposit, further to the NNW, is characterized by arsenopyrite–pyrite
alteration and quartz vein development within a typical of orogenic
gold deposit (Aoukar and Whelan, 1990; Fig. 2); both of these deposits
contrast sharply with the unusual magnetite-associated Au mineraliza-
tion at Crusader. The study area also underwent greenschist to lower
amphibolite prograde metamorphism, as evidenced by the presence of
biotitewithin the Redeemer complex (Perriam, 1996)where peakmeta-
morphic temperatures reached 520 ± 29 °C (DeVitry-Smith, 1994);
however, for reasons of clarity and conciseness, the prefix “meta” has
been omitted from the this manuscript and rocks within the study area
are described using pre-metamorphic compositions.

3.1. Stratigraphic architecture

The lithological sequence in the Crusader region dips 40 to 60° to the
W along a NNW strike, with the lowermost (i.e. easternmost) known
unit of the Kambalda Sequence in the area represented by the Lawlers
Basalt (Figs. 4, 5). This unit is dominated by gray to dark-gray aphyric
Fe-rich tholeiitic lavas that includes abundant pillowed andmassive ba-
salts with lesser monomictic basalt breccias (Fig. 6A). The monomictic
basalt breccias contain ash- to block-sized fragments, commonly with
jigsaw-fit textures, and have contacts to pillowed and massive basalts
that vary over short lateral and vertical distances. Tabular bodies of dol-
erite up to 60 m thick and subparallel to stratigraphy are also present
with gradational contacts to the adjacent aphyric massive basalt.

Conformably overlying the Lawlers Basalt is an ultramafic unit up to
100 m thick known as the AgnewUltramafic (Perriam, 1996; Figs. 4, 5).
This unit is pale gray-green to white in color and threemain types of ul-
tramafic units have been identified at Crusader: a lowermost sequence
of massive dunite and orthocumulate peridotite about 40 to 60 m
thick (Fig. 6B) overlain by about 30 to 110 m of cumulate-textured
ultramafics and a thinner uppermost unit with brecciated chilled glassy
margins and spinifex-textured flow tops (Fig. 6C). Gradational contacts
occur between the three sub-facies and the entire unit is moderately to
intensely serpentinized and talc-carbonate altered (Fig. 6D).

Overlying the AgnewUltramafic, separated in places by an unnamed
sedimentary unit and in others by a ~2695 Ma pillow lava sequence, is a
sequence of basaltic lavas locally referred to as the Redeemer Basalt
(Backhaus, 2008; Baker, 2010; Squire et al., 2010; Figs. 4, 5). Similar to
the Lawlers Basalt, the Redeemer Basalt is dominated by gray to dark-
gray aphyric Fe-rich tholeiitic lavas that includes abundant pillowed
and massive basalts, lesser monomictic basaltic breccias and dolerite
units up to several hundreds of meters thick.

Although the feldspar-rich lithofacies of the Early Black FlagGroup are
not present at Agnew, the coarse clastic successions andpolymictic volca-
nic conglomerates of the Late Black Flag Group, which contain abundant
mafic and ultramafic clasts, are common (Fig. 4, 5). These lithofacies
are dominated by dark gray-green to pale gray, poorly sorted, clast-
supported polymictic volcanic conglomerates which form individual
units up to ~80 m thick in the western part of the Crusader Complex
(Fig. 7A).

The uppermost (westernmost) stratigraphic unit observed in the
Crusader Complex is quartz-rich, light-gray, well-sorted, medium-
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Fig. 6. Diamond drillcore samples showing a selection of samples from the lithofacies of the
mafic and ultramafic lithofacies associations. (A) Coarse, equigranular texture of the gabbro
lithofacies from EMSD222 at 144 m depth. (B) Poorly sorted, jigsaw-fit clasts of the mono-
mictic basalt breccia from EMSD223 at 207 m. (C) Well-developed spinifex texture from
EMSD398 at 268 m. (D) Intense talc alteration in ultramafic lithofacies in EMSD22 at 255 m.
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grained sandstone. This unit is at least 80 m thick, and is locally referred
to as the Scotty Creek Formation (Figs. 4, 5).

Feldspar–quartz-phyric dacitic intrusions cross-cut several of the
mafic and ultramafic units in and near the Crusader Complex (Figs. 4,
5, 7B); these units have sharp contacts with adjacent lithofacies, occur
subparallel to stratigraphy, are generally b10 m thick, and have lateral
extents of at least several hundreds of meters.

3.2. Structural architecture

At Crusader, Aumineralization is confined to four orebodies generally
located along the contact between the Lawlers Basalt and Agnew
Ultramafic units (e.g. Broome et al., 1998; Fig. 5); the Pilgrim Shear
Zone is sub-parallel to this contact and steepens with depth, intersecting
the middle of the Crusader ore shoot (Fig. 5). The four individual
orebodies that form the Crusader Complex are hosted on the western
A

B

Fig. 7. Drillcore samples of (A) the polymictic volcanic facies from EMSD222 at 87 m
depth, showing a large granitic clast, cross-cut by mafic bands (top) and attenuated
mafic clasts and thick quartz vein (bottom), and (B) feldspar–quartz-phyric felsic intru-
sion from EMSD222 at 162 m.
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limb of the Lawlers Anticline (Broomeet al., 1998; Fig. 2). All four deposits
are hosted in flexures along the basalt–ultramafic contact and are
interpreted to have a common ore genesis history (Broome et al., 1998).

The rocks of the Crusader Complex are variably altered and
deformed, with some areas having distinguishable primary textures,
and other localized regions having undergone intense deformation that
obliterated all primary textures; in general, the unitswithin theCrusader
Complex contain metamorphic assemblage characteristic of greenschist
to lower amphibolite grade metamorphism. Rare sulfides are found in
association with quartz veining but not with Au mineralization.

Within the Crusader area, the stratigraphic contact between the
mafic and ultramafic units dips steeply between 60° and 70° W to
steeply dipping to the E. The main planar fabric is well preserved in
mafic units in the study area, striking N–S and dipping 80° to the W. A
strong mineral lineation defined by elongated amphiboles in the mafic
unit also shallowly plunges 25° to the N. A set of discrete moderately
E dipping shear zones transect the foliation and the stratigraphic con-
tact. These zones are associated with a coarse amphibole filling that
obliterates the structural fabric, making it difficult to establish the kine-
matics of the faulting. However, local pull-apart quartz veins and locally
preserved S–C fabrics are consistent with anN-oblique normal–sinistral
sense of shearing. A late set of E–W trending brittle normal faults and
en-echelon vein sets cut across all other structures and have quartz-
carbonate ± chlorite fault fills.

At Crusader, Au mineralization consists of four narrow pipe-like
bodies that are parallel to the shallow northerly plunge of parasitic
folds, tomineral lineations and to the stratigraphic/axial planar cleavage
intersections (Fig. 5). The localization of mineralization within the
complex corresponds with flexures or parasitic folding of the mafic–
ultramafic contact, and each orebody plunges moderately (20° to 30°)
to the NNW and generally lies along the Lawlers Basalt–Agnew
Ultramafic contact (Broome et al., 1998; Sander, 2009; Fig. 5).

3.3. Hydrothermal alteration and Au mineralization within the Crusader
Complex

The orebodieswithin the Crusader Complexwerediscovered between
1985 and 1990, andweremined to 2005 as an integral part of Gold Fields
Agnew goldmine, with open pitmining of the Crusader orebody initiated
in 1989 followed by undergroundmining to 2005, andwith the Deliverer
and Pilgrimorebodiesmined by open pitting from1990 to 2001, with un-
derground mining between 2001 and 2004 (Broome et al., 1998; Gold
Fields, 2005; SRK, 2004); the Claudius orebody has not as yet been
exploited. Probable reserves in 1996 for the Crusader deposit were
1.253 Mt at 6.69 g/t Au, with the combined 1998 Deliverer and Pilgrim
probable reserves containing 0.571 Mt of ore at a grade of 4.11 g/t Au;
the Claudius orebody had a 2008 underground reserve of 0.002 Mt at a
grade of 5.11 g/t Au (Gold Fields, 2008; SRK, 2004). Brief descriptions of
each of the individual orebodies follow.

Within all of these orebodies, Au mineralization is associated
with enrichments in Bi, Te, and Mo, amongst other elements (SRK,
2004). Mineralization in all of these orebodies is always associated
with intense amphibole–pyroxene–chlorite–epidote–magnetite alter-
ation (Fig. 8A).

The Crusader orebody has a strike length of b50 m, and awidth that
varies from 2 to 30 m (SRK, 2004; Fig. 5). Close to the surface, as
exploited by the Cox open pit (Fig. 3), mineralization is located within
three zones that run sub-parallel to the Agnew Ultramafic–Lawlers
Basalt contact, converting to a single higher grade shoot at depths of
N300 m, coincident with a change in plunge direction (SRK, 2004).
Mineralization is located within altered Lawlers Basalts or close to the
contact with the overlying Agnew Ultramafics, and is occasionally asso-
ciated with interflow sediments within the Lawlers Basalt in the upper
sections of the orebody (SRK, 2004).

TheDeliverer orebody consists of three individual ore shoots that are
hosted by altered Lawlers Basalts or close to flexures along the contact
between the Lawlers Basalt and the Agnew Ultramafic (Figs. 4, 5).
These shoots have strike lengths up to 55 m, but more typically around
15 m in the upper parts of the orebody that are associatedwith themost
intense alteration (SRK, 2004). Less altered shoots in the middle and
lower parts of the orebody generally have strike lengths of 2–5 m.

The Pilgrim orebody is located ~200 m to the NW of the Deliverer
orebody (Figs. 3, 4, 5), and is hosted entirely by the Agnew Ultramaf-
ic unit, with mineralization localized at the intersection between the
axial planar fabric and the contact between a lower cumulate-
textured ultramafic unit and an upper spinifex-textured komatiite
unit (SRK, 2004). Low grade mineralization is also associated with
less intense zones of alteration to the N and S of this intersection
(SRK, 2004).

The Claudius orebody is located 400 m N of the Deliverer open pit
(drillholes with CLD prefix in Fig. 3) and is exposed at the surface over
an area of ~50 by ~75 m, hostingmineralization similar to the Crusader
and Deliverer orebodies, with an upper orebody that is ~18 m wide,
narrowing down plunge and splitting into lens-shaped parallel lodes
that are 3–8 m wide (SRK, 2004).

4. Analytical techniques

Twenty-one of the least weathered, least altered samples of fresh
igneous units and three samples of Au-associated hydrothermally
altered samples were selected for whole-rock geochemical analysis.
Sample preparation was undertaken at the School of Geosciences,
MonashUniversity. Each samplewas cutwith a diamond rock saw to re-
move anyweathered sections and thenwaswashedwith ethanol before
crushing 120 g of each cut sample in a ceramic jaw crusher and milling
in a tungsten–carbide TEMA mill. At every stage and between every
sample compressed air and ethanol were used to clean the equipment
to avoid contamination. Although this milling technique can introduce
Nb contamination, the low concentrations of Nb within the ultramafic
samples analyzed during this study suggest that any contamination is
minimal (Table 1).

Major element concentrations were determined using X-Ray
Fluorescence (XRF) analysis on fused beads, using a Bruker-AXS S4
Pioneer XRF Spectrometer at the Advanced Analytical Centre, James
Cook University. Prior to analysis ~2 g of each sample was ignited in a
muffle furnace at 1000 °C to determine volatile contents, reported as
Loss on Ignition (LOI) values in wt.%. For silicates, 1 g of ignited sample
was mixed with 8 g of lithium tetraborate flux before fusion in Pt cruci-
bles for 12 minutes at 1100 °C, producing a homogeneous glass fusion
bead.

Trace and REE concentrations were determined using Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) and a Thermo Finnigan
X series II quadrupole instrument at the School of Geosciences, Monash
University. Prior to ICP-MS analysis, 0.05 g of milled sample was
digested using a high pressure 4-acid (HNO3, HClO4, HF, HCl) attack to
ensure total digestion. An in-house basalt standard (BNB) was used
for calibration with the USGS BHVO-1 standard used as a secondary
standard, and with In and Bi used as internal standards for drift correc-
tion; blanks and repeat analyses were used to determine the precision
(~0.5% for all elements) and detection limits of ICP-MS analyses. Both
major and trace element data were recalculated to 100% anhydrous
before plotting and interpretation. All results are reported in Table 1.

Polished thin sections were cut from samples collected from three
drill-holes that intersected Aumineralization. Thin sectionswere exam-
ined on a petrographic microscope with further characterization on a
Philips XL40 CP scanning electron microscope using an EDAX Phoenix
EDAM III analyzer.

5. Hydrothermal alteration at Crusader

Hydrothermal alteration associated with the orebodies at Crusader
grades from least altered units dominated by chlorite and anorthite
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Fig. 8.Hydrothermally altered units at Crusader; (A) drillcore showing typical appearance of the Au-associated hydrothermally altered unit at Crusader, fromdrillhole EMSD222 at 285 m
depth. (B) Photomicrograph showing quartz (Qtz)–epidote (Ep)–magnetite (Mt) fabric with minor amphibole (Amph) in strongly hydrothermally altered unit. (C) Photomicrograph
showing synchronously crystallizedmagnetite (Mt), native Au and potential Bi-tellurides (Bi-t?) in reflected light. (D) SEMbackscattered electron (BSE) image of Bi-telluride (Bi-t), native
Bi and Au associated with ilmenite (ilm) within magnetite–titanite bands; from drillhole EMSD222 at 292.70 m. (E) Au associated with magnetite, (Mt), titanomagnetite (Ti-Mag) and
chalcopyrite (Cp); from drillhole CDU148 at 139.30 m. (F) BSE image showing magnetite alteration, with a partially overprinted chlorite (chl)–epidote assemblage, being in turn
overprinted by coarse scheelite (sch). (G) Disseminated magnetite grains within a magnetite alteration band are fractured and overprinted by intensive amphibole (amp) alteration;
these amphiboles are magnesio-hornblende to Tschermakite in composition.
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with rare calcite to highly altered fine grained green-gray to gray-white
banded rocks; the bands are defined by darker amphibole (dominated
by Tschermakitic compositions)–pyroxene–epidote–chlorite–magnetite
bands that alternate with pale gray/white carbonate–magnetite–
chlorite-rich bands, and are folded and cross-cut each other in a chaotic
fashion (Fig. 8B). Little or no original igneous texture is preserved in hy-
drothermally altered rocks, with magnetite occurring as disseminated
crystals or as dense stockwork-type veins concordant with the dominant
fabric of the unit. Magnetite is also present as distinct bands that increase
in abundance and thickness with increasing degrees of hydrothermal al-
teration (Fig. 8C), with ilmenite also present as relict cores surrounded
by titanite rims in weakly altered rocks. Ilmenite is also present as part
of a titanomagnetite and magnetite ± titanite and ilmenite (partially al-
tered to titanite) assemblage in more altered sections of the Crusader
ore deposits (Fig. 8D). Two geochemically distinct generations of magne-
tite are present at Crusader, with strongly altered units that host Au
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mineralization containing both early-formed Ti-poor to Ti-barren pure
magnetite and a later overprinting titanomagnetite that contains
~10–12 wt.% TiO2. In the most altered zone this later magnetite clearly
overprints the background chlorite–anorthite assemblage and is associat-
ed with epidote, scheelite and apatite.

Gold mineralization within all of the Crusader Complex orebodies is
intimately associated with magnetite bands that increase in size and
modal proportion of magnetite with increasing proximity to Au miner-
alization, and with amphibole ilmenite, scheelite, Bi-tellurides and rare
Table 1
Whole rock geochemistry of samples from the Crusader Complex.

Sample UB6 UB3 LB1 LB3

Orebody Crusader Crusader Claudius Pilgr

Unit Foliated aphyric basalt Aphyric basalt Aphyric basalt Aph

Classification Lawlers Basalt Lawlers Basalt Lawlers Basalt Law

Drillhole EMSD187 EMSD242B EMSD398 EMS

Depth (m) 94.2 348.5 387.9 279.

SiO2 (wt.%, XRF) 50.3 54.4 50.1 47.3
Al2O3 14.3 15.9 14.7 14.7
TiO2 1.41 0.80 1.54 1.54
MgO 3.87 6.54 5.31 5.34
Fe2O3 10.0 9.31 15.7 17.1
CaO 11.8 9.68 8.55 10.1
Na2O 3.69 2.39 1.66 2.67
K2O 0.38 0.17 0.60 0.27
P2O5 0.14 0.10 0.15 0.14
MnO 0.19 0.20 0.22 0.24
LOI 4.28 0.84 1.26 0.81
SO3 0.04 bd 0.01 0.02
Total 100.4 100.4 99.8 100.
La (ppm, ICP-MS) 7.84 5.59 6.96 6.78
Ce 18.92 13.08 16.65 16.4
Pr 2.73 1.84 2.47 2.43
Nd 12.49 8.41 11.84 11.5
Sm 3.57 2.47 3.59 3.56
Eu 1.19 0.77 1.27 1.12
Gd 4.25 3.05 4.51 4.45
Tb 0.76 0.56 0.82 0.82
Dy 4.83 3.56 5.31 5.42
Ho 1.07 0.79 1.19 1.23
Er 3.15 2.32 3.53 3.64
Tm 0.46 0.34 0.52 0.53
Yb 3.01 2.19 3.41 3.43
Lu 0.46 0.33 0.52 0.52
Sc 33.40 39.98 41.86 41.2
Rb 7.91 2.96 39.64 3.76
Sr 146.21 97.95 95.67 115.
Y 31.56 23.08 36.44 35.9
Zr 108.13 77.19 111.42 107.
Nb 5.62 3.45 4.30 4.46
Mo 0.41 0.24 0.16 0.30
Sn 1.23 0.72 0.61 1.32
Cs 0.18 0.30 6.56 0.30
Ba 96.89 29.35 96.01 39.3
Hf 2.60 1.97 2.74 2.76
Ta 0.35 0.26 0.24 0.30
Pb 5.76 1.24 75.34 4.22
Th 1.16 0.89 0.96 0.94
U 0.30 0.24 0.27 0.26
Li 5.33 7.70 60.57 32.2
Be 0.96 0.46 0.70 0.76
Co 56.39 62.75 58.90 62.2
Ga 18.57 16.16 20.20 19.6
V 276.7 238.6 307.2 373.
Ni 82.20 67.28 59.06 65.4
Cu 69.12 74.29 96.30 82.8
Zn 118.10 56.13 55.80 111.
Cr 171.40 285.85 91.03 89.6
Mn 1352 1492 1443 1652
Ti 8439 4751 7367 8766
chalcopyrite (Fig. 8D, E). The magnetite alteration at Crusader partially
overprints epidote alteration within all orebodies (e.g. Fig. 8F), and is
in turn overprinted by amphibole–scheelite alteration that in places
cross-cuts and fills fractures within magnetite (Fig. 8F, G). One poss-
ibility is that the Au at Crusader may be associated with this final
amphibole–scheelite alteration event that was either synchronous or
occurred soon after the magnetite alteration event, although the exact
timing is somewhat unclear. Au at Crusader is generally present as
very pure Au,withmost grains examined containing less than 1 wt.% Ag.
LB4 LB5 LB6 LB7

im Deliverer Crusader Crusader Crusader

yric basalt Aphyric basalt Aphyric basalt Pillow basalt Pillow basalt

lers Basalt Lawlers Basalt Lawlers Basalt Lawlers Basalt Lawlers Basalt

D133 EMSD609 EMSD156 EMSD222 EMSD235

8 149.5 239 321.5 377

46.8 49.1 51.2 48.2
15.7 14.5 14.0 14.2
1.63 1.51 1.45 1.47
5.97 5.74 6.08 4.13
14.8 14.9 14.1 14.9
11.1 9.92 9.10 12.1
2.85 2.49 3.31 2.20
0.25 0.27 0.27 0.20
0.15 0.14 0.13 0.14
0.16 0.23 0.24 0.20
0.61 0.33 0.36 1.73
0.01 0.02 0.01 0.01

1 99.9 99.1 100.3 99.5
7.00 6.64 7.17 6.55

3 17.43 16.53 17.68 14.96
2.62 2.47 2.60 2.08

5 12.53 11.75 12.27 9.76
3.84 3.61 3.67 3.09
1.32 1.05 1.15 1.18
4.72 4.55 4.55 3.97
0.86 0.83 0.82 0.73
5.52 5.32 5.27 4.72
1.22 1.19 1.17 1.06
3.58 3.48 3.46 3.11
0.52 0.51 0.50 0.45
3.39 3.29 3.28 2.99
0.53 0.51 0.51 0.46

7 42.86 40.77 38.75 40.51
3.45 4.03 6.82 1.95

94 159.35 140.79 124.03 145.74
8 37.79 34.74 34.94 31.79
60 116.31 111.53 103.98 105.47

4.93 4.92 4.37 4.67
3.21 0.32 0.30 0.15
1.67 0.78 0.47 1.78
0.19 0.56 0.62 0.07

5 36.01 51.95 89.51 15.73
2.75 2.85 2.63 2.65
0.28 0.35 0.27 0.33
5.96 1.12 1.66 6.63
0.92 0.99 0.95 0.92
0.34 0.25 0.26 0.25

3 36.98 13.44 18.68 7.23
1.02 0.64 0.70 0.65

5 86.93 58.43 65.87 65.03
8 19.83 19.92 17.69 19.33
6 338.7 324.2 314.3 323.8
7 71.25 64.84 66.68 54.77
8 63.01 63.98 13.88 127.08
20 66.99 85.49 83.33 113.40
8 96.66 88.71 86.35 89.93

1201 1801 1759 1530
9140 8406 8624 8501

(continued on next page)
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6. Geochemistry of the Crusader Complex

6.1. Magmatic units

The 10 freshest samples of Lawlers Basalt from the Crusader
Complex are characterized by low to moderate MgO (3.9–6.5 wt.%),
TiO2 (0.8–1.6 wt.%), Sr (95.7–163.3 ppm), Mo (0.1–3.2 ppm), Sn
(0.5–1.9 ppm), Li (5.3–73.7 ppm), Zr (77.2–116.3 ppm), Nb (3.5–
5.6 ppm), Be (0.46–1.02 ppm), Ni (54.8–82.2 ppm) and Cu (13.9–
Table 1
Whole rock geochemistry of samples from the Crusader Complex.

Sample LB7A LGU1 UM1 UM2

Orebody Crusader Crusader Claudius Pilgrim

Unit pillow basalt aphyric basalt Ultramafic Ultramafic

Classification Lawlers Basalt Lawlers Basalt Agnew Ultramafic Agnew Ultrama

Drillhole EMSD242B EMSD223 EMSD400 EMSD133

Depth (m) 479.7 272.5 318.2 148.7

SiO2 (wt.%, XRF) 48.2 47.5 35.7
Al2O3 15.1 14.4 3.15
TiO2 1.29 1.51 0.25
MgO 5.92 6.17 27.6
Fe2O3 15.2 16.3 11.8
CaO 9.12 8.88 4.46
Na2O 2.84 1.80 bd
K2O 0.93 0.30 bd
P2O5 0.13 0.13 0.03
MnO 0.22 0.17 0.17
LOI 1.22 1.86 15.5
SO3 bd 0.02 0.72
Total 100.2 99.0 99.3
La (ppm, ICP-MS) 6.13 6.77 0.98 0.01
Ce 15.01 15.93 2.50 0.02
Pr 2.23 2.27 0.38 0.00
Nd 10.60 10.70 1.79 0.01
Sm 3.25 3.19 0.56 0.00
Eu 1.15 1.07 0.18 0.00
Gd 4.04 4.00 0.69 0.01
Tb 0.73 0.72 0.12 0.00
Dy 4.65 4.64 0.78 0.01
Ho 1.04 1.04 0.17 0.00
Er 3.05 3.05 0.50 0.02
Tm 0.45 0.44 0.07 0.00
Yb 2.92 2.90 0.49 0.02
Lu 0.45 0.45 0.08 0.00
Sc 35.33 40.68 11.06 3.19
Rb 49.68 12.64 0.05 0.01
Sr 163.35 106.97 39.84 5.89
Y 30.87 30.76 4.72 0.11
Zr 97.29 109.02 19.12 0.04
Nb 4.28 4.92 0.88 0.01
Mo 0.59 0.41 0.01 bd
Sn 1.94 1.63 0.16 0.08
Cs 1.79 4.24 0.06 0.03
Ba 236.23 53.73 0.26 1.25
Hf 2.44 2.69 0.48 0.00
Ta 0.29 0.35 0.06 0.00
Pb 8.68 3.04 0.60 0.42
Th 0.84 0.95 0.17 0.00
U 0.23 0.26 0.04 0.00
Li 35.19 73.65 0.90 0.78
Be 0.72 0.73 0.03 0.01
Co 61.38 60.45 108.95 101.35
Ga 20.26 19.31 3.73 0.48
V 293.19 266.88 67.88 14.72
Ni 76.43 63.52 1052 2012
Cu 199.18 177.33 42.21 bd
Zn 153.50 48.57 52.63 35.59
Cr 76.15 92.45 3895 5878
Mn 1640 1301 1259 739
Ti 7809 7064 1248 55.1

Table 1 (continued)
199.2 ppm) concentrations (Table 1). The basalts all have coherent
chondrite-normalized REE patterns (normalized to chondrite values of
Boynton, 1984), and are LREE enrichedwithweakly positive to negative
Eu anomalies (Eu/Eu* of 1.03 to 0.79, where Eu* = (Sm/2) + (Gd/2)
using chondrite-normalized values) andmoderate ΣREE concentrations
(45.3–65.1 ppm); these basalts plot within the field defined by Lawlers
Basalts from other areas within the Lawlers Anticline (Fig. 9A).

Seven Agnew Ultramafic samples (UM1, UM2, UM3, UM4, UM5,
LGU3 and UB2) were analyzed during this study; this unit is highly
UM3 UM4 UM5 LGU3

Deliverer Crusader Crusader Claudius

Ultramafic Ultramafic Ultramafic Ultramafic

fic Agnew Ultramafic Agnew Ultramafic Agnew Ultramafic Agnew Ultramafic

EMSD590 EMSD222 CDU388 EMSD398

106 255 174.8 232.3

35.0 33.1 29.6 33.6
3.07 0.29 0.41 8.53
0.25 0.06 0.05 0.08
27.0 38.3 30.0 31.7
11.6 7.15 8.88 10.4
4.36 0.13 8.37 0.32
bd bd 0.38 bd
bd bd 0.02 bd
0.03 bd 0.02 bd
0.16 0.09 0.14 0.05
17.2 19.8 21.0 13.6
0.71 0.01 0.26 0.10
99.3 99.0 99.1 98.4
1.07 0.03 0.09 0.02
3.14 0.07 0.18 0.05
0.50 0.01 0.03 0.01
2.49 0.05 0.13 0.03
0.83 0.02 0.04 0.01
0.25 0.00 0.02 0.00
0.94 0.02 0.04 0.01
0.17 0.00 0.01 0.00
1.01 0.02 0.05 0.01
0.21 0.01 0.01 0.00
0.61 0.01 0.04 0.01
0.09 0.00 0.01 0.00
0.61 0.01 0.05 0.02
0.10 0.00 0.01 0.00
10.55 2.85 3.82 4.63
0.03 0.07 0.04 0.05
25.40 0.83 29.99 10.33
5.73 0.05 0.36 0.10
16.35 0.01 0.90 0.41
0.70 0.04 0.08 0.15
0.04 bd 0.04 0.11
0.49 0.01 0.04 0.05
0.04 0.20 0.13 0.19
0.18 0.00 0.84 0.55
0.44 0.00 0.03 0.01
0.06 0.01 0.01 0.03
1.76 0.08 0.24 0.63
0.19 0.00 0.01 0.01
0.23 0.00 0.00 0.01
0.96 0.17 2.66 1.75
0.07 0.01 0.08 0.07
104.39 102.24 107.38 124.20
3.56 0.47 1.07 11.83
62.36 8.84 23.71 43.20
875 2336 1669 2151
27.68 bd bd 4.78
67.92 27.80 46.26 80.52
3574 1124 6408 7348
1150 678 1230 712
963 26.7 130.2 176



Table 1
Whole rock geochemistry of samples from the Crusader Complex.

Sample UB2 UUB1 UB1 FI1 FI2 HGL1 HGL1A HGL1B

Orebody Pilgrim Crusader Claudius Crusader Crusader Crusader Crusader Crusader

Unit Ultramafic aphyric basalt pillow basalt Felsic intrusion Felsic intrusion altered basalt? altered basalt? altered basalt?

Classification Agnew Ultramafic Redeemer Basalt Redeemer Basalt Felsic Intrusive Felsic Intrusive Altered Unit Altered Unit Altered Unit

Drillhole EMSD131 EMSD223 EMSD398 EMSD222 EMSD222 EMSD222 EMSD222 EMSD222

Depth (m) 84.8 69 144.7 164.5 220.8 286.2 282.5 290.6

SiO2 (wt.%, XRF) 36.6 44.2 50.0 68.3 71.4 23.3 19.1 34.5
Al2O3 3.39 8.79 12.8 18.3 15.4 20.5 22.8 20.3
TiO2 0.20 0.47 0.48 0.22 0.25 2.28 2.16 2.17
MgO 28.3 20.3 12.4 0.93 0.47 8.52 10.0 4.85
Fe2O3 7.80 13.6 9.97 1.15 1.37 29.5 34.2 20.5
CaO 6.82 7.51 8.06 0.68 1.68 7.59 4.62 12.6
Na2O 0.01 0.12 2.76 10.5 5.83 0.10 0.22 0.99
K2O 0.01 0.03 0.07 0.05 2.81 0.26 0.09 0.24
P2O5 0.01 0.04 0.05 0.06 0.06 0.19 0.20 0.20
MnO 0.14 0.20 0.16 0.03 0.02 0.05 0.05 0.15
LOI 16.7 5.19 2.56 0.44 1.16 5.60 5.22 2.81
SO3 0.23 bd 0.01 bd 0.02 bd bd bd
Total 100.2 99.8 99.3 100.7 100.5 98.0 98.8 99.2
La (ppm, ICP-MS) 0.56 0.88 2.41 12.69 14.43 11.06 9.44 3.45
Ce 1.60 2.91 5.55 22.91 26.57 24.50 21.31 8.64
Pr 0.27 0.51 0.78 2.52 2.87 3.30 3.09 1.30
Nd 1.41 2.65 3.59 8.92 10.02 14.73 14.40 6.35
Sm 0.52 0.88 1.11 1.54 1.68 4.37 4.04 2.08
Eu 0.39 0.32 0.45 0.34 0.49 0.99 0.69 0.50
Gd 0.67 1.17 1.49 1.21 1.29 5.18 4.38 2.76
Tb 0.13 0.22 0.28 0.15 0.16 0.89 0.76 0.55
Dy 0.83 1.44 1.88 0.70 0.75 5.45 5.16 3.80
Ho 0.19 0.32 0.43 0.13 0.14 1.14 1.31 0.91
Er 0.54 0.93 1.29 0.36 0.37 3.19 4.32 2.83
Tm 0.08 0.13 0.19 0.05 0.05 0.44 0.68 0.44
Yb 0.51 0.85 1.24 0.34 0.35 2.82 4.57 3.01
Lu 0.08 0.13 0.19 0.05 0.05 0.43 0.75 0.48
Sc 14.24 27.97 33.42 1.47 1.95 36.10 63.63 53.15
Rb 0.36 0.29 1.56 0.54 58.81 14.73 39.90 21.28
Sr 136.03 6.41 88.72 136.43 182.93 214.75 330.79 295.57
Y 5.52 9.19 12.73 4.19 4.32 31.09 42.66 26.42
Zr 4.58 29.45 37.38 111.57 105.72 148.64 161.39 154.70
Nb 0.36 1.30 1.33 2.30 2.66 6.29 7.11 6.09
Mo 0.09 0.06 0.16 0.73 0.40 126.61 26.29 0.82
Sn 0.27 0.51 0.12 0.39 0.59 2.50 2.10 2.17
Cs 1.22 0.22 0.17 0.20 0.44 2.17 4.24 3.67
Ba 1.98 1.80 20.50 54.16 1022.90 4.55 22.09 57.16
Hf 0.16 0.63 0.96 2.98 2.84 3.87 4.09 3.82
Ta 0.03 0.09 0.11 0.29 0.31 0.44 0.51 0.45
Pb 1.13 0.75 1.01 4.62 10.21 2.15 3.66 45.38
Th 0.03 0.12 0.45 6.63 6.65 1.16 1.37 1.35
U 0.01 0.13 0.12 3.41 3.03 0.22 0.21 0.34
Li 6.20 9.20 16.68 5.15 10.53 585.58 263.01 110.01
Be 0.05 0.46 0.24 1.18 1.31 27.27 5.06 1.62
Co 85.44 108.64 62.13 42.66 43.49 158.76 147.62 82.66
Ga 3.63 10.47 11.25 19.09 18.92 13.24 14.07 19.87
V 72.90 158.74 184.62 11.89 14.22 427.96 449.68 423.79
Ni 1578 700 230 3.79 2.73 111 84.91 94.05
Cu 27.29 1.33 112.37 bd bd 4.22 2.96 6.18
Zn 35.72 75.61 42.38 12.13 18.49 33.95 31.12 45.32
Cr 1638 2396 753 3.08 4.73 135.9 149.3 128.3
Mn 1027 1474 1097 269 143 398 403 1072
Ti 948.3 2591 2750 1062 1134 12480 13230 12360

bd = analysis below limits of detection, note that major element concentrations were not determined for sample UM2.

Table 1 (continued)
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serpentinized and talc-carbonate altered and as such has high volatile
contents (LOI from 13.6 to 22 wt.%). The unit is characterized by low
concentrations of SiO2 (35.7–29.6 wt.%), TiO2 (b0.25 wt.%) and Al2O3

(0.3–8.53 wt.%) and high MgO concentrations (27–38.3 wt.%). The
Agnew Ultramafics at Crusader contain high concentrations of elements
that behave compatibly in mafic–ultramafic igneous systems, such as Ni
(875–2340 ppm) and Cr (1125–7348 ppm), and contain low to very
low concentrations of incompatible elements such as Ba (b1.3 ppm), Zr
(b19.1 ppm) and Nb (b0.9 ppm). The ultramafics have low to very low
REE concentrations (ΣREE concentrations between 0.12 and 12 ppm),
and have variable REE patterns, with some ultramafics LREE-enriched
and some HREE-enriched and with Eu anomalies that vary from strongly
positive to strongly negative (Eu/Eu* of 0.33–1.74, Fig. 9B).

The two Redeemer Basalt samples analyzed during this study, UUB1
from EMSD223 and UB1 from EMSD398, are coarser than the Lawlers
Basalts and are both from the western part of the Crusader Complex.
Sample UUB1 is characterized by high concentrations of MgO
(21.45 wt.%), moderate SiO2 (46.7 wt.%) and low Al2O3 (9.2 wt.%) and
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TiO2 (0.5 wt.%; Table 1). The trace element characteristics of this sample
also differ from the units within the Lawlers Basalt sequence, with
significantly higher Ni (700 ppm), Cr (2396 ppm) and Co (108 ppm)
and lower Zr (30 ppm) and Nb (1.3 ppm) concentrations. These com-
positional differences are probably related to the presence of significant
proportions of cumulus silicate minerals within this unit, enhancing the
concentrations of compatible elements whilst diluting the concen-
trations of incompatibles. Sample UB1 was taken from drillhole
EMSD398, some 600 m N of EMSD223 (Fig. 3) and drilled through
the Claudius ore body; unlike the Redeemer unit within EMSD223
the lower contact of this unit in EMSD398 is obscured by a 100 m
thick fault zone. This sample is geochemically similar to the Redeemer
Basalt unit intercepted in EMSD223, with moderate concentrations
of MgO (12.8 wt.%), SiO2 (51.7 wt.%), TiO2 (0.5 wt.%), Zr (37 ppm),
Nb (1.3 ppm), Ni (230 ppm) and Cr (753 ppm). On a chondrite-
normalized REE diagram, both of these samples have comparable
HREE patterns, with one sample LREE-enriched and the other LREE-
depleted, and with positive and weakly negative Eu anomalies. These
samples plot within the Redeemer Basalt field of Baker (2010,
Fig. 10A), and, as observed within other Redeemer Basalts within the
Lawlers Anticline, are variably LREE enriched and depleted,withweakly
positive and negative Eu anomalies (Eu/Eu* of 0.96–1.08).

The two felsic intrusions analyzed during this study (samples
FI1 and FI2) are quartz–feldspar-phyric, are both from drillhole
EMSD222, and are classified as a granite (FI2) and a quartz
monzogranite (FI1) using the TAS classification of Middlemost (1994).
However, as discussed below, the classification of sample FI1 may be
affected by hydrothermal alteration. These intrusives aremetaluminous
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Fig. 9. Chondrite-normalized REE patterns for the Lawlers Basalts (A) and Agnew
Ultramafics (B) at Crusader, normalized to chondrite values of Boynton (1984); the field
shows the compositions of Lawlers Basalts from other areas within the Lawlers Anticline
(Backhaus, 2008; Baker, 2010).
(A/CNK b1, A/NK N1; Shand, 1943, where A/CNK = molar Al2O3/
(CaO + Na2O + K2O) and A/NK = molar Al2O3/(Na2O + K2O)) and
contain high concentrations of SiO2 (FI1 68.1 wt.%, FI2 71.9 wt.%) and
Al2O3 (18.2 and 15.5 wt.%) with low TiO2 (0.2 wt.% in both units), MgO
(0.9 and 0.5 wt.%) and Fe2O3 (1.1 and 1.3 wt.%), and variable K2O
concentrations (FI1 0.05 wt.%, FI2 2.81 wt.%). Both of these granitic sam-
ples have similar trace element distributions, barring low concentrations
of Ba, Rb and K in sample FI1 (Table 1). The low large ion lithophile ele-
ment (LILE) concentrations in this sample are suggestive of hydrother-
mal alteration, most probably albitization, as the elevated Na2O
concentration of sample FI1 relative to K2O causes this sample to plot
outside of the range of igneous compositions in geochemical K2O vs.
Na2O space characteristic of albite-altered granites (e.g. Baker, 1985).
Chondrite-normalized REE patterns for these samples are highly
enriched in the light andmiddle REE,with a flattening heavy REE pattern
(Fig. 10B), similar to the second granitoid group of Foden et al. (1984);
this classification is supported by the Sr/Ba ratio (0.178) of sample FI2,
which falls in the second stage Lawlers granodiorite-granite field of
Foden et al. (1984). It should also be noted that both of these intrusions
have uniformly low concentrations of Sc, Mo, Cu and Zn; all of these
characteristics are similar to felsic intrusives at Redeemer (Baker, 2010).

6.2. Hydrothermally altered units

Three altered Lawlers Basalt samples from the Crusader Complex
were analyzed during this study. Compared to the relatively unaltered
Lawlers Basalts, these samples are characterized by low SiO2, Na2O
and K2O concentrations, with elevated Al2O3, TiO2 and Fe2O3. These
hydrothermally altered units also have low concentrations of Cu and
Zn, moderate Cr and Y contents, and high Li, Mo, Sn, Be, Zr, Nb and Sr
concentrations compared to non-altered Lawlers Basalts. These altered
samples also have consistent REE patterns, displaying characteristic
LREE enrichment, variable enrichment in the HREE and strong negative
Eu anomalies (Eu/Eu* of 0.63 to 0.5, Fig. 10C).

7. Discussion

7.1. Igneous protoliths and element mobility during hydrothermal
alteration

Whilst the basalts and ultramafics within the Crusader Complex
have been variably altered, it is still possible to determine whether
these igneous units were derived from a common source using immo-
bile elements. Although a wide variety of elements are mobile during
interactions between rocks and hydrothermal fluids, a number of ele-
ments are resistant to these processes and can be considered immobile
during hydrothermal alteration (e.g. Cann, 1970; Jowitt et al., 2012;
MacLean and Barrett, 1993; Pearce, 1996). The high field strength
elements, such as Zr, Y, Hf, Ti, La, Ce, Nb, and Ta, are the most likely
to remain immobile during hydrothermal alteration (Pearce, 1996) al-
though other elements, such as Al and V, are also commonly immobile
(MacLean and Barrett, 1993; Pearce, 1996). This immobility is further
enhanced as these elements generally reside in minerals resistant to
hydrothermal alteration (e.g. Hastie et al., 2007). In this study, we use
Nb, one of the most immobile elements (Cann, 1970; Hill et al., 2000;
Kurtz et al., 2000), and Zr, an element that is considered generally
immobile during most types of hydrothermal alteration (Pearce,
1996), as immobile elements.

To test whether Zr and Nb were immobile during the hydrothermal
alteration associated with Au mineralization at the Crusader Complex
we use the method first used by Cann (1970). This approach plots
potentially immobile incompatible elements in a bivariate variation
diagram and acknowledges that volume and/or mass changes take
place during alteration (e.g. MacLean and Barrett, 1993), meaning that
although concentrations of immobile elements may change during
alteration, the ratio of two immobile elements will not, as volume
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Fig. 10. Chondrite-normalized REE patterns for Crusader Complex lithologies normalized
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(gray) Basalts within the Lawlers Anticline.

65S.M. Jowitt et al. / Ore Geology Reviews 56 (2014) 53–72
or mass changes will affect both elements similarly, preserving the
protolith ratio. Incompatible and immobile elements should plot along
a linear trend; the presence of a single linear trend also indicates that
the samples are likely to be comagmatic, or at the very least from similar
magmas (MacLean and Barrett, 1993; Pearce, 1996).

Even considering the scatter due to both the igneous variability
(i.e. differences in degree of fractionation and/or differentiation) of the
dataset and analytical uncertainties, Fig. 11A indicates that both Zr
and Nb are largely immobile at Crusader. The fact that the hydrother-
mally altered samples associated with Au mineralization have amongst
the highest concentrations of Zr and Nb indicates that either these units
were originally themost fractionatedmafic units present at Crusader, or
that Zr and Nb concentrations have been elevated by mass or volume
changes (e.g. Maclean and Barrett, 1993). This indicates that the Lawlers
Basalt was the likely protolith for the magnetite-altered samples that
host the Au within the Crusader Complex, and little or no Au minerali-
zation is hosted by the ultramafics, given the high Zr and Nb concentra-
tions within the altered units. Although mass changes can change the
concentrations of immobile elements, it is almost impossible that the
differences in Zn and Nb concentrations between the hydrothermally
altered units at Crusader and the Agnew Ultramafics can be explained
entirely by this mechanism, rather than a primary difference in the
protolith.

One other possibility is that the mineralized unit at Crusader
was originally an interflow sediment, rather than a part of the Lawlers
Basalt sequence; however, the vast majority of interflow sediments
from elsewhere in the Eastern Goldfields (Bavinton, 1979, 1981, n =
240, 1981, n = 13; Cotnoir, 1989, n = 20) lie off the Nb–Zr trend de-
fined by the majority of igneous units at Crusader (Fig. 11A). This
means that the majority of interflow sediments would have to undergo
alteration that increased Nb and Zr concentrations at differing rates to
plot at the current positions of the altered samples at Crusader, along
the edge or outside of the fields of interflow sediment compositions
(Fig. 11A). The highly immobile nature of both Nb and Zr means that
differential mobilization of these elements is very unlikely, in turn
suggesting that the altered units at Crusader did not have a sedimentary
protolith. This, combined with the fact that these altered units plot
along a linear Nb–Zr trend defined by almost all of the other igneous
units at Crusader, as well as by Lawlers and Redeemer basalts from out-
side of the Crusader area (Fig. 11A), strongly suggests that the altered
rocks at Crusader were originally igneous, rather than being altered
interflow sediments.

Immobile elements can also be used to investigate the magmatic
affinity of the basalts at Crusader. This is worth discussion as, for exam-
ple, the variable enrichment and depletion of the LREE within the
Redeemer basalt samples analyzed during this study suggests that ei-
ther these basalts had differing sources, or one sample (UB1) formed
from a magma that assimilated significant amounts of crustal material
prior to eruption of the Redeemer Basalt sequence (Fig. 10A). Fig. 11B
shows the variations in Th and TiO2 (two highly immobile elements;
e.g. Hastie et al., 2007; Pearce, 1996) concentrations for the samples an-
alyzed during this study, as well as Lawlers and Redeemer basalts from
outside of the study area, and the low-, intermediate- and high-Th
Eastern Goldfields Superterrane basalt fields of Barnes et al. (2012).
One Redeemer Basalt sample analyzed during this study plots
within the low-Th basalt field (UUB1), along with two samples from
outside of the study area, with the majority of the Redeemer Basalts,
including sample UB1, plotting in the intermediate-Th field. This fits
with the model of Barnes et al. (2012), who suggest that the low- and
intermediate-Th have similar petrogenetic origins, but with the
intermediate-Th suite assimilating significant amounts of crustalmateri-
al during a deep crustal contamination event. This also fits with the
LREE-enrichment of sample UB1 (Fig. 10A), suggesting that the magma
that formed this sample assimilated significant amounts of crustal mate-
rial, and suggests that the Redeemer Basalt sequence elsewhere in the
Eastern Goldfields Superterrane can similarly be split into low- and
intermediate-Th basalt units. There are a number of Redeemer samples
with lower TiO2 and Th concentrations than any of the suites identified
by Barnes et al. (2012); as yet, it is unclear how these samples should
be classified, although the fact that sample UUB1 has a similar composi-
tion to some of the komatiitic basalt data presented by Barnes et al.
(2012) suggests that these low-TiO2 and low-Th samples within the Re-
deemer sequence, including UUB1, are in fact be fractionated komatiites
rather than basalts in a strict sense. One possibility is that, if the
Kalgoorlie–Kambalda and Agnew sequences can be correlated, the
Redeemer Basalt sequence contains equivalents of both the Devon
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Consols basalts and the Tripod Hill komatiite units, potentially in an
interfingering or interlayered sequence.

The Lawlers Basalt samples from the study area are also split
between low- and intermediate-Th suites (Fig. 11B), with this split
potentially relating to variable degrees of crustal contamination, al-
though the ubiquitously LREE-enriched nature of the Lawlers Basalts
unit (Fig. 9A) suggests that all of these basalts underwent at least
some crustal contamination (e.g. Jowitt and Ernst, 2013). However,
there are also a subset of Lawlers Basalts that plot in or close to the
high-Th suite of Barnes et al. (2012; Fig. 11A), tentatively suggesting
that the Lawlers Basalt could also be split into intermediate- and high-
Th units, and further suggesting that part of the Lawlers Basalt sequence
may be comparable to the Paringa Basalts of the southern Kalgoorlie
Terrane; it is worth noting that all of these suites have similar Nb/Zr
ratios (Barnes et al., 2012). The mineralized altered samples plot at
higher concentrations of Th and TiO2 than any of the suites identified
by Barnes et al. (2012), although the low Th concentrations of these
samples suggest that they may be related to the low-Th suite; these
samples are also significantly more evolved than those discussed by
Barnes et al. (2012). Interestingly, Barnes et al. (2012) suggest that the
high-Th basalts have a differing petrogenetic history to the low- and
intermediate-Th basalts, indicating that subdivision of the Lawlers
Basalt unit may be appropriate, although this requires further research
and is beyond the remit of this paper.

7.2. Geochemical changes associated with Au mineralization at Crusader

In order to identify the type of hydrothermalfluid responsible for the
hydrothermal alteration at Crusader, and therefore infer the source of
Au within the Crusader Complex, it is necessary to quantify the gains
and losses of elements during fluid–rock interaction. The method
used here utilizes Zr and Nb, elements immobile during the
alteration recorded at Crusader, to define an isocon line (Grant, 1986,
2005). This approach enables the quantification of elemental gain
and loss independent of mass and density variations and uses a simple
X–Y plot, with the X-axis representing the original concentration of an
element in the protolith, and the Y-axis representing the concentration
of the same element in the altered rock. Elements unaffected by mass
or density changes or by alteration should plot on a 1:1 line, with near
identical concentrations in both altered and unaltered samples. How-
ever, mobility will cause an element to plot off this line, above if gained
during alteration, below if an element has been lost. Identification
of immobile elements allows an isocon line to be plotted; this is a
line plotted through the origin that represents the composition that
the altered rock should have if only mass or density changes, rather
than elemental loss or gain, has affected the rock; elements plotting
off this line were mobile and underwent addition or loss during hydro-
thermal alteration.

Here, we normalized each of the altered samples to an average
Lawlers Basalt composition (Table 2) using Zr and Nb as immobile ele-
ments to define an isocon line, shown both as a traditional scaled isocon
diagram (for Zr, Fig. 12) and as a spidergram normalized to the average
Lawlers Basalt composition (again for Zr, Fig. 13). The y N x shift in the
isocon line is indicative of mass loss during alteration, with consistent
results for both Nb and Zr confirming the immobility of both of
these elements (Table 2), although the concentration of Nb in sample
HGL1b is very slightly offset from the Zr isocon line; this slight offset
does not change any of the major losses or gains outlined here. These
data indicate that samples HGL1 and HGL1A lost significant amounts
of Na, Cu, Ba, Pb, Mn, Zn, Si, and K and gained Mo, Be, Li, Co, Sn, Fe, P,
and Sr during Au mineralization-associated hydrothermal alteration
(Fig. 12A, B). In comparison, sample HGL1B, although both mineralized
and highly altered and having undergone similar gains and losses in Cu,
Na, Zn, K, Si, Li, Be, Sr, P and Sn as the other two samples, did not become
Mo enriched but gained significant Pb during alteration (Fig. 12C). A
number of elements were not enriched or depleted within all three
samples; the majority of these elements, for example V, Al, Ta and Hf,
are generally immobile during hydrothermal alteration (e.g. Pearce,
1996) and could equally have been used to define isocon lines that
would have almost identical results to that of the Nb–Zr isocon used
in this study. It is worth noting that these altered samples also have
elevated Mo concentrations when compared to unaltered Lawlers
Basalt samples from outside of the study area, which have average Mo
concentrations of 1.1 ppm, and with a significant number of analyses
that returned Mo concentrations below detection (Backhaus, 2008;
Baker, 2010); the same is also true of elements such as Be and Sn that
were enriched during the mineralizing event at Crusader.

7.3. Source of mineralizing fluids at Crusader

The hydrothermally altered unit that hosts Au within the Crusader
Complex is mineralogically unusual for a typical orogenic gold deposit
(e.g. Goldfarb et al., 2005), as exemplified by the abundance of magne-
tite within the deposit, a feature that is not observed within orogenic
Au systems. In addition, the enrichments inMo, Sn, Cs, Li, Be and Sr pres-
ent within the hydrothermally altered unit are atypical of the mafic



Table 2
Average Lawlers Basalt composition used as a protolith during isocon analysis and results of isocon analysis of altered samples HGL1, HGL1A and HGL1B.

Immobile element used Loss/gain during alteration (wt.% or ppm)

Nb Zr Nb Zr Nb Zr

Sample Average Lawlers Basalt (protolith) HGL1 HGL1A HGL1B

SiO2 (wt.%, XRF) 49 −32.26 −32.87 −36.94 −36.9 −23.24 −25.93
Al2O3 14.7 0.29 −0.25 0.05 0.11 0.63 −0.95
TiO2 1.4 0.27 0.21 0 0 0.24 0.07
MgO 5.51 0.73 0.51 0.97 0.99 −1.84 −2.21
Fe2O3 14.23 7.37 6.6 7.93 8.01 1.28 −0.31
CaO 10.0 −4.45 −4.65 −7.01 −7 −0.48 −1.46
Na2O 2.6 −2.53 −2.53 −2.46 −2.46 −1.85 −1.93
K2O 0.36 −0.21 −0.22 −0.34 −0.34 −0.22 −0.24
P2O5 0.14 0.04 0.03 0.03 0.03 0.05 0.04
MnO 0.21 −0.16 −0.16 −0.17 −0.17 −0.09 −0.1
LOI 1.33 −28.23 2.65 2.08 2.09 0.82 0.6
La (ppm, ICP−MS) 6.7 1.39 1.1 −0.59 −0.57 −4.09 −4.36
Ce 16.26 1.62 0.97 −2.51 −2.46 −9.77 −10.45
Pr 2.37 0.01 −0.07 −0.4 −0.39 −1.42 −1.52
Nd 11.19 −0.43 −0.81 −1.88 −1.85 −6.4 −6.9
Sm 3.38 −0.2 −0.32 −0.79 −0.78 −1.83 −1.99
Eu 1.13 −0.38 −0.4 −0.65 −0.65 −0.72 −0.76
Gd 4.21 −0.41 −0.55 −1.37 −1.36 −2.12 −2.33
Tb 0.76 −0.15 −0.17 −0.31 −0.31 −0.38 −0.43
Dy 4.92 −0.91 −1.06 −1.56 −1.55 −2.03 −2.33
Ho 1.10 −0.27 −0.3 −0.25 −0.25 −0.41 −0.48
Er 3.24 −0.87 −0.95 −0.41 −0.39 −1.06 −1.28
Tm 0.47 −0.18 −0.19 −0.06 −0.06 −0.17 −0.2
Yb 3.08 −1.04 −1.11 −0.14 −0.13 −0.83 −1.06
Lu 0.47 −0.19 −0.2 −0.01 −0.01 −0.14 −0.17
Sc 39.54 −13.1 −14.05 1.67 1.82 0.65 −3.49
Rb 13.28 −2.53 −2.91 12.51 12.61 2.77 1.12
Sr 129.60 27.45 21.81 84.41 85.2 93.65 70.63
Y 32.79 −10.06 −10.88 −5.2 −5.1 −12.84 −14.9
Zr 104.79 3.9 0 −0.38 0 12.05 0
Nb 4.59 0 −0.17 0 0.02 0 −0.47
Mo 0.61 91.99 88.67 16.41 16.47 0.02 −0.04
Sn 1.21 0.63 0.56 0.16 0.16 0.44 0.27
Cs 1.48 0.09 0.03 1.24 1.25 1.27 0.99
Ba 74.48 −71.17 −71.29 −60.21 −60.16 −31.32 −35.78
Hf 2.61 0.23 0.13 0.05 0.06 0.29 −0.01
Ta 0.30 0.02 0.01 0.03 0.03 0.04 0
Pb 11.36 −9.83 −9.88 −9.03 −9.02 22.88 19.34
Th 0.95 −0.15 −0.18 −0.11 −0.11 0.02 −0.09
U 0.27 −0.14 −0.14 −0.16 −0.16 −0.04 −0.07
Li 29.10 399.15 383.77 141.06 141.69 53.99 45.43
Be 0.73 19.24 18.53 2.57 2.59 0.52 0.4
Co 63.84 52.3 48.14 31.71 32.06 −1.36 −7.8
Ga 19.09 −9.42 −9.77 −10 −9.96 −4.09 −5.64
V 305.71 7.28 −3.96 −14.77 −13.7 14.4 −18.61
Ni 67.15 13.92 11.01 −12.17 −11.96 3.94 −3.39
Cu 96.70 −93.61 −93.72 −94.78 −94.78 −92.03 −92.51
Zn 89.25 −64.47 −65.36 −69.17 −69.09 −55.07 −58.6
Cr 116.82 −17.43 −21 −20.19 −19.83 −19.88 −29.87
Mn 1517.21 −1226.1 −1236.55 −1256.16 −1255.2 −707.89 −791.36
Ti 7886.73 1240.17 912.44 672.79 704.32 1449.26 486.46

The average Lawlers Basalt composition was determined by averaging the compositions of samples UB6, UB3, LB1, LB3, LB4, LB5, LB6, LB7, LB7A, and LGU1.
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protoliths of this unit, indicating that these elements are very unlikely to
have been sourced from mafic–ultramafic rocks in the study area.
Enrichments in these elements are also not typical of orogenic gold
deposits, although some of these elements may be fully or partially
liberated by metamorphism of sedimentary material, and as such, may
be present in elevated concentrations in some orogenic Au deposits
(e.g. Mo; Pitcairn et al., 2006). Sulfidic black shales are also enriched
in a wide range of elements (e.g. Jowitt and Keays, 2012), and previous
researchhas suggested that these types of sediment are ideal sources for
the Au, Te and As found within some orogenic Au systems (e.g. Large
et al., 2011). However, it is unlikely that the mineralization within the
Crusader Complex sourced either precious or base metals from a sedi-
mentary/sulfidic black shale source, primarily as metamorphism of
high-S sedimentary sources like these would necessarily mobilize a
significant volume of S, contrasting sharply with the S-depleted nature
of the mineralization at Crusader. In addition, the Crusader deposits
are enriched in elements such as Sn and Li that are more commonly as-
sociated with felsic intrusive systems than hydrothermal systems that
source metals from sedimentary material. This is exemplified by the
fact that Mo and Sn concentrations within hydrothermally altered
units at Crusader are higher than in any other lithology analyzed during
this study, whethermafic or felsic, suggesting that the fluids that depos-
ited these elements were responsible for Au mineralization. These ele-
ments are typically associated with intrusion-related mineralizing
systems (e.g. Keays and Jowitt, 2013; Meinert et al., 2005), and suggest
an intrusion-related origin for mineralization at Crusader, with the con-
tact between hosting basaltic and ultramafic units acting as a preferen-
tial conduit for the mineralizing intrusion-derived fluids.
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Fig. 12. Isocon diagrams showing geochemical and mass changes caused by hydrothermal alteration of samples HGL1 (A), HGL1A (B) and HGL1B (C) relating to the formation of the
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Alterationwithin skarn and porphyry systems can bemagnetite-rich
(e.g. Meinert et al., 2005; Sillitoe, 2010). This, combined with Cu deple-
tions within the Crusader Complex, suggests that the fluids that formed
the Au mineralization at Crusader may have been derived from an
evolved granitic body close to the magnetite–ilmenite transition. In ad-
dition, the higher concentrations of Mo relative to Sn suggest that the
fluids that formed the Crusader Complex orebodiesweremost likely de-
rived from an oxidized intrusive body (Fig. 14), with reduction of these
fluids potentially causing precipitation of magnetite and Au. In addition,
the hydrothermal alteration assemblage at Crusader is indicative of for-
mation at high temperatures (N400 °C; Broome et al., 1998); the prox-
imity of this high temperature mineralization to other moderate
temperature ore deposits within the Lawlers Anticline (e.g. Great East-
ern deposit, ~4 km to the E of Crusader; Cassidy et al., 1998; Fig. 2)
that formed at similar crustal depths to the Crusader Complex is at
odds with a typical orogenic gold model, where higher temperature
Au deposits form at greater crustal depths than moderate temperature
Au deposits (e.g. Goldfarb et al., 2005). This further suggests that the
Crusader deposits, potentially along with other deposits in the Agnew
area, are not orogenic gold deposits, but instead should be considered
intrusion-related.

Although there is no direct evidence for the chemistry of the granite
that these fluids were sourced from, felsic intrusives within the study
area are geochemically similar to granitoids of the Lawlers batholith
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Fig. 13. Protolith-normalized spidergram showing alteration-related geochemical varia-
tions associated with Au mineralization at Crusader; the protolith composition used is
an average fresh Lawlers Basalt composition taken from analysis of Lawlers Basalts at
Crusader. Dashed line shows isocon line; i.e. any elements plotting on this line are immo-
bile during hydrothermal alteration.
(e.g. Foden et al., 1984). The Rb/Sr ratios of the unaltered FI2 sample,
concentrations of immobile elements such as Zr, Nb, Y and Nb in both
felsic samples and in the Lawlers batholith as a whole (e.g. Foden
et al., 1984), and the metaluminous nature of the felsic intrusives in
the study area are similar to plutonic rocks known to be associated
with Au skarns (Cassidy et al., 2002; Meinert et al., 2005), further
supporting an intrusion-related origin for the Au mineralization at
Crusader. In addition, themineralization at Crusader is similar to a num-
ber of documented Mo-rich porphyry, skarn and intrusion-related gold
deposits (Meinert et al., 2005; Thompson et al., 1999; Fig. 14). This evi-
dence suggests that the Crusader Complex may represent a relatively
rare example of an Archean-age intrusion-related Au mineralizing
system (e.g. Goldfarb et al., 2010).

It is possible that some of the magnetite alteration at Crusader
may be related to the serpentinization of the ultramafic sequence, al-
though it is doubtful that the entirety of the magnetite present could
have been derived from serpentinization. Furthermore, the presence
of Ti-rich magnetite, atypical of the low-Ti magnetite derived from
Ti-barren olivine during serpentinization of ultramafics and komatiites
(e.g. Donaldson, 1981) also suggests that at least some, if not themajor-
ity, of this magnetitewas derived from the fluids that also deposited the
gold at Crusader. Both titanite and ilmenite are also present in bands of
magnetite associatedwith Aumineralization, and the replacement of il-
menite by titanite, as observed at Crusader, may have been another
source of Fe during Aumineralization and formation of the overprinting
magnetite. The abundance of magnetite at Crusader is more suggestive
of a skarn-type mineralizing system, rather than a reduced intrusion-
related gold deposit, although the sulfide-poor nature of the Crusader
mineralization makes it unusual. For example, although skarn deposits
are commonly associated with the magnetite and amphibole–chlorite–
epidote alteration observed at Crusader (Meinert et al., 2005), the clos-
est example, in terms of age, location and mineralogy, is probably the
Au–Cu skarn at Mt. Shea, to the S of Kalgoorlie (Mueller, 2007); these
skarns are somewhat similar, but are Cu- and sulfide-enriched, rather
than Cu-depleted and sulfide-poor, suggesting formation under sig-
nificantly different mineralizing conditions. Furthermore, reduced
intrusion-related gold deposits are not generally associated with mag-
netite (Lang and Baker, 2001).

7.4. Formation of the Crusader Complex

The Lawlers Basalt lithofacies associations and broad magmatic
affinities are strikingly similar to those described for the Lunnon Basalt
at St Ives (Squire et al., 1998), and is therefore interpreted to represent
a regional equivalent, with massive and pillowed basalts and the
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monomictic basaltic breccia at Crusader interpreted to represent a se-
quence of tholeiitic lavas with associated tabular dolerite bodies that
formed subvolcanic sills. If the Lawlers Basalt is a Lunnon Basalt equiva-
lent, this suggests emplacement at about 2720–2710 Ma (Squire et al.,
1998). Similarly, the Agnew Ultramafic is considered to be a regional
equivalent of the Kambalda Komatiite and thus was probably emplaced
~2709 ± 4 Ma.

The Redeemer Basalt within the Crusader Complex is interpreted to
represent the product of tholeiitic lavas and associated subvolcanic sills,
and is overlain by polymictic volcanic conglomerates and underlain by
the Agnew Ultramafics and the upper Lawlers Basalt unit, giving an age
of emplacement that is younger than the Lawlers Basalt and similar to
or later than that of the polymictic volcanic conglomerate. As the mag-
matic affinity and stratigraphic position of the Redeemer Basalt is compa-
rable to that of the Athena Basalt at St Ives (Squire et al., 2010), a common
emplacement age of 2680 ± 8 Ma (Squire et al., 2010) is inferredhere for
the Redeemer Basalt at Crusader. The polymictic volcanic conglomerates
at Crusader described here are very similar to those elsewhere in the
Kalgoorlie Terrane. These conglomerates were deposited during regional
uplift and erosion coincident with the first phase of granite emplacement
at around 2780–2670 Ma (Squire et al., 2010), which implies that the Re-
deemer Basalt and polymictic volcanic conglomerate at Crusader were
deposited synchronously with late Black Flag Group deposition. The de-
positional setting may also be inferred to be a marine environment.

Ourmodel for the development of the Crusader Complex starts with
subaqueous emplacement of the Lawlers Basalt and Agnew Ultramafic
at around 2720 Ma, during early extension with subsequent deposition
of the polymictic volcanic conglomerate of the Late Black Flag Group
and the formation of the Redeemer Basalt seen in some areas of the
Crusader Complex (Fig. 15A).

This lower part of the stratigraphy was then uplifted and eroded,
perhaps associatedwith an early contraction event (F1), leading to gen-
eration and deposition of the polymictic volcanic conglomerate sourced
from regions of elevated topography. The formation of the Lawlers
anticline (F2) was associated with the ~2666 Ma emplacement of the
Lawlers batholith in the core of the anticline (Fig. 15B), with further
doming and granite emplacement at 2660–2655 Ma (Squire et al.,
2010). These granites were potentially the source of the mineralizing
fluids that formed the Crusader Complex, with parasitic folds and relat-
ed axial planar foliations associated with F2 anticline formation provid-
ing the conduit system that focused these fluids. This intrusive event
also induced peak metamorphism at upper greenschist–amphibolite
conditions (DeVitry-Smith, 1994; Fig. 15C).
7.5. Implications for Au exploration within the Yilgarn Craton

An understanding of the relationship between the intense magnetite
alteration and goldmineralization is crucial to the development of an ex-
ploration or mineral deposit model for Crusader-style deposits. This is
challenging because themineralization style is unusual and poorly under-
stood and there are no other deposits of this type documented in the
Agnew region or the Eastern Goldfields Superterrane. However, other
examples of intrusion-related mineralization with Mo enrichments, al-
though not identical to Crusader, have been documented within the
broader Yilgarn Craton, as exemplified by Boddington, Mt. Shea, and
within gold and associated W–Mo skarn or skarn–greisen systems in
the Southern Cross Belt, (Duuring et al., 2007; Mueller, 2007; Mueller
and McNaughton, 2000; Mueller et al., 2008, 2012). The major difference
between Crusader and the majority of these intrusion-related deposits is
the abundance of sulfide and quartz; the orebodies at Crusader are sulfide
and quartz poor, and Cu-depleted, whereas other intrusive-related
orebodies within the Yilgarn Craton are sulfide- and quartz-rich and are
often associated with Cu mineralization (e.g. Duuring et al., 2007).

The existence of this hitherto poorly documented style of sulfide-
and quartz-poor Aumineralization at Crusader suggests that the Yilgarn
Craton may be highly prospective for this intrusion-related type of ore
deposit. This study has a number of implications, both for the
intrusion-related Au potential of the Lawlers Anticline and the wider
Yilgarn Craton, but also for controls on Au mineralization. Although
the Agnew gold camp is considered highly prospective for typical oro-
genic Au deposits, such as the Waroonga deposit, this area should also
be considered highly prospective for Crusader-type intrusion-related
Au exploration. In addition, the association between Au and enrich-
ments in Mo, Sn and other elements and the scheelite-Au assemblages
present at Crusader suggests that felsic intrusions of the Lawlers batho-
lith are suitable targets for sulfide-poor Mo–Sn–W exploration.
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The relationship between magnetite and gold shown in Fig. 8 indi-
cates that bothwere precipitated together from the hydrothermal fluids
that formed the Crusader deposit. Our model suggests that ferrous iron
(Fe2+) and gold were sourced from an intrusive body at depth and
transported by hydrothermal fluids, with previous studies demonstrat-
ing that significant amounts of ferrous iron and gold can be carried by
supercritical fluids and aqueous vapor within magmato-hydrothermal
systems (Gammons and Williams-Jones, 1997; Simon et al., 2004).
The formation of magnetite is also indicative of reducing conditions
andwould also have had a profound effect on the hydrothermal system
that formed the mineralization at Crusader. Primary Fe2+ bearing min-
erals, such as amphibole and biotite, are oxidized during replacement by
Fe3+ bearingmagnetite, a process that in turn can have a significant ef-
fect on the oxidation state of Swithin hydrothermal systems; themajor-
ity of S in oxidized felsic magmas is present as sulfate (Mungall, 2002)
and needs to be reduced in order to allow the formation of Cu-sulfide
mineralization. The Yulong porphyry Cu–(Au) deposit in Tibet is an
example of the effect of magnetite precipitation on sulfide mineraliza-
tion within an intrusion-related environment, with Liang et al. (2009)
demonstrating that magnetite precipitation can supply reduced sulfur
to hydrothermal systems, promoting sulfide precipitation elsewhere
within the same system. This mechanism might also explain the Cu-
and sulfide-poor mineralization at Crusader, with copper, and poten-
tially other base metals, deposited as reduced sulfides elsewhere in the
same intrusion-related hydrothermal system, rather than in orebodies
of the Crusader Complex. If this is the case, this would indicate that
other parts of the intrusion-related system in the area around Crusader
may host base metal sulfides, and should be investigated further.

This study has demonstrated that stratigraphic, geochemical and
intrusive controls were all important during the formation of minerali-
zation along or immediately below the lower contact of the Agnew Ul-
tramafic unit. However, gold mineralization and associated magnetite
alteration are not always present in this zone. This precludes the signif-
icance of post-depositional structures as significant controls on ore
shoot location, with localized fluid flow along narrow zones of layer-
parallel flexural slip (McCuaig et al., 2003) thought to be the main con-
trolling process on mineralization.

Exploration for a deposit similar to Crusader needs to identify ade-
quate structural controls, such as early structural features that could
have tapped deeper intrusion-related fluid reservoirs; the presence of
intrusions, easily identified using geophysical methods, is also impor-
tant. The contact between the lower Lawlers Basalt and the overlying
Agnew Ultramafic unit, in addition to being an important structural
trap, may also be a key geochemical site for mineralization, with Au
precipitation catalyzed by the reactive mafic–ultramafic units at Cru-
sader. The presence of overprinting relationships within the hydro-
thermal alteration assemblage also suggests that there may have
been repeated episodes or pulses of fluid flow and mineralization.
The juxtaposition of this key horizon with later displacing structures
created an ideal site for Au mineralization. Intrusion-related hydro-
thermal alteration in underlying basalts adjacent to ultramafics may
also be indicative of intense magnetite alteration and associated
gold mineralization, as this hydrothermal alteration is a key marker
for Crusader-style Au. In addition, the association of gold and magne-
tite suggests that the hydrothermal fluids that formed the Crusader
deposit were H2S poor (e.g. Gammons and Williams-Jones, 1997);
this in turn indicates that Au precipitation is most likely to have oc-
curred closer to the source of the fluids, i.e. the felsic intrusive body.

8. Conclusions

Au lodes of the Crusader Complex are located along the contact be-
tween the Lawlers Basalt and Agnew Ultramafics along the western
limb of the Lawlers Anticline in the Yilgarn Craton. The Au is associated
with an unusual sulfide- and quartz-poor, magnetite–epidote–
amphibole-rich hydrothermal alteration assemblage, and is variably
associated with scheelite and Bi-tellurides. Also, the Au at Crusader
is generally very pure, and contains less than 1 wt.% Ag. Within the
Crusader orebodies, the Au is generally intimately associated with
magnetite, but is locally associated with titanite, and is characterized
by elevated concentrations of Mo, Be, Li, Sn and Fe, and depletions in
Na, Cu, Ba, Pb, Mn, Zn, Si, and K. These characteristics are more typical
of felsic intrusive-related hydrothermalmineralization rather than the
orogenic Au mineralization found elsewhere within the Lawlers Anti-
cline (e.g. Waroonga, Genesis, New Holland). Here, we propose that the
contact between the Lawlers Basalt and Agnew Ultramafic units at Cru-
sader acted as a preferential conduit for the mineralizing intrusion-
derived fluids, with structural traps controlling fluid flow and potential-
ly increasing the amount of interaction between hydrothermal fluids
and the reactive mafic–ultramafic rocks. This increased the amount of
Au precipitated within these traps.

Although Archean sulfide-rich skarn mineralization has been docu-
mented elsewhere in the Yilgarn Craton this is the first documentation
of a sulfide-poor, magnetite-dominated mineralized system within the
Agnew region or the Eastern Goldfields Superterrane, and suggests
this area may be highly prospective for these unusual deposits. The
probable association between the intrusion of the Lawlers batholith
and the formation of the intrusion-related Mo-, Sn- and W-enriched
Crusader Complex Au deposits suggests that this batholithmay be high-
ly prospective for skarn/porphyry/intrusion-related Au and potentially
polymetallic Mo–Sn–W mineralization. Exploration for Crusader-type
Au mineralization should focus on identifying adequate structural con-
trols for fluidflow fromdeep-seated granites and reservoirs ofmagmat-
ic fluids, and the location of granitoids at depth; the latter may easily be
accomplished using geophysical techniques. The reducing nature of
magnetite precipitation may have also caused the formation of more
sulfide-rich Cu–Au–Mo intrusion-related mineralization elsewhere in
the hydrothermal system, as observed within other intrusion-related
mineralized environments. By integrating the refined stratigraphic in-
terpretation presented here with identification of structural fluid path-
ways and felsic intrusive bodies, not only are opportunities for further
gold exploration possible, but there may also be significant and as yet
undetermined Au and base metal exploration targets present within
this region.
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